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Microdesign of nickel-cooper alloy catalysts for
production of new carbon materials

T.V.Reshetenko, L.B.Avdeeva, Z.R.Ismagilov*, A.L.Chuvilin, V.A.Likholobov
Boreskov Institute of Catalysis, Pr. Akad. Lavrentieva, 5, Novosibirsk, 630090, Russia

Abstract
The reaction of methane decomposition was investigated on the Ni-Cu-Al2O3 alloy catalysts at 625-

675oC at a gas pressure of 1 bar to produce catalytic filamentous carbon (CFC) with a simultaneous
formation of hydrogen. Using Ni-Cu alloy catalysts (8-15 wt.% Cu) at 625oC permits a CFC yield of 525
g/gcat (700 g/gNi). According to the X-ray powder diffraction (XRD) and transmission electron microscopy
(TEM) studies of Ni-Cu-Al2O3 catalysts, morphology of catalysts begins to change during 10 minutes after
CH4 decomposition by formation of “octopus” CFC structures. It should be noted, that copper additives
substantially increase the thermal stability of Ni and modify the textural and structural properties of CFC.
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Introduction

Fibrous carbon materials which can be obtained
by decomposition of hydrocarbons on 3d-metal
catalysts (Ni, Co, Fe) are of prime interest today [1-6].

Hydrocarbon decomposition, under certain
conditions, may result in formation of filamentous
carbon which does not poison the catalyst for a long
time. It was shown [2] that Ni-Al2O3 catalysts with a
high nickel content (60-90 wt.%) have such proper-
ties. These catalysts are active for 16 hours on methane
decomposition at 550°C, the maximum carbon depo-
sition is to 100 g/gcat. The mechanism of catalytic CFC
growth is still unclear, but the conventional model
includes the below stages: decomposition of СН4 on
Ni (100) and (110) planes involving the formation of
surface carbon; carbon diffusion through a Ni par-
ticle and graphite precipitation on the Ni (111) planes
[7]. The structure and activity of Ni-Al2O3 catalysts,
modified with copper, were studied on the CH4 de-
composition at 500-600°C [2,8,9]. In the presence of
Ni-Cu catalysts, the yield of CFC is 200 g/gcat and
higher, and the methane conversion is about 10-15%
at 550°C.

The interaction between С2Н4, С2Н2, СН4 and the
Ni-Cu catalysts was investigated in [6]. Ni-Cu
catalysts react with ethylene and acetylene at 600°C,
and methane decomposes at temperatures above 900 °C.
Cracking of the unsaturated hydrocarbons, CFC for-

mation and catalytic particle transformations under
the effect of  reaction conditions were studied by TEM
method.

The reaction of CH4 decomposition on the
coprecipitated Ni-Cu catalysts (2, 15 wt. % Cu) at
500 and 600°C was investigated in [8]. The kinetics
of the reaction was studied by the weight method.
For this purpose a catalyst sample with an optimal
molecular ratio of Ni2+:Al3+:Cu2+=75:23:2 was chosen.
The lifetime of the catalyst is 7.5 hours and the amount
of the formed carbon is 80 mg/mgcat at 500°C. An
increase in temperature of CH4 decomposition reduces
the catalyst activity. According to the TEM studies
of carbon formed on the above sample, one carbon
filament grows from one catalytic particle, the later
being located on its top. Diameter of a filament de-
pends on the size of a catalyst particle and ranges
from 10 to 60 nm. To explain catalytic properties of
the nickel-copper alloy, the authors assumed that the
copper introduction decreases the reduction tempera-
ture of NiO, because filling of d-orbitals of Ni with
Cu electrons affects formation of the Ni-Cu alloy.

In [9], Ni-Cu-MgO catalysts were investigated on
the CH4 decomposition at 525-600°C. These catalysts
were obtained by mechanical activation of the metal
oxide and hydroxide powders. The kinetics of CFC
formation was studied in the reactor using a Mac-
Ben balance. CFC was investigated by HRTEM
and XRD. The mechanism of methane decomposi-
tion and CFC deposition on the catalyst crystallites
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was discussed.
It was found [2] that the copper additives increase

stability of the Ni-Al2O3 catalyst and influence the
microstructure of CFC. The CFC, produced by
methane decomposition on the Ni-Al2O3 catalyst, is
formed by graphite-like layers packed at 45° to the
filament axis. The “octopus”-type carbon, formed on
the Ni-Cu-Al2O3 catalyst, consists of several filaments
growing from one particle, the graphite layers in fila-
ments are oriented perpendicular to their axis [9-11].
The Ni-Cu-Al2O3 catalysts were developed to pro-
duce large amounts of filamentous carbon at low tem-
peratures (500-600°C). This CFC was recently sug-
gested to be a novel carbon support and an adsorbent
[12-14]. Despite of numerous publications devoted
to the study of Ni-Cu catalytic systems on the hydro-
carbon cracking, the role of copper remains unknown.

The main objective of this publication is a detailed
investigation of thermal stability and efficiency of Ni-
Cu-Al2O3 catalysts on methane decomposition at 625-
675°C. The copper content was varied within a wide
range of concentrations (8 wt. % to 45 wt. %). To
study structure and activity of the prepared catalysts,
we used their reduced forms. Effect of copper on the
textural and microstructure properties of CFC was
studied by XRD, TEM and adsorption methods.

Experimental

Using aqueous solutions of salts Ni(NO3)2·6H2O,
Cu (NO3)2·3H2O, Al(NO3)3·9H2O and NaOH as a
precipitate, we prepared the catalysts by a procedure
described in detail elsewhere [1]. The samples were
carefully washed with distilled water, dried at 110°C,
and calcined in a flow of N2 at 350°C for 3 hours.
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The catalysts were reduced in a flow of pure hydro-
gen at 550°C for 3 hours. To minimize pyrophoric
behavior of the reduced catalysts, the samples were
in situ passivated in ethanol and dried at room tem-
perature. This procedure did not influence the prop-
erties of the catalysts. Catalytic activity of the reduced

samples (100 mg) was measured in a vibrating flow

quartz reactor 30 см3 in volume. Methane was sup-
plied at a rate of 3 to 12 l/h.

Concentration of methane was measured by gas
chromatography and methane conversion was
calculated. To determine carbon deposition, the sample
was weighted after the reaction, which was performed
to the complete catalyst deactivation.

The samples of catalysts and CFC were investigated
by TEM, XRD, and adsorption methods. The XRD
studies were performed in a Siemens URD-63
diffractometer using CuKα radiation and a graphite
crystal monochromator. Crystallite sizes were
calculated from the line width following the Scherrer
equation. TEM pictures were obtained on a JEM-
100CX. The adsorption measurements were carried
out using an ASAP-2400 to provide adsorption of N2

at -196°C.

Results

Catalyst properties

We have prepared a number of catalysts where
Cu concentration was 8, 15, 25, 35, and 45 wt.%.
XRD data in Table 1 show that the catalysts are
represented by a Ni-Cu alloy in all cases. As the Cu:Ni
ratio increases, the lattice parameter also increases,
which result in formation of two phases of nickel-

elpmaS N :i C lA:u 2O3 %.tw, ittaL ,)d(iNretemarapec D 111 N ,i mn P ah sopmoces i it no

N28 8i uC 01:8:28 6725.3 01 Ni 89.0 Cu 20.0

N57 i uC51 01:51:57 1435.3 31 Ni 89.0 Cu 11.0

N56 i uC52 01:52:56
8165.3 31 Ni 95.0 Cu 14.0

7816.3 21 uC

N55 i uC53 01:53:55
2206.3 02 Ni 51.0 Cu 58.0

5335.3 01 Ni 9.0 Cu 1.0

N54 i uC54 01:54:54
2106.3 02 Ni 61.0 Cu 48.0

8535.3 01 Ni 78.0 Cu 31.0

Table 1
X-ray powder diffraction characterization of the reduced Ni-Cu-Al2O3.
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copper alloys [10]. In contrast to the Ni-Al2O3 sys-
tem [1], the spinel phase was not observed in the dif-
fraction pattern of Ni-Cu catalysts. The presence of
the copper phase was identified for the sample with a
high Cu content.

Figure 1 shows particle size distributions of the
reduced catalysts determined by TEM. A rather
narrow particle size distribution (10-30 nm) is ob-
served for the Ni-Cu system. The maximum distribu-
tion is observed in the range 20-25 nm for the samples
of 15 and 25 wt.% Cu and in the range 15-20 nm for
the sample of 45 wt.% Cu.

sample loses its activity during 2 hours. By introduc-
ing 8 wt.% Cu to the catalyst composition one reduces
methane conversion to 22%, and increases the catalyst
lifetime to 60 hours. If Cu concentration increases by
more than 8 wt.% at 625°C, the activity, carbon
capacity and lifetime of the catalysts decrease at a time.

An increase in the reaction temperature to 675°C
(Table 2) provides a decrease in the activity of the
90Ni-Al2O3 catalyst. For 82Ni8Cu the methane
conversion is 35%, but high activity holds only for 9
hours. If copper (15 wt.%) is introduced, the methane
conversion decreases to 27 %, and the lifetime of the
above catalyst increases to 27 hours. A further in-
crease in the copper concentration provides a decrease
in the catalyst activity and stability. Figure 2 shows
methane conversion versus reaction time for the
75Ni15Cu catalyst at 625-675°C. It should be noted
that carbon capacity of the samples with a copper
content higher than 15 wt. % does not depend on
temperature.

Therefore, thermal stability of Ni-Cu-Al2O3

Fig. 1. Distribution of particle sizes of the reduced
catalysts obtained by TEM.

Catalytic activity of Ni-Cu systems

Decomposition of methane on the Ni-Cu catalysts
was studied at 625-675°C (Table 2). To compare
catalytic properties of different samples, we used the
below parameters: CH4 conversion, carbon accumu-
lation to complete deactivation of the catalysts (the
so called carbon capacity Gc, calculated as gram of
carbon per 1 gram catalyst) and lifetime of catalysts.

The data show that about 30% CH4 is converted
at 625°C on the 90Ni-Al2O3 catalyst. Note that the

Table 2
Catalytic properties of coprecipitated Ni-Cu alumina catalysts (methane conversion (x, %),

carbon capacity (G, gc/gcat) and lifetime of catalyst (t, h); sample weight 0.05 g, gas flow 4.5 l/h).

elpmaS
C°526 C°056 C°576

x %, ,G gc/g tac t h, x %, ,G gc/g tac t h, x %, ,G gc/g tac t h,

N28 8i uC 22 515 5.16 22 961 5.51 53 051 9

N57 i uC51 81 525 45 81 004 73 72 404 5.72

N56 i uC52 51 192 5.53 51 903 23 62 392 02

N55 i uC53 31 502 13 31 702 62 02 222 5.91

N54 i uC54 01 811 32 01 511 5.31 71 621 21

AiN09 l2O3 13 4.22 5.2 43 2.11 5.2 0.7 0.8 0.5

Fig. 1. Distribution of particle sizes of the reduced
catalysts obtained by TEM.
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catalysts strongly depends on the quantity of the added
copper. The 82Ni8Cu catalyst is more stable and ac-
tive at 625°C, whereas 75Ni15Cu and 65Ni25Cu
catalysts are stable at 675°C.

Variation of some kinetic parameters on methane
decomposition

A 65Ni25Cu sample was used to study some
kinetic parameters. Methane conversion was studied
in a temperature range of 550 - 700°C (Fig. 3). The
conversion of methane was below a thermodynami-
cally possible level, which was found from the
condition that carbon was generated as a graphite
phase [15,16].

respect to methane for all samples, which allows us
to assume that copper additives do not affect the
mechanism of methane decomposition.

Structural and textural properties of catalytic
filamentous carbon.

Figure 6 shows TEM pictures of the active catalyst
particles of 82Ni8Cu and 75Ni15Cu samples and
CFC.

Two types of catalytic particles and correspondingly
two types of CFC are observed for the 82Ni8Cu
sample:

1. The particles 40-50 nm in size are pear shaped.
These particles are typical for nickel-aluminum
catalysts. Structure and morphology of CFC are simi-
lar to those CFC formed on the Ni-Al2O3, that is one

Fig. 2. Methane conversion as a function of time on the
75Ni15Cu catalyst.

Dependence between methane conversion and
initial residence time τ was investigated. The residence
time was set by changing the gas flow rate at a constant
catalyst loading and in some cases by changing the
catalyst loading at a constant gas flow rate. The ex-
periments were performed at 650°C for 2 hours us-
ing the 65Ni25Cu catalyst (Fig. 4). Methane conversion
grows from 15 % (τ = 0.01 s) to 24% (τ = 0.06 s). If
the residence time further increases, methane
conversion varies insignificantly. The data indicate
that the kinetic conditions of methane decomposition
retain to τ = 0.03 s.

In order to determine the reaction order, we have
studied the dependence between the initial rate of
methane decomposition and the initial concentration
of hydrocarbon at 675°C (Fig. 5). For this purpose
two mixtures of methane in helium (25 and 50 vol.%
CH4) were used. Figure 5 shows that the initial rate
of methane decomposition grows proportionally to the
initial methane concentration in the presence of all
catalysts. This indicates the first reaction order with

Fig. 4 Methane conversion as a function of residence time
(mcat = 0.1 g, VCH4

 = 9 l/h, time of reaction 2 hours).
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Fig. 5. Plot of the experimental initial rates of methane
decomposition on the Ni-Cu-Al2O3 catalysts in CH4+He
gas mixtures at 675°C versus the initial concentration of
methane.
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carbon filament grows from one catalytic particle, and
the graphite planes in filaments are coaxially arranged
as cones. It should be noted the angle between graph-
ite planes and the filament axis varies from 45° to
75°. Average diameter of the carbon filament and the
catalyst particle is identical. The amount of the given
particles forms about 65% of the total number.

2. The catalyst particles 70-100 nm in size are of
octahedral shape. In this case, several filaments of
CFC grow from one particle to form the so-called
“octopus” structure [11]. The diameter of the grow-
ing filaments is less than the size of the “mother” par-
ticle. Graphite layers in the filaments are stacked per-
pendicular to their axis. The amount of octahedral
particles is about 35%.

Thus, the microstructure of the catalytic filamen-
tary carbon, formed on the 82Ni8Cu sample, is
inhomogeneous.

For the catalysts containing more than 15% Cu
the particles of the first type do not form. In this case,
“octopus” carbon is predominantly observed, the di-
ameter of fibers ranges from 50 to 150 nm. Accord-
ing to the TEM pictures (Fig. 6b), fibers 100-120 nm
in size consist of several thin filaments 50 nm in di-
ame te r.

Interplanar distance d002 and the average size of
the coherent scattering area directed perpendicular to
the graphite plane (002) (Lc) of CFC were determined
from XRD data. According to Table 3, the CFC struc-
tural parameters depend on the temperature of CH4

decomposition. An increase in the reaction tempera-
ture results in a decrease in the magnitude of
interplanar distance d002 to 3.389 Å, which is close to
d002 = 3.354 Å of graphite. In addition, an increase in
the average size of CFC coherent scattering area oc-

curs because of a rise in the reaction temperature.
Thus, the degree of CFC graphitization increases as
temperature rises to 675°C.

Textural properties of CFC, formed on the
catalysts containing 15-45 wt.% Cu at 625-675°C,
were determined by nitrogen adsorption at −196°C
(see Table 3). It should be noted that introduction of
copper essentially influences the CFC texture, which
is exhibited in an increase of the BET surface area
and pore volume as compared to CFC formed on the
Ni-Al2O3 catalyst [17]. The highest value of carbon
surface area is obtained on the 45Ni45Cu catalyst at
625°C. If reaction temperature further increases to
675°C, the surface area of the formed CFC decreases.
Hence the modification of catalysts with copper pro-
vides a deposition of CFC whose microstructure and
texture differ from that of CFC formed on the 90Ni-
Al2O3.

Discussion

The experimental results show that the reaction
temperature and catalyst composition mainly affect
the process of methane decomposition. By introduc-
ing copper into Ni-Al2O3, one can increase thermal
stability of the catalysts, which is evidenced by an
increase in the carbon capacity of Ni-Cu catalysts at
temperatures above 600°C.

Figure 2 shows methane conversion versus reaction
time on the 75Ni15Cu catalyst at a temperature range
of 625-675°C. One clearly sees that the reaction
consist of: (i) a period with a constant methane
conversion, (ii) a period of the catalyst deactivation.
In contrast to 90Ni-Al2O3 catalyst, an induction pe-
riod is not observed for the Ni-Cu-Al2O3 catalyst [2].

Fig. 6. TEM pictures of the samples: 82Ni8Cu (а), 75Ni15Cu (b) after 2 hours of methane decomposition at 650°C.

a b
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However formation of the active catalyst particles
during a rather short reaction time can be postulated,
because the TEM studies show that the size of catalyst
particles increases from 20 nm to 50 nm during 10
minutes of methane decomposition at 625°C.

As is known, the cooper addition to the Ni-Al2O3

catalyst at the stages of catalysts preparation and pre-
liminary treatment resulted in the formation of a
nickel-copper alloy and in enrichment of surface par-
ticles with copper [18]. Copper additives prevent for-
mation of the nickel-aluminum spinels and decrease
the reduction temperature for NiO [1,2]. Besides,
copper additives change the crystallographic state of
the nickel catalysts on the hydrocarbon decomposi-
tion [2,6,8,9,11]. These facts are important for ex-
planation of the changes in properties of the Ni-Cu-
Al2O3 catalyst.

According to the mechanism accepted in the
literature, the activation and decomposition of methane
occur on the (100) and (110) planes of nickel. A cluster
or an ensemble of seven Ni atoms participates in this
process [19]. Graphite is precipitated on the Ni (111)
planes [7]. Copper introduced into the catalyst changes
the shape of the active particle formed under the
reaction medium effect as compared to Ni catalysts
(Fig. 7). So, the active particle has several (111) planes
where carbon deposition can take place, which will
increase the carbon capacity of the catalyst. Integrity
of the Ni (111) plane where carbon grows due to
enrichment of the catalyst particle surface with Cu
may be destructed to provide growth of several thin
filaments from one plane [2,9]. There are also sev-

eral (100) and (110) planes where methane molecules
are activated. As a result, the number of planes suit-
able for the methane decomposition and carbon pre-
cipitation on the Ni-Cu-Al2O3 surface increases.

The enrichment of Ni (111) plane with Cu is likely
to influence nucleation of the graphite-like carbon
phase and to decrease the rate of CFC growth [2,
20]. After formation of the graphite-like carbon phase
which carries a particle from the fusion “zone”, sin-
tering of the reduced catalyst particles is terminated
[2]. It was found that the presence of copper in the
catalysts decreases the initial rate of filamentous
carbon formation to 11.6 gC⋅s/gcat⋅h (16.6 gC⋅s/gcat⋅h
for Ni-Al2O3) at 625°C. Thus a decrease in the rate
of the graphite-like carbon phase formation leads to
the fact that the size of the active centers on the Ni-
Cu-Al2O3 catalysts exceeds that on the Ni-Al2O3

catalysts.

elpmaS T me arep rut C°,e S TEB , m2 g/ V erop , cm3 g/ D erop , A d 200 , A Lc, k

N57 i uC51

526 5.232 5714.0 8.17 114.3 47

056 9.202 0024.0 8.28 983.3 87

576 1.971 8293.0 7.78 393.3 58

N56 i uC52

526 7.062 7404.0 1.26 104.3 96

056 8.922 8493.0 7.86 983.3 47

576 4.012 6624.0 1.18 883.3 18

N54 i uC54

526 9.582 4134.0 4.06 414.3 86

056 9.052 2734.0 7.96 904.3 08

576 9.632 1424.0 6.17 393.3 47

N09 i A- l2O3 055 501 52.0 001 34.3 06

Table 3
Textural and structural CFC properties.
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Fig. 7. Structure of the reaction active centers for the Ni-
Al2O3 (left) and Ni-Cu-Al2O3 (right) catalysts.
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Ni-Al2O3 catalyst are deactivated by destruction
of the catalyst active centers with a growing carbon
filament and Ni penetrating deep into the filament,
because of the intercalation and erosion [2,9]. Add-
ing Cu, both the shape of the active center and the
microstructure of the growing filament are modified.
In this case, graphite layers are deposited parallel to
(111) planes of the crystal catalyst particles, which
apparently reduces the rate of the active center de-
struction and increases the amount of the formed
carbon as compared to Ni-Al2O3.

Changes in the CFC microstructure are caused by
modification of the surface composition of the active
catalyst center. It is assumed [19] that Ni catalyst
particles 50 nm in size are most favorable for growth
of carbon filaments as regards thermodynamics. Ac-
cording to TEM studies, the diameter of some carbon
fibers, formed during 2 hours of methane decomposi-
tion, is as much as 100-150 nm (Fig. 6 b). The fibers
consist of several thin filaments 40-60 nm in diam-
eter. We propose that Ni atom clusters about 50 nm
in size, occurring on the (111) alloy plane, builds a
center for CFC growth. On these clusters, the carbon
filaments intergrow to form a fiber 100-150 nm in
diameter, that reduces the excess surface energy of
the graphite layers.

Thus, the carbon capacity and thermal stability of
Ni-Cu-Al2O3 catalysts depend on the nature and shape
of the reaction active center which may be either pear
or octahedral shaped upon Cu introduction. Modify-
ing the particle shape, one increases the number of
(100) and (110) planes where methane is decomposed,
and (111) planes where carbon is deposited, which in
turn, provide an increase in the carbon capacity of
the catalysts. The introduction of copper permits one
to create catalysts exhibiting thermal stability and high
activity at 625-675°C. Thus, copper in the Ni-Al2O3

catalysts possesses structure-forming properties, and
acts as a stabilizing component, which results in an
increase the lifetime of catalysts.

Conclusion

The introduction of Cu in Ni-Al2O3 catalysts pro-
vides modification of state of the active particle in
the reduced form, which results in changes in rates of
methane decomposition and precipitation of carbon,
and prevents sintering of particles at temperatures
above 625°C. The presence of Cu affects the mecha-
nism of formation of the CFC filament structure. The
change in crystallographic orientation of the catalyst

particles reduces the rate of the active center destruc-
tion through the capture of Ni atoms by the CFC
layers. As a result, the thermal stability and carbon
capacity (which can reach 525 g/gcat) increase. The
modification of Ni catalysts with Cu additives pro-
vides wide-range changes in the textural and micro-
structural properties of catalytic filamentous carbon.
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Abstract

Iron-containing catalysts were tested in methane decomposition reaction at moderate temperature and pressure 1 bar in
order to evaluate their catalytic properties and produce catalytic filamentous carbon (CFC). Catalyst preparation method and
composition of the catalysts were found to influence their properties. The best performance was found with coprecipitated
Fe-Co-Al2O3 catalysts, where carbon capacity has achieved 52.4 g/gcat. TEM investigations have shown that carbon nanotubes
were formed. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Fe-Al2O3 catalysts; Bimetallic Fe-Co catalysts; Methane decomposition; Filamentous carbon; Carbon nanotubes

1. Introduction

At present, many catalysts of methane transfor-
mation have been widely investigated because of
their importance in the utilization of natural gas [1].
Numerous studies of Ni, Fe, Co catalysts in CO
disproportionation, steam reforming, hydrocarbon
decomposition have shown that formation of fila-
mentous carbon with graphitic structure occurred
[2–13]. Recently we have established, that methane
decomposition over 3d (Ni, Ni-Cu, Co) metal is a
promising route to utilize methane into useful inex-
pensive products: hydrogen and catalytic filamentous
carbon (CFC) [11–14]. It was shown, that Ni and Co
catalysts exhibit essential efficiency in CFC accumu-
lation and methane conversion is close to equilibrium
at temperatures 500–550◦C. We found that a large

∗ Corresponding author. Fax:+7-3832-343056.
E-mail address: avdeeva@catalysis.nsk.su (L.B. Avdeeva).

amounts of filamentous carbon can be produced us-
ing coprecipitated catalysts: 90 wt.% Ni-Al2O3 yields
100 g/gcat, while 75 wt.% Co-Al2O3 −60 g/gcat. CFC
is usually formed as the granules of chaotically inter-
laced filaments or fibers. One carbon filament grows
from one catalytic particle, the latter being located
on its top. Carbon filament consists from graphitic
planes which are coaxially arranged as cones. Av-
erage diameter of the carbon filament for Ni-based
CFC is 50 nm, for Co-based−20 nm. The nature
of catalyst influences the microstructure of filament,
that becomes apparent in the angle between graphitic
planes and the filament axis, which varies from 45◦
for Ni catalyst [12] to 15◦ for Co catalyst [13].

However, in contrast with nickel, the carbon fibers
produced on Co catalysts also have graphitic planes
becoming rather parallel to fiber axis with hollow
core forming multiwall carbon nanotubes (MWNTs).
The core diameter is 5–10 nm. Thus, despite the
lower carbon accumulation, Co catalysts produce

0926-860X/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0926-860X(01)00959-0
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other type of carbon fibers with hollow-like core
morphology.

The methane decomposition over iron-containing
catalysts was investigated at temperatures 800–900◦C
with the purpose of deriving hydrogen [15]. However,
the developed iron catalysts were soon deactivated at
carbon yield in 30%. During this process iron carbide
was produced, which cannot find practical application.

The method of obtaining carbon fibers on the sus-
pension of Fe particles with size of 12 nm in CH4+H2
stream at 1100◦C is developed in [16–18]. After
some seconds, the long fibers of thermal carbon are
produced, having application as an isolation material,
sealant, etc. Basis for the growth of such thermal car-
bon fibers is filamentous carbon, so the attempts were
undertaken to stop methane decomposition at the stage
of filamentous carbon formation. The works concern-
ing methane decomposition over iron-containing cata-
lysts at temperatures lower than 700◦C are unknown.

The main purpose of the given work is develop-
ment of the long-living iron-containing catalysts of
methane decomposition and carbon accumulation
at moderate temperatures. In this paper, we inves-
tigate the activity of coprecipitated Fe-Al2O3 and
Fe-Co-Al2O3 catalysts, structure and texture of the
formed CFC.

2. Experimental part

Fe-Al2O3 and Fe-Co-Al2O3 catalysts were prepared
by different methods: coprecipitation using aqueous
solution of the mixture of salts, impregnation of the
supports, precipitation of the support suspension with
salts solution. The coprecipitated samples were care-
fully washed with distilled water, dried at 110◦C, and
calcined in a flow of air at 450◦C for 3 h. The catalysts
were reduced in a flow of pure hydrogen at 580◦C for
5 h, then the samples were in situ passivated in ethanol
and dried at room temperature.

Catalytic activity of the reduced samples was mea-
sured in a vibrating flow quartz reactor 30 cm3 in vol-
ume. Methane was supplied at a rate of 45 l/gcath.
Concentration of methane was measured by gas chro-
matography, and methane conversion was calculated.
To determine the amount of carbon deposited, sample
was weighted after the reaction, which was performed
until complete catalyst deactivation.

The samples of catalysts and CFC were investi-
gated by TEM, XRD and adsorption methods. The
XRD studies were performed in a Siemens URD-63
diffractometer using Cu K� radiation and a graphite
crystal monochromator. Crystallite sizes were calcu-
lated from the line width following the Scherrer equa-
tion. TEM and HRTEM pictures were obtained with
JEM-100CX and JEM-2010 microscopes, respec-
tively. The adsorption measurements were carried out
using an ASAP-2400 apparatus to provide adsorption
of N2 at 77 K.

3. Results

In order to compare the carbon formation efficiency
of prepared catalysts, we use the following parameters
of a methane decomposition reaction: methane con-
version, carbon accumulation until complete deactiva-
tion of the catalysts (the so-called carbon capacityG,
calculated as gram of carbon per gram of catalyst) and
lifetime of catalysts.

3.1. Method of catalyst preparation

Table 1 demonstrates the effect of catalyst
preparation method on the catalytic properties of
the Fe catalysts tested in methane decomposition at
625◦C. Earlier we have shown, that for high-loading
catalysts the method of coprecipitation from aque-
ous solution of the salts is more favorable [12,13].
Moreover, studying the Ni-Al2O3 and Co-Al2O3 we
have found, that the best catalytic performance was
observed with the catalysts prepared using sodium
hydroxide as a precipitant.

In contrast to Ni and Co catalysts, from Table 1 one
can see that the greatest carbon capacity of Fe-Al2O3
catalysts is observed for samples prepared by copre-
cipitation using aqueous solution of ammonia as a
precipitant. The further studies were realized with
catalysts prepared by this method.

3.2. Effect of the catalyst composition and
temperature

Since the maximum carbon capacity during
methane decomposition was observed for catalysts
with the high metal loading (90 wt.% Ni and 60–75
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Table 1
Catalytic properties of Fe-based catalysts for methane decomposition, demonstrating the influence of preparation methodsa

Catalysts Preparation XCH4 (%) Lifetime (h) G (g/gcat)

25 wt.% Fe-Al2O3 Impregnation of a support by Fe(NO3)3 solution, calcined at
200◦C for 3 h, reduced at 500◦C for 3 h

– 2 1.1

25 wt.% Fe-SiO2 Impregnation of a support by Fe(NO3)3 solution, calcined at
200◦C for 3 h, reduced at 500◦C for 3 h

– 2 0.7

32 wt.% Fe-Al2O3 Impregnation of a support by Fe(NO3)3 solution, calcined at
200◦C for 3 h, reduced at 500◦C for 3 h

– 2 0

25 wt.% Fe-Al2O3 Precipitation of support suspension with Fe(NO3)3 solution
(precipitant NH4OH), calcined at 400◦C for 3 h, reduced at
580◦C for 3 h

– 2 0.5

50 wt.% Fe-Al2O3 Precipitation of support suspension with Fe(NO3)3 solution
(precipitant NH4OH), calcined at 400◦C for 3 h, reduced at
580◦C for 3 h

– 2 1

50 wt.% Fe-Al2O3 Precipitation of support suspension with Fe(NO3)3 solution
(precipitant NH4HCO3), calcined at 400◦C for 3 h, reduced at
580◦C for 3 h

– 7 4.5

50 wt.% Fe-Al2O3 Coprecipitation aqueous solution of salts with NH4OH as
precipitant, calcined at 450◦C for 3 h, reduced at 580◦C for 5 h

4 23 26.5

50 wt.% Fe-Al2O3 Coprecipitation aqueous solution of salts with NaOH as
precipitant, calcined at 450◦C for 3 h, reduced at 580◦C for 5 h

6 6 3.3

50 wt.% Fe-Al2O3 Coprecipitation aqueous solution of salts with Na2CO3 as
precipitant, calcined at 450◦C for 3 h, reduced at 580◦C for 5 h

4 6 2.3

a T = 625◦C, methane space velocity= 45 l/gcat h, PCH4 = 1 bar,XCH4 = methane conversion during 1 h.

wt.% Co), the iron content in coprecipitated Fe-Al2O3
catalysts has been varied from 20 to 90 wt.%. The
obtained values of carbon capacity are plotted in
Fig. 1 as a function of nominal bulk Fe concentration.
Data show that carbon capacity reaches maximum
(20–28 g/gcat) on the catalysts with 50–80 wt.% Fe. It
is known, that Co additives (5–10 wt.%) render acti-
vating influence on iron catalysts [19], therefore, we
have investigated the influence of Co on Fe-Al2O3
catalysts of methane decomposition at 625◦C.
Table 2 shows that introduction of Co in small
amounts (3–10 wt.%) results in the magnification of
carbon yields 2–3 times. So, carbon capacity on the

Table 2
Catalytic properties of Fe-Co-Al2O3 catalysts in the methane
decompositiona

Catalysts Fe:Co:Al2O3

(wt.%)
Lifetime
(h)

XCH4

(%)
G (g/gcat)

90Fe-Al2O3 90:–:10 7 5.2 5.5
85Fe-5Co-Al2O3 85:5:10 16.5 7.9 16
50Fe-Al2O3 50:–:50 23 4 26.5
50Fe-6Co-Al2O3 50:6:44 40 8 52.4

a T = 625◦C, methane space velocity= 45 l/gcat h, PCH4 =
1 bar.

catalyst 50Fe-6Co-Al2O3 achieves 52.4 g/gcat. Ap-
parently, the presence of Co increases number of the
carbon growth centers on Fe-Al2O3 catalyst.

The studies of temperature dependence of methane
decomposition over 85Fe-5Co-Al2O3 catalyst have
shown, that carbon capacity reaches its maximum at
625–650◦C (Table 3). Fig. 2 shows methane con-
version versus reaction time for the iron-containing
catalysts at 625◦C.

3.3. Structure of catalysts

We performed XRD and TEM study of the reduced
and post-reacted 50Fe-Al2O3 and 85Fe-5Co-Al2O3

Table 3
Temperature dependence of catalytic properties of
85Fe-5Co-Al2O3 catalysta

T (◦C) XCH4 (%) Lifetime (h) G (g/gcat)

600 5.1 8.5 6.7
625 7.9 16.5 16
650 12.9 13 15
675 10.9 8 13.2

a Methane space velocity= 45 l/gcat h, PCH4 = 1 bar.
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Fig. 1. The relationship between carbon capacity and metal loading in the coprecipitated Fe-Al2O3 catalysts, prepared using NH4OH as
precipitant, in the methane decomposition reaction at 625◦C, PCH4 = 1 bar, methane space velocity= 45 l/gcat h.

Fig. 2. The global kinetics of methane decomposition over: curve 1—90Fe-Al2O3 (T = 625◦C), curve 2—85Fe5Co-Al2O3 (T = 625◦C),
curve 3—75Co-Al2O3 (T = 500◦C), curve 4—90Ni-Al2O3 (T = 550◦C).



L.B. Avdeeva et al. / Applied Catalysis A: General 228 (2002) 53–63 57

Table 4
X-ray diffraction data for the 50Fe-Al2O3 and 85Fe-5Co-Al2O3 catalysts

Sample Phase L
graph
c (nm) d

graph
002 (nm)

50Fe-Al2O3 reduced in 1 bar H2 at 580◦C [20] �-Fe – –
50Fe-Al2O3 post-reacted in 1 bar CH4 at 625◦C [20] �-Fe, graphite ∼6 0.343
85Fe-5Co-Al2O3 reduced in 1 bar H2 at 580◦C �-Fe, Co3O4 (or Co-Al-O spinel) – –
85Fe-5Co-Al2O3 post-reacted in 1 bar CH4 at 625◦C �-Fe, graphite 6.5 0.343

catalysts. It is known, that iron can exhibit several
crystal structures.�-Fe having a body centered cubic
lattice with symmetryIm3m exists at the temperatures
below 769◦C. �-Fe has ferromagnetic properties. It
was established that a bulkα → β phase transition oc-
curs at 769◦C. �-Fe has the same symmetry as�-Fe,
but already exhibits paramagnetic properties.�-Fe is
formed at the temperatures above 917◦C, and has face
centered cubic lattice withFm3m symmetry. Since we
work at the temperatures below 700◦C, we should
expect formation of only�-Fe, that is confirmed by
XRD.

XRD data (Table 4) of reduced catalysts show pres-
ence of�-Fe phase in both above-mentioned samples.
The traces of Co3O4 (or Co-Al-O spinels) are observed
in the latter one. The�-Fe phase is also present in
post-reacted samples.

3.4. Morphology and texture of carbon

TEM images of CFC, formed upon methane de-
composition over 50Fe-Al2O3 and 85Fe-5Co-Al2O3
catalysts, are presented in Fig. 3. The formed carbon
has filamentary morphology and represents carbon
nanotubes, consisting from the turbostratic carbon
layers, which are parallel to the fiber axis and look
as cylinders with growing diameters enclosed in each
other. The turbostratic nature of the formed carbon
is confirmed by XRD data (Table 4), indicating that

Table 5
Textural CFC properties

Sample SBET (m2/g) Vpore (cm3/g) Vmicro (cm3/g) Dpore (Å)

CFC(85Fe-5Co-Al2O3) 103.1 0.4417 0.0046 171
CFC(80Fe-10Co-Al2O3) 118.2 0.3737 0.0057 126
CFC(70Fe-20Co-Al2O3) 123.2 0.5581 0.0052 181
CFC(50Fe-Al2O3) 151.5 0.5006 0.0068 132
CFC(50Fe-6Co-Al2O3) 155 0.5582 0.0101 144

the interplanar distanced0 0 2 is equal to 0.343 nm,
i.e. a little higher than in a perfect graphite (d0 0 2 =
0.335 nm), and also by HRTEM data (Figs. 3b and
4a). The diameter of carbon nanotubes is 10–30 nm,
and corresponds to the active iron crystallite size.

The analysis of TEM data allows to pick out two
types of filamentous carbon.

I. Nanotubes, consisting from 7 to 15 graphitic cylin-
drical layers, with outer diameter (o.d.) ranging be-
tween 25 and 30 nm and inner channel of 10 nm
(Fig. 3b).

II. Carbon fibers, which have internal caps formed by
linkage of the inner carbon layers are observed. All
of the internal caps are oriented perpendicularly to
the fiber axis and along one direction only for the
given fibers. Carbon fibers are observed predomi-
nantly in CFC (50Fe-Al2O3) and to a lesser extent
in CFC (85Fe-5Co-Al2O3).

Nanotubes (type I) are formed mainly upon methane
decomposition over 85Fe-5Co-Al2O3, however, their
yield does not exceed 20 g/gcat The carbon capacity
is increased up to 52.4 g/gcat with a diminution of the
iron contents in the catalyst down to 50 wt.% (catalyst
50Fe-6Co-Al2O3), however, in this case carbon fibers
(type II) are formed.

Textural properties of the tubular formed carbon
were determined by nitrogen adsorption at 77 K (see
Table 5). The magnitude of specific surface area (SBET)
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Fig. 3. TEM photographs of the catalysts: (a) 50Fe-Al2O3, (b) 85Fe-5Co-Al2O3 after methane decomposition at 625◦C, showing formation
of the carbon nanotubes.
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Fig. 4. High resolution TEM images of the catalysts: (a) 85Fe-5Co-Al2O3 catalyst particle after 50 min in the methane decomposition
reaction at 625◦C, (b) 90Ni-Al2O3 catalyst particle after 50 min in the methane decomposition reaction at 550◦C [12], (c) 75Co-Al2O3

catalyst particle after 50 min in the methane decomposition reaction at 500◦C [13].
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Fig. 4. (Continued ).

varies in the range of 100–150 m2/g. The tubular CFC
is more friable on the packing with a bulk density of
0.2 g/cm3, pore volume of 0.5 cm3/g and average pore
diameter of 15 nm.

4. Discussion

It is known, that carbon deposition deactivates the
catalyst in hydrocarbon decomposition reactions at
high temperatures. However, hydrocarbon decom-
position under certain conditions, may result in the
formation of filamentous carbon which does not poi-
son the catalyst for a long time [4,5]. It was shown,
that Ni-Al2O3 catalysts with a high nickel content

(60–90 wt.%) have such properties [11,12]. Later we
created 60–75 wt.% Co-Al2O3 catalysts of methane
decomposition at 500◦C [13]. Data presented above,
show that it is possible to create long-living iron cata-
lysts of methane decomposition if the conditions of
filamentous carbon growth are ensured.

The properties of iron-containing catalysts are
found to be similar to the properties of Co-containing
catalysts, and depend on the preparation method,
amounts of the metal and temperature regimes.
Among the investigated catalysts, the best proper-
ties are exhibited by coprecipitated Fe-Al2O3 using
aqueous solution of NH4OH as a precipitant and
containing not less than 50 wt.% of Fe (Table 1).

XRD and EXAFS [20] measurements of the re-
duced Fe-Al2O3 samples have shown, that there is
�-Fe phase existing in the active catalysts with a par-
ticle size varying in the range of 10–30 nm. It should
be noted, that Fe crystallite size detected by the TEM
method on the tips of filamentous carbon (20 nm) is
close to that observed by XRD (Fig. 4a).

We have found, that the maximum growth of fil-
amentous carbon on Fe-Al2O3 catalysts occurs at
625◦C. However, the carbon capacity of pure iron
catalysts was small, that can be explained by the low
contents of iron metal, which is a center of carbon de-
position. It was established, that some cobalt (5 wt.%)
has a beneficial influence on iron for nitrogen ad-
sorption, synthesis of ammonia and isotope exchange
14N2–15N2 [19]. We have shown, that introduction of
the small amounts of cobalt (3–10 wt.%) in Fe-Al2O3
catalysts at the stage of coprecipitation increases
CFC yields 2–3 times (Table 2). In work [21], it was
shown, that introduction of Co at the stage of Fe
and Al hydroxides formation results in the decrease
of reducing temperature of iron oxides. Indeed, the
known iron Fischer–Tropsch catalysts and catalysts
for ammonia synthesis are reduced at the temperatures
below 600◦C. We have found, that the most effective
Fe-Al2O3 catalysts of methane decomposition are
formed after reduction at the temperature of 580◦C,
with subsequent passivation at room temperature in
ethanol.

Taylor et. al. [19] assume, that the small amounts of
Co affect the crystallization of iron such that a greater
proportion of the surface area exists as (1 1 1) faces,
which are particularly active in the synthesis of am-
monia and adsorption of N2 [22], and these faces are
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necessary for the deposition of graphitic carbon upon
hydrocarbon decomposition.

The typical global kinetics of the methane decom-
position over Fe-Al2O3 is illustrated in Fig. 2 (curves
1, 2). For comparison, we also insert in the plot data
obtained for Ni-Al2O3 [12] and Co-Al2O3 [13] cat-
alysts (the data are represented for temperatures at
which we observed the maximum carbon capacity).
There is no induction period for Fe-Al2O3 catalysts,
which is characteristic for Ni-Al2O3. Previously, we
have assigned this to the sintering of carbon-saturated
Ni particles from 17 to 50 nm within the first min-
utes of reaction [12]. The Fe-Al2O3 (Fe-Co-Al2O3)
active particle size is 20 nm, which is comparable with
the size of Co active particles, and seems to be large
enough for filamentous carbon growth [13].

Though methane conversion on 75Co-Al2O3 cata-
lyst was 1.5 times lower, than on Ni-Al2O3 catalyst
(at the expense of different temperature of methane
decomposition), the lifetimes of these catalysts were
close, but the carbon yield on Co catalyst is 2 times
lower. The initial methane conversion on Fe-Al2O3
(Fig. 2, curve 1) is comparable with Co-Al2O3, but it
sharply drops within 2 h of the reaction. Such catalytic
behavior can be explained in terms of the microstruc-
ture of growing carbon filaments and the mechanism of
deactivation. General scheme of the carbon filaments
growth has been discussed quite intensively and seems
to be identical for Ni, Co, Fe. The evolution of the cat-
alyst morphology in the reactor was described in detail
in the works [12,13]. Fig. 4a–c demonstrate the active
centers of methane decomposition catalysts. Conven-
tional model of methane decomposition includes the
following stages: decomposition of CH4 on the metal
(1 0 0) and (1 1 0) planes involving the formation of
surface carbon; carbon diffusion through a metal par-
ticle, and graphite precipitation on the metal (1 1 1)
planes [10]. The microstructure and catalyst carbon
capacity depend on the nature, structure and size of
the carbon growth metal center. Thus, stable carbon
growth centers on Ni-Al2O3 catalysts are Ni crystal-
lites with a size of 50 nm, on which carbon is deposited
as graphitic layers, located under an angle of 45◦ to
filament axis (Fig. 4b) [12]. The CFC growth centers
on Co catalysts have the drop-shaped form with a size
of 20 nm, and graphitic layers are placed on them un-
der an angle of 15◦ to axis and form carbon fibers of
hollow-like core structures (Fig. 4c) [13].

As it was found in this work, upon methane de-
composition on the iron-containing catalyst at 625◦C,
the carbon growth centers are well faceted and gene-
rate carbon filaments, such as true nanotubes and
hollow carbon fibers (Fig. 4a).

From the literature, it is known, that carbon nan-
otubes, representing large scientific and practical
interest, are obtained upon acetylene decomposition
on 2.5% Fe-SiO2 catalyst at 700◦C [23–25]. The car-
bon yields reach 184% [23]. The o.d. of nanotubes is
20 nm, and inner−8 nm. For the first time nanotubes
were obtained by us from methane on the catalyst
85Fe-5Co-Al2O3 at the temperature of 625◦C, with
the yield of 2000% [26]. The fibers represent MWNTs
with an external diameter of 25–30 nm, and internal
channel width of 10 nm (Fig. 4a). The nanotubes con-
sist from enclosed to each other graphitic “cylinders”
with growing diameters, while interlayer distance is
0.34 nm. The number of such “cylinders” in the nan-
otubes reaches 8–14. The carbon materials obtained
as nanotubes are rather friable (the bulk density is
0.2 g/cm3) and do not contain amorphous carbon (that
determined by annealing in CO2 at 650◦C). The qual-
ity of received carbon nanotubes is worsened with
a diminution of iron content in the catalyst. A fair
amount of curved and spiral nanotubes is formed. The
decrease of inner channel diameter, the formation of
internal caps and nanotubes having “leguminous pod”
structure (Fig. 3a) are observed. Thus, it was found,
that carbon fibers of hollow-like core structure, in
which turbostratic layers are placed under an angle of
0–15◦ to the growth axis, are formed on Co particles
[13], Fe particles or their alloys [20,26] having the
size 20–30 nm upon the methane decomposition at
moderate temperatures.

It is necessary to note, that diminution of the dec-
lination angle of graphitic layers in fibers results in
modification of the deactivation mechanism for cobalt-
and iron-containing methane decomposition catalysts.
Deactivation of catalysts in general occurs due to
the encapsulation of metal active center by formed
graphitic layers consisting of “cylinders” enclosed
into each other. The “cylinders” tend to be closed as
“cap” (or internal caps inside the filament) on the free
growing tops. Fastest deactivation caused by such
encapsulation (self-closing graphitic “cylinders”) is
observed for iron-containing catalysts of methane de-
composition (Fig. 2), is defined, apparently, by the
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mechanism of carbon deposition on Fe particles [3].
Thus, it is established, that carbon capacity of the

high-loading metal catalysts of methane decomposi-
tion decreases in a row: Ni> Co � Fe.

This correlates with affinity of carbon and metal
[27]. The enthalpy of surface carbide formation is
−117 kJ/mol for Fe,−50 kJ/mol for Co, 4 kJ/mol for
Ni. Apparently, only the decomposition of unstable
“virtual” metal carbide-like phases results in the for-
mation of filamentous carbon. The formation of sta-
ble carbides at high temperatures (600◦C for Ni and
Co, 800◦C for Fe) leads to fast deactivation of the
metal catalysts. Deactivation at moderate temperature
depends on the microstructure of growing carbon fil-
ament: the larger is the inclination angle of graphite
layers to a filament axis, the more stable is catalyst
of methane decomposition (as it was shown by us for
Ni-Cu-Al2O3 catalysts [12,14]).

5. Conclusions

Fe-Al2O3 and Fe-Co-Al2O3 catalysts have suffi-
cient efficiency in filamentous carbon formation and
in a methane decomposition at moderate temperature
(625◦C). It have been established, that the properties
of iron-containing catalysts depend on a preparation
method. The best method is a coprecipitation of com-
ponents from a mixture of solutions of nitrates of
iron, cobalt and aluminium by a solution of ammonia.
Carbon capacity of Fe-Al2O3 catalysts is increased in
the presence of Co and reaches 52.4 g/gcat. TEM data
have shown, that the carbon nanotubes are observed
upon methane decomposition on the 85Fe-5Co-Al2O3
catalyst. Application of the developed catalysts al-
lows to obtain CFC with a new microstructure (car-
bon nanotubes), having advanced specific surface
area.
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Abstract

Catalytic filamentous carbon (CFC) synthesized by the decomposition of methane over iron subgroup metal catalysts (Ni,
Co, Fe or their alloys) is a new family of mesoporous carbon materials possessing the unique structural and textural
properties. Microstructural properties of CFC (arrangement of the graphite planes in filaments) are shown to depend on the
nature of catalyst for methane decomposition. These properties widely vary for different catalysts: the angle between
graphite planes and the filament axis can be 08 (Fe–Co–Al O ), 158 (Co–Al O ), 458 (Ni–Al O ), 908 (Ni–Cu–Al O ).2 3 2 3 2 3 2 3

The textural properties of CFC depend both on the catalyst nature and the conditions of methane decomposition (T, 8C). The
3 21 3 21micropore volume in CFC is very low, 0.001–0.022 cm g at the total pore volume of 0.26–0.59 cm g . Nevertheless,

2 21the BET surface area may reach 318 m g . Results of the TEM (HRTEM), XRD, Raman spectroscopic, SEM and
adsorption studies of the structural and textural properties of CFC are discussed.
   2003 Elsevier Science Ltd. All rights reserved.

Keywords: A. Carbon filaments; B. Chemical vapor deposition; C. Raman spectroscopy, Transmission electron microscopy; D. Texture

1 . Introduction investigation of high-loaded Ni–Al O , Ni–Cu–Al O ,2 3 2 3

Co–Al O and Fe-containing co-precipitated catalysts for2 3

During the past decades carbon materials have attracted methane decomposition at the temperatures of 500–6758C
ever increasing interest of scientists and technologists. The [22–24,36].These long-living catalysts allow carbon to be
family of catalytic filamentous carbon (CFC) encompasses produced in large amounts.
novel materials produced by the decomposition of carbon- The structural and textural properties of CFC depend on
containing gases over 3d-metal catalysts[1–29]. CFC was the catalyst composition, gaseous precursor, temperature,
the subject of numerous studies (see, for example, the etc. Decomposition of methane usually produces CFC in
works by Baker [4–12], Rostrup-Nielsen[13,14], Geus the form of granules built-up of the chaotically interlaced
[15–17],Avdeeva[22–26]) due to its unique structure and filaments. Carbon filaments ca. 50 nm in diameter, which
properties. At present, this kind of carbon is suggested to are grown on the Ni–Al O catalysts at 5508C, consist of2 3

be used for the structural reinforcement applications[1], as graphitic planes which are arranged as coaxial cones, with
a catalyst support[30–33] and adsorbent[25,34,35]. the anglea between graphitic layers and filament axis

Various carbon-containing gases (CH , C H , C H , being 458 [14,17,22].Formation of the so-called ‘octopus’4 2 4 2 2

CO) can be used as feedstock for the production of CFC, carbon is observed during methane decomposition over
while metals of the iron subgroup and their alloys are Ni–Cu–Al O catalysts at 5508C and above, when several2 3

traditionally used as the catalysts for hydrocarbon de- filaments grow from the one metal particle, and graphite
composition. Our earlier studies have been focused on the layers are stacked perpendicular to the filament axis (a5

908) [13,22,27]. The CFC formed on Co–Al O , Fe–2 3

Al O , Fe–Co–Al O , Fe–Ni–Al O catalysts is ‘classi-*Corresponding author. Fax:17-383-234-3056. 2 3 2 3 2 3

E-mail address: avdeeva@catalysis.nsk.su(L.B. Avdeeva). cal’ filamentous carbon (one carbon filament is originated

0008-6223/03/$ – see front matter   2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0008-6223(03)00115-5

mailto:avdeeva@catalysis.nsk.su
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from one catalyst particle). The Co-based CFC formed at reaction, which was performed until complete catalyst
5008C is similar to the Ni-based CFC, but the angle deactivation.
between graphitic planes and the filament axis is 158 [23]. The transmission electron microscopy (TEM) and its
For the same catalyst, elevation of the reaction temperature high resolution mode (HRTEM), scanning electron micro-
up to 6008C leads to the another type of carbon filaments scopy (SEM), X-ray diffraction (XRD), Raman spectros-
with hollow-like core morphology. Also, the multiwall copy and adsorption techniques were used in this work.
carbon nanotubes (MWNTs) of 30 nm size are formed XRD studies were performed at the URD-63 diffrac-
upon the methane decomposition at 6258C over the Fe- tometer, using Cu Ka radiation. The average size of
containing catalysts[24,36]. Hence, the nature of catalyst coherently scattering domains (CSD) along the normal to
used for the methane decomposition has the principal graphite layers,L , was determined from the integral widthc

effect on carbon filament structure, including the textural H of reflection 002 by the Sherrer equation:002

features of CFC.
lCFC samples synthesized by the pyrolysis of unsatu- ]]]]L 5 (1)c cosu Hs drated hydrocarbons (alkenes and alkynes) are powder 002 002

materials. Their structural and textural properties are
wherel is the wavelength,u is the diffraction angle.002shown to be quite different from the properties of CFC

The average size of CSD in the layer plane,L , wasaformed upon the methane decomposition[37,38].
determined from the full width at the half-maximumH11In the present work we continued the studies of CFC
of diffusion peak 11. The Sherrer formula, includingproduced by methane decomposition over the 3d-metal
correction coefficientK51.75 obtained by Warren[39] forcatalysts; our purpose has been to investigate the structural
the asymmetric diffusion peakshk characteristic of turbos-and textural properties of CFC using various experimental
tratic (that is, disordered) structures, was also used for thetools.
calculations:

Kl
]]]L 5 (2)a2 . Experimental cosu Hs d11 11

CFC samples were synthesized by the catalytic methane The interlayer distanced was determined from the002

decomposition at 500–6758C, as described elsewhere[22– position of reflection 002, corrected for the background
24]. Catalysts were prepared by the co-precipitation tech- and the Lorenz factor.
nique using aqueous solutions of the metal nitrates. TEM and HRTEM pictures were taken using the JEM-
Sodium hydroxide was used as a precipitant for prepara- 100CX and JEM-2010 microscopes, respectively. SEM
tion of Ni–Al O (90 wt% Ni), Ni–Cu–Al O (82 wt% studies were performed with a TESLA-BS-350 microscope2 3 2 3

Ni, 8 wt% Cu) and Co–Al O (75 wt% Co) catalysts, and at the resolution of 5–10 nm.2 3

ammonia—for Fe–Co–Al O (85 wt% Fe, 5 wt% Co) The Raman spectra were acquired using a Renishaw2 3

catalyst. The co-precipitated catalysts were carefully System 2000 confocal Raman spectrometer, equipped with
1washed with distilled water and dried at 1108C. The a Leica DMLM microscope and a 514.5 nm Ar ion laser

Ni–Al O , Ni–Cu–Al O and Co–Al O were calcined as the excitation source. The low laser power of 10 mW2 3 2 3 2 3

in a flow of N at 3508C for 2 h, and the Fe–Co–Al O — was used to prevent the sample damage. An objective with2 2 3

in a flow of air at 4508C also for 2 h. Three of the magnification up to 20 times was used to focus the
catalysts were reduced in a flow of H (99.9% purity) at unpolarized laser beam onto the sample surface, and to2

5508C (Ni–Al O , Ni–Cu–Al O ) and 5808C (Fe–Co– collect the back-scattered light. The spectra were recorded2 3 2 3

Al O ) for 5 h, then in situ passivated in ethanol and dried in the air atmosphere at room temperature. A carbon2 3

at room temperature. Then, for the synthesis of CFC sample of ca. 10 mg weight was layered on a surface of
samples, these catalysts were placed (|0.1 g each) into the thin microscope slide, and the slide was mounted into the

3flow quartz reactor (|30 cm in volume) with vibro- microscope. For each spectrum, ten scans were collected in
21 21fluidized catalyst bed, the methane was supplied and the the 100–4000 cm region, with the resolution of 4 cm .

reactor was heated up to the required temperature. The Deconvolution of the spectrum into constituent bands was
fourth catalyst Co–Al O (|0.1 g) was placed directly into done using Grams/32, version 4.14 software.2 3

such reactor with vibro-fluidized catalyst bed and reduced Adsorption measurements were carried out using an
in H flow at 5008C for 3 h. Subsequently, H was ASAP-2400 instrument (Micromeritics) with the adsorp-2 2

substituted by methane and the reactor was heated further tion of N at 77 K. The adsorption isotherms were used to2

up. Undiluted methane (p51 bar, 99.99% purity) was calculate the surface areaA , total pore volumeV andBET S
21 21supplied into reactor at the rate of 45–90 l h?g . pore size distribution (PSD).V values were determined atcat S

Concentration of methane was measured by gas chroma-P/P 50.98, which corresponds to the pores with effective0

tography, and methane conversion was calculated. Carbon diameter up to 100 nm. PSD was calculated based on the
deposition was measured by weighting the samples after desorption branches of adsorption isotherms by the de
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Boer–Broekhoff approach[40], using the model of non- 3 .2. Microstructural properties of CFC
crossed cylindrical pores. The mesopore surface areaAa

and micropore volumeV were determined by the com- The TEM (HRTEM), SEM, XRD, Raman spectroscopym

parative approach (version of Sing’sa method[41]). In and adsorption methods are, perhaps, the most effective forS

addition, PSD was also measured using the mercury investigating the structure of carbon materials. The neces-
porosimetry (MP) with a PoreSiser-9300 instrument (Mi- sity for structural information throughout the filaments
cromeritics). makes TEM (HRTEM) an important tool for analyzing the

The pycnometric density (r) was determined with complex microstructure of CFC.
respect to He at room temperature using an Figs. 1–5show the TEM (HRTEM) micrographs of five
AutoPycnometer-1320 instrument (Micromeritics). The different CFC types obtained in this work, that we
bulk density (D) was measured by weighing granules in a assigned as: CFC-I, II, III; CFC (Co) and CFC (Fe–Co).
cylinder with diameter six times larger than the granule In the case of CFC-I (seeFig. 1a,b), Ni–Al O catalyst2 3

diameter. The apparent density (d ) was measured by MP. produces the ‘classical’ filamentous carbon. One carbon
filament grows from one catalytic particle, while the latter
is located on the tip of filament. The filament diameter
corresponds to the size of cube-octahedral particle (40–50

3 . Results and discussion nm), and it is built up by the graphite planes, arranged as
cones put one into another. The graphite planes make the

3 .1. Synthesis of CFC angle of 458 with the filament axis[22].
CFC-II (see Fig. 2a,b) is formed upon methane de-

The present study was focused on the characterization of composition on the Ni–Cu–Al O catalyst. It is non-2 3

properties of CFC formed by the decomposition of homogeneous by microstructure, and the two types of
methane over high-loaded metal catalysts. It was estab- carbon filaments can be classified[22,42,43]. Type I is
lished that the variations in catalyst nature result in the identical to CFC-I, except that anglea tends to increase
changes of CFC microstructural properties, namely in the within the range between 458 and 908. The content of this
angle a between carbon filament axis and constituent CFC type is ca. 65%. Type II is the ‘octopus’ carbon:
graphite planes.Table 1 shows the optimal conditions several filaments are originating from one catalyst particle
(catalyst, temperature) providing the maximal yield of of the quasi-octahedral shape. The particle size is larger
CFC. The reaction was conducted until complete catalyst than the filament diameter, and reaches 50–100 nm, while
deactivation. The performance of catalysts was compared the graphite planes are stacked perpendicular to the
using the following parameters: methane conversion (x, filament axis. In turn, content of this CFC type is ca. 35%.
%), carbon accumulation until complete deactivation of the Hence, CFC-II is a mixture of CFC-I and CFC-III (see
catalyst (the so-called carbon capacity, calculated as gram below).

21of carbon per gram of catalyst,G, g g ) and catalyst CFC-III (seeFig. 3a,b) is the pure ‘octopus’ carbon.cat

lifetime (t, h). According to the TEM images, filaments of 100–120 nm

T able 1
Effects of the catalyst composition and temperature on the production of CFC (a5angle between graphite layers and filament axis)

Sample Catalyst Me :Me :Al O T G x t a1 2 2 3
21(wt%) (8C) (g g ) (%) (h) (8)cat

CFC-I [22] 90Ni–Al O 90:0:10 550 100 15 14 452 3

CFC-II [22,42] 82Ni–8Cu–Al O 82:8:10 550 165 9 38 45–75,2 3

575 220 14 38 90
625 515 22 61.5
650 169 30 15.5
675 150 35 9

CFC-III [22,42] 57Ni–23Cu–Al O 57:23:20 550 84 5.5 32 902 3

575 212 9 77
625 291 15 35.5
650 309 21 32
675 294 25 20

CFC (Co)[23] 75Co–Al O 75:0:25 500 45 8.5 14 152 3
1 h600 13 20 4.5 0
1 hCFC (Fe–Co)[24] 85Fe–5Co–Al O 85:5:10 625 16 8 16.5 02 3
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Fig. 1. TEM (a) and HRTEM (b) photographs of the CFC-I. Fig. 3. TEM (a) and HRTEM (b) photographs of the CFC-III.

 in overall diameter consist of several thin 40–50 nm
filaments.

Fig. 4a is a TEM image of CFC (Co) formed on the
Co–Al O catalyst, which reacted for 50 min at 5008C. In2 3

contrast to CFC-I produced by the Ni–Al O catalyst, a2 3

 

Fig. 2. (a, b) TEM photographs of the CFC-II. Fig. 4. TEM (a) and HRTEM (b) images of the CFC (Co).
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 tions are oriented perpendicular to the filament axis
along one direction. They are thin and comprise about
2–7 monolayers[24,36].

HRTEM images (seeFigs. 1, 3–5) show the highly
graphitic structure of CFC samples. Moreover, one can see
defects in the CFC structure. The apparent long range
modulation of the layer contrast, seen in the bulk of
filament, seems to indicate that the adjacent graphite
crystallites are twisted a little around the commonly
directedc-axis, parallel to the filament axis (misoriented
graphite blocks). Graphite edges are not opened and do not
form any slit pores with diameter|0.343 nm, as could be
expected for graphite single crystal facets. Generally, the
nearest or next-nearest layers are linked to produce the
surface seen as nano-caps or closed-layer structures. This
leads to the appearance of steps and terraces, formed by
the fragments of basal graphite layers. In principle, it is
well known[44] that the surface enthalpies for graphite are

22 220.16 J m for basal planes and 6.3 J m for edge planes.
The linkage of surface edges should be thermodynamically
favorable. Only a small part of the filament surface is
represented by open edges of the graphitic layers
[25,26,45].

The maximal carbon yields are attained at the following
21temperatures: 5508C for CFC-I (G5100 g g ), 6258Ccat

21 21for CFC-II (G5515 g g ) and CFC-III (G5291 g g ),cat cat
215008C for CFC (Co) (G545 g g ) and 6258C for CFCcat

21(Fe–Co) (G516 g g ).cat

The obtained data make it evident that the chemical
Fig. 5. TEM (a) and HRTEM (b) photographs of the CFC (Fe– nature of catalyst and, less often, the conditions of methane
Co).

decomposition (temperature) are the key factors affecting
the microstructural properties of CFC. Changes in the
catalyst composition allow the structural properties of CFC

hollow core is clearly seen along filament axis. This to be varied over wide range, with the graphite plane
structure is resolved by the HRTEM image shown inFig.

constituents of carbon filaments arranged by a normal to
4b, which demonstrates graphite layers stacked at small

(a5908 for Ni–Cu–Al O catalyst) or along (a508 for2 3angle (|158) to filament axis[23]. Upon the elevation of
Fe–Co–Al O catalyst) the filament axis.2 3reaction temperature up to 6008C, the stacking angle

decreases and the basal graphite planes are becoming
almost parallel to the filament axis. 3 .3. XRD studies of CFC

TEM images of CFC (Fe–Co), which was formed upon
methane decomposition over Fe–Co–Al O catalyst at The quasi-graphitic nature of CFC is supported not only2 3

6258C are presented inFig. 5a.The filamentary morpholo- by the HRTEM data, but also by the results of XRD and
gy based on multiwall carbon nanotubes (MWNTs) is also Raman spectroscopic studies.
characteristic for this type of carbon, which consists of XRD studies reveal the turbostratic structure of all CFC
turbostratic layers shaped as cylinders of increasing diam- samples. This kind of carbon is built up by graphite
eter, and enclosed one into another in parallel to the networks stacked in random manner with one another.
filament axis. The analysis of HRTEM data (seeFig. 5b) Calculations of the diffraction patterns in terms of the
allows the two types of MWNTs to be distinguished: random stacking networks model[46] showed only 00l-

type reflections and asymmetric diffusionhk-type maxima,
(I) Nanotubes consisting of 7–15 graphitic cylindrical which are characteristic of turbostratic carbon. Reflections

layers, with outer diameter ranging between 25 and 30 assigned to the metal catalyst components (nickel, iron and
nm and inner channel of|10 nm size. cobalt) were also observed in the XRD patterns.

(II) Carbon fibers with internal partitions formed by the XRD patterns of the CFC samples are only different in
linkage of inner carbon layers. All the internal parti- the widths and positions of 00l-type reflections, i.e. there
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2T able 2 belongs to amorphous carbon, saturated with the sp and
3XRD characterization of CFC sp hybrid carbon–carbon bonds[50,57].
The integral intensity ratioI /I is inversely propor-Sample T (8C) d (nm) L (nm) L (nm) D G002 c a

tional to the microcrystalline planar sizeL , which corre-aCFC-I 550 0.343 4.3 6.2 sponds to the in-plane dimension of single microcrystalline
CFC-III 625 0.341 5.2 9.5

CSD in graphite. Both the band positions and bandwidthsCFC (Co) 500 0.344 3.3 4.4
of G- and D-modes are sensitive toL , and the downshift-aCFC (Fe–Co) 625 0.342 5.5 8.5
ing of the G-band position has been correlated with the
presence of bond-angle disorder. The D- and G-modes
were also found to be sensitive to the type of carbon

2 3are only qualitative differences. Interplanar distanced bonding, i.e. sp or sp hybridization. Information on the002
2 3and average CSD (crystallite) sizes along thea- andc-axis sp /sp -bonded fraction of carbon can be obtained from

of carbon (L , L ) are presented inTable 2. The d the band position of D- and G-modes, and from thea c 002

ranges between 0.341 and 0.344 nm, that is higher than for integral intensity of D-band[57].
ideal graphite (0.335 nm). The average values ofL andL Recently it was shown that the following relationshipc a

2are 3–5.5 and 4–9.5 nm, respectively. holds for a wide array of sp -bonded carbons over the
Thus, XRD characterization indicates that CFC is the range 2.5,L ,300 nm for laser wavelengths of 488 anda

typical turbostratic carbon with a highd and lowL , L 514.5 nm[51,53]:002 a c

values [47], i.e. CFC filaments consist of mutually dis-
I 4.4 nmoriented domains with the graphite-like structure. No D
] ]]5 (3)correlation was established between these parameters (d , I L002 G a

L , L ) and CFC microstructure.a c

Raman spectra of the CFC samples are shown inFig. 6.
213 .4. Raman spectroscopic studies of CFC All the spectra have a group of similar bands at 1350 cm

21(D-mode), 1580 cm (G-mode) with a shoulder at 1615
21 21Raman spectroscopy is an effective method to study cm (D9-mode), and a strong band at 2710 cm (2D-

properties of the different carbon materials, including CFC mode). The graphitic nature of CFC can be deduced from
and carbon nanotubes[37,48–51].It is known that carbon the observation of D- and G-bands. The appearance and
can form two crystalline structures: diamond and graphite, width of 2D-band give an indication of the ‘ordered’
and a wide range of disordered forms. The Raman nature of CFC. The results of spectra deconvolution are
spectrum of face-centered cubic lattice of diamond is quite shown inTable 3.Based on these data, the CFC samples
simple. The Raman-active phonon of diamond is a single,
triply degenerate zone-centered vibrational mode, which is

3characteristic of the C–C single bonds between sp -carbon  

atoms in its cubic structure. This is the only Raman-active
21mode, and the first order band appears at 1332 cm as a

sharp peak[52]. The Raman spectrum of graphite is more
complicated. In the case of hexagonal crystal graphite, it

21consists of the main first order E -band at 1582 cm2g2
21 21with weaker bands at 42 cm (E ) and 2724 cm2g1
21[52,53]. The band at 1582 cm , the so-called G-mode, is

assigned to the in-plane displacement of carbon atoms in
the hexagonal sheets. When disorder is introduced into the
graphite structure, the existing bands broaden and addition-

21al bands are found at about 1357 cm (the so-called
21 21D-mode), 1620 cm (D9-mode), 2450 cm , and 3250

21cm (2D-mode), which have been assigned to the non-
21zone-centered phonons[54,55]. The band at 1357 cm

corresponds to second maximum in the graphite vibrational
density of states near the M-point of Brillouin zone
boundary, which becomes active in small graphite crys-
tallites when the lack of long range translational symmetry
leads to the breakdown ofk-momentum conservation rule
[53,56]. In the rather small or disordered crystals with very Fig. 6. Raman-spectra of the catalytic filamentous carbons with
little three-dimensional order, the G- and D9-bands merge different structure: (1) CFC-I, (2) CFC-III (6258), (3) CFC-III

21into a single broader feature. The band at 1550–1450 cm (6758C), (4) CFC (Co), (5) CFC (Fe–Co).
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T able 3
Raman spectroscopic parameters obtained for CFC

Raman XRDSample Peak position Bandwidth Intensity I /I L LD G a a
21 21(cm ) (v , cm ) (a.u.) (nm) (nm)1 / 2

CFC-I 1351 60 193791 1.9 |2.5 6.2
1508 105 9693
1582 47 102853
2702 95 101309

CFC(Co) 1351 71 179565 1.4 3.1 4.4
1512 131 18478
1584 55 127666
2701 111 110368

CFC-III 1345 63 221372 3.2 ,2.5 9.5
(6258C) 1552 111 14409

1584 42 70045
2684 126 43589

CFC-III 1347 56 216784 3.1 ,2.5 10
(6758C) 1551 98 8730

1586 38 68985
2688 128 51814

CFC (Fe–Co) 1351 54 146930 0.95 4.6 8.5
1472 73 5402
1582 44 154481
2702 81 206314

can be classified into three types by the ordering of The amorphous phase is present in a considerably lower
graphite structures formed: (i) CFC-III (6258C) and CFC- content than in the rest of samples.
III (675 8C); (ii) CFC-I, CFC (Co); and (iii) CFC (Fe–Co). Data inTable 3 show a remarkable divergence in the

XRD RamanThe first type of samples features the highest disordering values forL and L . It has been demonstrateda a
21of graphite structure. The 3 cm upshifting of E -band before, that for disordered carbon materials the average2g

(G-mode) frequency means that the crystallite size is less Raman crystallite size is lower than the XRD size[48,58];
than 2.5 nm. TheI /I intensity ratio is 3.1. The average this divergence is more considerable in the case of highlyD G

crystallite size is estimated by formula (3) as 1.4 nm. The disordered carbon compounds atI /I .2, when formulaD G
214 cm downshifting of D-band maximum and its apparent (3) predictsL ,2 nm. Notice, that Raman spectroscopy isa

asymmetry indicate the presence of diamond-like ordering more sensitive than XRD with respect to the intrinsic
domains in the carbon. The amount of amorphous phase defects of graphite lattice, such as ‘missing atom’ and

21can be estimated from the intensity of band at 1550 cm . ‘missing plane’, which cause symmetry breakdown of the
Comparison of intensities of the bands for two samples of whole crystal.
this type allows to make the conclusion about a higher Formula (3) assumes, that graphite becomes uniformly
content of amorphous phase in the sample CFC-III nanocrystalline. However, for a system with mixed grain
(6258C). sizes, with volume fractionX and dimensionsL , thei ai

The second type of samples is characterized by the effectiveL is given by the formula:a

intermediate defectness of graphite structure. TheI /ID G
N1 1intensity ratios are 1.9 (CFC-I) and 1.4 CFC (Co), and the

]] ]5O X (4)iL Laverage crystallite sizes are 2.5 and 3.1 nm, respectively. a,eff i a,i

Analysis of the intensities of bands of amorphous phase in
CFC-I and CFC (Co) indicates, that the content of this Thus, we can explain why the XRD dimensions are larger
phase is lower than for the first type of samples. than the Raman ones: formula (3) will underestimateLa

For CFC (Fe–Co), which represents the third type of due to the dominant effect of small crystallites[48,58].
samples, theI /I ratio is 0.95 (,1), which indicates a The obtained data show, that CFC is structured as theD G

higher graphitization degree compared to the first and turbostratic carbon with amorphous inclusions. The mini-
second types of samples. Moreover, the 2D-band is mal contribution of inclusions is characteristic of the CFC

Ramannarrower and more intensive than for the previous samples. (Fe–Co), along with the maximal value ofL 54.6a

Formula (3) gives the average crystallite sizeL of 4.6 nm. nm.a
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 times increase in the granule size. The apparent, bulk and
pycnometric densities are shown inTable 4.

As it follows from above, the external surface structure
of carbon filaments is considerably different from the bulk
structure. The external surface is covered by nano-caps and
closed-layer structures, forming a system of pores of 3–4
nm in size[25,26]. Pores of 10–30 nm in size are formed
as the interstices between interlaced filaments. The po-
rosity ´ is 0.77 and 0.87 for CFC (Co) and CFC (Fe–Co)S

samples, respectively, that is considerably higher than´S
of CFC-I, II, III samples (seeTable 4). The highV values3

3 21of 1.021 and 2.725 cm g were established for CFC (Co)
and CFC (Fe–Co), respectively.

The SEM micrographs of CFC-I, CFC-III and CFC
(Fe–Co) samples illustrate the texture of large pores (see
Fig. 9). Taking these micrographs into consideration, the
estimated filament diameter is 50–80 nm, with the pore
size of 0.3–0.5mm for CFC-I, III and up to 1mm for CFC
(Fe–Co). Notice, that the filaments are more loosely
packed in CFC (Fe–Co) than in CFC-I,III.Fig. 7. The isotherms of N adsorption at 77 K of CFC samples.2

The data on BET surface area, mesopore surface area,
micropore volume and total pore volume are summarized

3 .5. Textural properties of CFC in Table 5. The temperature dependence of textural
properties of CFC-III is illustrated inTable 6.BET surface

The typical isotherms of N adsorption on CFC at 77 K area varies over a wide range between 102 and 3182
2 21are shown inFig. 7. All these are H3-type isotherms, m g , depending on the conditions of methane decompo-

according to the IUPAC classification[41]. PSD curves sition and CFC structure. The micropore volume is small
3 21obtained from the N adsorption isotherms are shown in in all of the samples, 0.007–0.022 cm g at the total2

3 21Fig. 8. The curves have two maxima centered atd 53–4 pore volume of 0.26–0.59 cm g . Hence, CFC is a1

nm (region I, pore volumeV ) and d 510–30 nm (region mesoporous material with pores of 9.9–20 nm in average1 2

II, pore volumeV ). In addition, a wide, low intensity peak size and a large surface area. Elevation of the methane2

at d .100 nm (region III, pore volumeV ) was detected decomposition temperature results in the decrease of3 3
2 21by the MP measurements. surface area from 268.1 to 177.6 m g , and the decrease

The data show, that formation of the CFC granules is of total pore volume upon the increase of average pore
accompanied by the 170–1810 times increase in the size. It seems like the carbon surface is predominantly
sample volume (f values) or, correspondingly, by 7–10 mesoporous. Minor part of the surface (|5%) is coveredv

by the slit-like micropores of ca. 0.34 nm size[25,45].

 

4 . Conclusions

The results of thorough studies of catalytic filamentous
carbon (CFC) samples produced by the catalytic decompo-
sition of methane were discussed. It is shown, that the
catalyst nature considerably affects the structural and
textural properties of CFC, which can be widely varied.
CFC is a typical turbostratic carbon, as confirmed by the
X-ray diffraction (XRD) and Raman spectroscopic data.
The interplanar distanced ranges between 0.344 and002

0.341 nm; the sizes of coherently scattering domains are:
along the a-axis (L ) 4–9.5 nm (XRD) or 2–4.6 nma

(Raman spectroscopy), and along thec-axis (L ) 3–5.5c

nm.
Depending on the catalyst formulation used for methane

Fig. 8. Pore size distribution of CFCs. decomposition, the microstructure of CFC can vary as
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T able 4
Parameters of porous structure of CFC

3 21Sample G D d r V V V , cm g ´ f1 2 3 S v
21 23 23 23 3 21 3 21(g g ) (g cm ) (g cm ) (g cm ) (cm g ) (cm g )cat

CFC-I 100 0.76 1.41 2.17 0.036 0.201 0.011 0.35 266
CFC-II 515 0.57 1.05 2.19 0.058 0.327 0.110 0.52 1810
(6258C)
CFC-III 291 0.62 1.12 2.19 0.124 0.199 0.116 0.49 971
(6258C)
CFC (Co) 45 0.34 0.49 2.15 0.039 0.529 1.021 0.77 271
CFC (Fe–Co) 16 0.20 0.28 2.13 0.058 0.321 2.725 0.87 170

21where:G is the carbon capacity (g g );cat
1 1 1

23 ] ] ]]D, d andr are the bulk, apparent and pycnometric densities, respectively (g cm ):oV 5 2 , d 5 ; V andV are volumes ofi 1 21d r ]oV 1i r
3 21pores with effective diameters ofd ,10 nm and 10#d #100 nm effective diameters, respectively (cm g ).1 2

3 21V is the volume of pores of 100# d #1000 nm determined by MP (cm g ).3 3
r oVi
]]´ is the total porosity of CFC granules determined as´ 5 .S S 11oViD0

]f 5 (11G) is the volume expansion coefficient equal to the ratio of the volume of carbon granule to that of the original granule ofv D
23catalysts, whereD andD are the bulk densities of the catalyst and CFC, respectively (D |2.0 g cm ).0 0

 

Fig. 9. SEM images of (a) CFC-I, (b) CFC-III, (c) CFC (Fe–Co).
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T able 5
Texture parameters calculated from adsorption isotherms of N at 77 K of CFC with different microstructure2

Sample BET surface Mesopore surface Micropore volume Total pore volume Average pore diameter
2 21 2 21 3 21 3 21 BET(A , m g ) (A , m g ) (V , cm g ) (V , cm g ) (D , nm)BET a m S

CFC-I 102.4 86.9 0.007 0.255 9.9
CFC-II (6258C) 180.0 157.6 0.010 0.428 9.5
CFC-III (6258C) 262.7 231.2 0.014 0.391 5.9
CFC (Co) 116.4 116.4 0.001 0.585 20.1
CFC (Fe–Co) 125.5 112.4 0.008 0.406 12.9

T able 6
Temperature dependence of the CFC-III texture properties

T BET surface Mesopore surface Micropore volume Total pore volume Average pore diameter
2 21 2 21 3 21 3 21 BET(8C) (A , m g ) (A , m g ) (V , cm g ) (V , cm g ) (D , nm)BET a m S

575 318.4 268.1 0.022 0.464 5.8
625 262.7 231.2 0.014 0.391 5.9
650 229.8 213.4 0.007 0.395 6.9
675 195.4 177.6 0.008 0.383 7.8
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Abstract

Steady and efficient decomposition of methane can be achieved at 625–675◦C over copper-promoted (8–15 wt.% of copper)
nickel catalysts prepared from a Feitknecht compound precursor. Such catalysts permit one to increase the yield of catalytic
filamentous carbon (CFC) and control both microstructural and textural properties of CFC by varying the copper concentration
in the catalyst. The maximal conversion of methane into hydrogen and carbon reaches 40% at 675◦C at the carbon capacity not
lower than 700 g/gNi under optimal conditions. The BET surface area of the CFC is 285.9 m2/g. The influence of promotion
of nickel-containing catalysts with copper on the catalytic activity is discussed.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Ni-Cu alloy; Methane decomposition; Catalytic filamentous carbon

1. Introduction

Catalytic processing of hydrocarbon is always ac-
companied by the catalyst deactivation. As is known,
the main reasons for deactivation of metal catalysts
are: sintering of the dispersed active component[1],
poisoning of catalyst with sulfur-containing com-
pounds involved in the feedstock[2], and carbon
formation [3–5]. Among the known facts is deacti-
vation of nickel-containing catalysts for steam and
carbon dioxide reforming of methane as well as hy-
drocarbon decomposition due to carbon deposition.
The catalyst stability can be improved by choosing a
proper support and adding of promoters to the active
component[6,7].

∗ Corresponding author. Fax:+7-3832-343056.
E-mail address: avdeeva@catalysis.nsk.su (L.B. Avdeeva).

High-loaded nickel-containing catalysts are tra-
ditionally used for methane decomposition into hy-
drogen and carbon[8–11]. Their stable operation is
determined by formation of carbon in the form of fil-
aments with nickel particles on their tips, which does
not deactivate the catalyst for a long time. However,
these catalysts can operate at temperatures not higher
than 600◦C. Thus, for catalyst 90Ni-Al2O3, the max-
imal amount of carbon deposits is 145 g/gcat at 550◦C
[8], and<20 g/gcat at 625◦C [12]. On the other hand,
the process of methane decomposition performed at
temperatures above 600◦C attracts considerable in-
terest today, because the methane conversion is much
higher at these temperatures.

The application of alloys as catalysts opens up in-
teresting possibilities, because their properties can be
more or less smoothly modified by varying their com-
position. Moreover, the introduction of a second metal
to a catalytic system may provide significant changes

0926-860X/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0926-860X(03)00080-2
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in the catalyst activity and selectivity as compared with
those of individual metals.

For example, addition of copper to nickel catalysts
or their passivation with sulfur-containing compounds
(H2S) suppress both sintering of the active component
and carbon formation on the methane steam reform-
ing at 500–600◦C [7,13]. Adding gold to nickel cat-
alysts for steam methane reforming, one can prevent
formation of carbon deposits[14].

According to a number of publications[7,8,12,
15–17] the Ni-Cu catalysts for hydrocarbon decom-
position are more stable than Ni-Al2O3 catalysts
under conditions of carbon segregation. For example,
when Ni:Cu = 7:3 the catalyst lifetime is 60 h and
the carbon yield attains 250 g/gcat on the methane
decomposition at 575◦C [18]. Li et al. have reported
[19] the possibility of hydrogen production by de-
composing a CH4 + N2 mixture over Ni-Cu alloy at
600◦C, the carbon is 585 g/gNi . Unfortunately, the
properties of the formed carbon were not investi-
gated.

At present there is a number of works devoted to
the studies of Ni-Cu alloy catalysts for the reactions of
hydrogenation of aromatic and aliphatic compounds,
dehydrogenation of cyclohexane to benzene, steam
reforming [7,8,20,21]. Since the selectivity of such
catalysts differs from that of Ni catalysts, they at-
tract considerable interest of the researches. However
the mechanism of nickel promotion with copper is
still not completely understood and the relation be-
tween catalytic activity and composition or any other
physical property of the Ni-Cu alloy has not been
found.

The application of Ni-Cu alloy catalysts in the
methane decomposition permits one to control prop-
erties and yields of the produced hydrogen and carbon
materials. Thus, catalytic filamentous carbon (CFC)
belongs to a new family of mesoporous carbon materi-
als that hold interest as catalyst supports and sorbents
[22]. Unfortunately, the influence of composition of
Ni-Cu alloy catalysts on the CFC properties has not
been thoroughly investigated.

The present work is devoted to detailed studies
of the activity and stability of Ni-Cu alloy catalysts
for methane decomposition at temperatures above
600◦C as well as the influence of copper additives
on the textural and structural properties of formed
CFC.

2. Experimental

It was prepared by a number of catalysts with Cu
concentration of 8, 15, 25, 35, and 45 wt.%. Cata-
lysts were prepared by the procedure described in de-
tail elsewhere[23] using aqueous solutions of salts
Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, Al(NO3)3·9H2O,
and NaOH as a precipitate. The samples were thor-
oughly washed with distilled water, dried at 110◦C,
and calcined in a flow of N2 at 350◦C for 3 h. The
catalysts were reduced in a pure hydrogen (99.9% pu-
rity) flow at 550◦C for 3 h. To minimize pyrophoric
behavior of the reduced catalysts, the samples were in
situ passivated in ethanol and dried at room tempera-
ture. This procedure does not influence the properties
of the catalysts. The concentration of sodium in the
reduced samples is lower than 0.005%.

Catalytic activity of the reduced samples (100 mg)
was measured in a fluidized catalyst bed reactor
30 cm3 in volume. Methane (PCH4= 1 bar, 99.99%
purity) was supplied at 90 l/gcath. Concentration of
methane was measured by gas chromatography and
methane conversion was calculated. He (99.9% pu-
rity) was used as carrier gas. To determine carbon
deposition, the catalyst sample was weighted before
and after the reaction, which proceeded until the
complete catalyst deactivation.

The samples of catalysts and CFC were investigated
by TEM, XRD, and adsorption methods. The XRD
studies were performed in a HZG-4 diffractometer us-
ing Cu K� radiation. Crystallite sizes were calculated
from the line width following the Scherrer equation.
TEM pictures were obtained on a JEM-100CX. The
adsorption measurements were carried out using an
ASAP-2400 to provide adsorption of N2 at 77 K.

3. Results

3.1. Catalyst properties

The compounds resulting from the above men-
tioned preparation procedure and used as precur-
sors for the Ni-Cu-Al2O3 catalysts are so-called the
Feitknecht compound (FC). They are similar to a nat-
ural ionic clays with a layered structure, which also
called hydrotacite-like compounds[11,24]. They are
formed by brucite-like layers containing octahedral
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coordinated bivalent and trivalent cations and inter-
layer anions and water. The cations are uniformly
distributed in the brucite-like layer. FC form layer
structures with a strong bonding within the layer, a
weak interlayer bonding and often imperfect stacking
of the layers. Hexagonally packed layer of M2+ is
enclosed between two hexagonal layers of anions and
water. The latter form a close-packed structure. Due
to the difficulty of solid phase diffusion of metal ions,
this precursor results in the well-mixed oxides after
calcination. On the reduction, well-mixed oxides form
a paracrystalline metal phase in which irreducible
domains like Al2O3 exist.

XRD data of the catalysts calcined at 350◦C
show that only NiO exists in 82Ni-8Cu-Al2O3 and
75Ni-15Cu-Al2O3 samples. The rest of the catalysts
exhibit the presence of NiO and CuO phases.

XRD data (Table 1) show that the catalysts are
represented by a Ni-Cu alloy after reduction in all
cases. The reduced catalysts have only one alloy phase,
when the copper content is less than 15 wt.%. As the
Cu:Ni ratio increases, the lattice parameter also in-
creases, and the catalysts with copper content more
than 25 wt.% have two metal phases: Cu-rich alloy and
Ni-rich alloy [7,25]. The presence of the copper phase
was identified for the sample containing 25 wt.% Cu.
The alloy composition is determined based on the lat-
tice constant data. The coherent scattering areaDXRD

determined from the widths of the diffraction peaks
and the particle size of the reduced catalysts deter-
mined by TEM are shown inTable 1. In contrast to the
Ni-Al 2O3 system, the spinel phase was not observed
in the diffraction pattern of Ni-Cu-Al2O3 catalysts
[8].

Table 1
X-ray powder diffraction and TEM characterization of the reduced Ni-Cu-Al2O3

Sample Ni:Cu:Al2O3 (wt.%) Lattice parameter Ni-Cu alloy (Å) DXRD (nm) Phase composition DTEM (nm)

90Ni-Al2O3 [23] 90:0:10 3.523 13 Ni+ Ni-Al spinel 15–17
82Ni-8Cu-Al2O3 82:8:10 3.528 10 Ni0.98Cu0.02 –
75Ni-15Cu-Al2O3 75:15:10 3.534 13 Ni0.89Cu0.11 20–25
65Ni-25Cu-Al2O3 65:25:10 3.562 13 Ni0.59Cu0.41 20–25

3.619 12 Cu
55Ni-35Cu-Al2O3 55:35:10 3.602 20 Ni0.15Cu0.85 –

3.534 10 Ni0.9Cu0.1

45Ni-45Cu-Al2O3 45:45:10 3.6012 20 Ni0.16Cu0.84 15–20
3.5358 10 Ni0.87Cu0.13

3.2. Catalytic activity of Ni-Cu system

Table 2 summarizes some kinetic data on the
methane decomposition at 625–675◦C over Ni-Cu-
Al2O3 catalysts. The reactions were carried out until
complete deactivation of the catalysts. In order to
compare the activity of prepared catalysts, we use the
following parameters of the methane decomposition
reaction: methane conversion (x%), carbon accumu-
lation until complete deactivation of the catalysts (the
so-called carbon capacityG, calculated as gram of
carbon per gram of catalyst, g/gcat) and lifetime of
catalysts (t in hours).

Table 2suggests that Ni-Cu-Al2O3 catalysts provide
the lower methane conversion at 625◦C compared to
90Ni-Al2O3. At the same time, the lifetime of the lat-
ter is no more than 2 h against 60 h for the 82Ni-8Cu-
Al2O3 catalyst. For the 90Ni-Al2O3, a temperature
increase to 675◦C results in the sharp decrease in the
methane conversion (to 7%) and in rapid drop in the
catalytic activity, which is probably caused by deacti-
vation of the active component. As regards the Ni-Cu
systems, the conversion of methane increases as the
temperature rises above 625◦C. The methane conver-
sion is about 40% over 53Ni-27Cu-20Al2O3 catalyst
at 675◦C. The conversion of methane is below a ther-
modynamically possible level, but the carbon yield is
298 g/gcat (562 g/gNi).

The curves of the time course of the reaction are
shown inFig. 1. Three stages are resolved for 82Ni-
8Cu-Al2O3 sample: (1) the induction period, when
methane conversion (x) increases, (2) the steady
state, whenx value is constant, (3) deactivation
stage, whenx falls to zero. The catalytic behavior of
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Table 2
Catalytic properties of coprecipitated Ni-Cu-Al2O3 catalysts

Sample 625◦C 650◦C 675◦C

x (%) G (g/gcat) t (h) x (%) G (g/gcat) t (h) x (%) G (g/gcat) t (h)

90Ni-Al2O3 31 22.4 2.0 34 11.2 2.5 7.0 8.0 5.0
82Ni-8Cu-Al2O3 22 515 61.5 29 169 15.5 35 150 9
75Ni-15Cu-Al2O3 18 525 54 23 400 37 27 404 27.5
65Ni-25Cu-Al2O3 15 291 35.5 20 309 32 26 293 20
55Ni-35Cu-Al2O3 13 205 31 17 207 26 20 222 19.5
45Ni-45Cu-Al2O3 10 118 23 15 115 13.5 17 126 12

Methane space velocity= 90 l/gcath, PCH4 = 1 bar.

82Ni-8Cu-Al2O3 is similar to that of 90Ni-Al2O3.
Previously we have attributed the induction period to
the increasing of the carbon-saturated catalyst parti-
cles from 17–20 to 50 nm within the first minute of
reaction and forming active centers for carbon growth
[8]. There is no induction period for catalyst samples
containing more than 15 wt.% of copper. However,
the formation of the active catalysts particles during a
rather short reaction time can be postulated from the
TEM data, which show that the catalyst particles are
three–four times increased in size during 10–20 min of
methane decomposition at 625◦C (Table 3). XRD and
TEM data of the catalysts after the reaction of methane
decomposition are summarized inTable 3. The catalyst
samples were cooled and unloaded from the reactor
before the studies. As follows from the XRD data, the
lattice constant and coherent scattering region increase
as the reaction proceeds for 2 h at 625◦C, formation of
Ni3C was not detected; the catalyst particles grow to
45–60 nm after 10–20 min of the reaction (TEM data).

Fig. 2 shows dependence between the carbon ca-
pacity and copper content in the catalysts at different

Table 3
XRD and TEM data of the Ni-Cu-Al2O3 catalysts after the de-
composition of methane

Sample Lattice parameter
Ni-Cu alloy (Å)

DXRD

(nm)
DTEM

(nm)

82Ni-8Cu-Al2O3 3.591 17 45–70
75Ni-15Cu-Al2O3 3.604 27 –
65Ni-25Cu-Al2O3 3.602 21 45–70
55Ni-35Cu-Al2O3 3.606 21 –
45Ni-45Cu-Al2O3 3.602 21 60–80

XRD patterns are recorded for catalysts after 2 h of methane
decomposition at 625◦C, TEM data for the catalysts after the
10–20 min reaction at 625◦C.

temperatures. These all are extremal curves, the posi-
tion of maximum is shifted towards high copper con-
centration with temperature elevation. The maximal
carbon yield was 240 g/gcat over catalyst containing
3 wt.% of copper at 550◦C [8], and the carbon capac-
ity is 515 g/gcat (628 g/gNi) and 525 g/gcat (700 g/gNi),
respectively, over catalysts 82Ni-8Cu-Al2O3 and
75Ni-15Cu-Al2O3, as the temperature increased to
625◦C. The maximal carbon yield over sample
75Ni-15Cu-Al2O3 is 400 g/gcat (530 g/gNi) at 650
and 675◦C. Note that if the catalyst contains more
than 25 wt.% of copper, the carbon capacity does not
depend on temperature at 625–675◦C.

In Fig. 3, the Arrhenius plots of the Ni-Cu alloy
catalysts are represented, whereWCH4 is the av-
erage reaction rate for 2 h divided by the catalyst
weight. The effective activation energiesEa, eff are:
65.5 (82Ni-8Cu-Al2O3), 65.1 (75Ni-15Cu-Al2O3),
77.7 (65Ni-25Cu-Al2O3), 74.8 (55Ni-35Cu-Al2O3),
75.2 kJ/mol (45Ni-45Cu-Al2O3). It should be noted
that the values of effective activation energy ob-
tained for the Ni-Cu-Al2O3 catalysts exceed that of
90Ni-Al2O3 (∼46 kJ/mol)[18].

It is rather difficult of impossible to derive infor-
mation about the mechanism of the reaction from the
value of effective activation energy, which is usually
determined from the Arrhenius plot of the overall met-
hane decomposition rate. However, it is well known
that the dissociative adsorption of CH4 is the rate-
determining step of methane decomposition[26–28].

In order to determine the reaction order, we have
studied the dependence between the initial rate of
methane decomposition and the initial concentration
of hydrocarbon at 675◦C (Fig. 4). For this purpose,
two mixtures of methane in helium (25 and 50 vol.%
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Fig. 1. Methane conversion as a function of time on the Ni-Cu-Al2O3 catalysts: (a) 625◦C and (b) 675◦C.

CH4) have been used. The initial rate of methane de-
composition is proportional to the initial methane con-
centration in the presence of all the catalysts (Fig. 4)
that indicates the first reaction order with respect to
methane. Therefore one can assume that the copper
additives do not affect the mechanism of methane de-
composition.

3.3. The nature of catalytic active centers
and structural and textural properties
of CFC

Fig. 5 shows TEM pictures of the active cata-
lyst particles of 90Ni-Al2O3, 82Ni-8Cu-Al2O3 and
75Ni-15Cu-Al2O3 as well as CFC.
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Fig. 2. The dependence between catalyst carbon capacity and copper content at different temperatures of methane decomposition.

Fig. 3. Arrhenius plot for the investigated catalysts.
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Fig. 4. Plot of the experimental initial rates of methane decomposition on the Ni-Cu-Al2O3 catalysts in CH4 + He gas mixture at 675◦C
vs. the initial concentration of methane.

Cuboctahedral Ni particles 50 nm in size are formed
in the case of 90Ni-Al2O3 (Fig. 5a). One particle gives
rise to one carbon filament. Each carbon filament is
built-up by coaxial cone-shaped layers of graphite,
the inclination angle between the filament axis and
graphite layers is 45◦.

Two types of catalytic particles and correspond-
ingly two types of CFC are observed for the 82Ni-
8Cu-Al2O3 sample:

1. Pear-shaped particles 40–50 nm in size. These par-
ticles are typical for nickel-aluminum catalysts.
The structure and morphology of CFC are similar
to those CFC formed on the Ni-Al2O3, i.e. one
carbon filament grows from one catalytic particle,
and the graphite planes in filaments are arranged
as coaxially cones. However, the angle between
graphite planes and the filament axis varies from

45 to 75◦. The average diameter of the carbon
filament and the catalyst particle are identical
(40–50 nm). The amount of the given particles is
about 65% of the total number (Fig. 5b).

2. Quasi-octahedral particles 70–100 nm in size
(Fig. 5c). In this case, several filaments grow from
one particle to form the so-called “octopus” struc-
ture [7,29]. The diameter of the growing filaments
is less than the size of the “mother” particle. The
graphite layers in the filaments are stacked per-
pendicular to their axis. The amount of octahedral
particles is about 35%. Thus, the microstructure
of the catalytic filamentous carbon, formed on the
82Ni-8Cu-Al2O3 sample, is inhomogeneous.

The first type particles do not form over the catalysts
containing more than 15 wt.% Cu. The “octopus”-type
carbon is predominantly observed, the diameter of
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fibers ranges from 40 to 150 nm. According to the
TEM pictures (Fig. 5d and e), the fibers 100–120 nm
in size consist of several thin filaments 40–50 nm in
diameter.

Interplanar distanced0 0 2 and the average coherent
scattering region directed perpendicular to the graphite
plane (0 0 2) (Lc) of CFC are determined from XRD
data. AsTable 4suggests, the structural parameters of
CFC depend on the temperature of CH4 decomposi-

Fig. 5. TEM pictures of the samples: (a) 90Ni-Al2O3; (b) and (c) 82Ni-8Cu-Al2O3; (d) and (e) 75Ni-15Cu-Al2O3 after 2 h of methane
decomposition at 650◦C.

tion. An increase in the reaction temperature results in
the decrease ofd0 0 2 from 3.414 to 3.389 Å, which is
close to that of perfect graphite (d0 0 2 = 3.354 Å). In
addition, the average size of CFC coherent scattering
region increases as the reaction temperature elevates.

Textural properties of CFC formed on the Ni-Cu-
Al2O3 catalysts at 625–675◦C are studied using ni-
trogen adsorption at 77 K (seeTable 4). It should be
noted that introduction of copper essentially influences
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Fig. 5. (Continued ).

the CFC texture, which is exhibited in an increase of
the BET surface area and pore volume as compared
to CFC formed on the 90Ni-Al2O3 catalyst[30]. The
highest surface area of carbon (285.9 m2/g) is obtained
on the 45Ni-45Cu-Al2O3 catalyst at 625◦C. If reaction

Table 4
Textural and structural CFC properties

Sample T (◦C) SBET (m2/g) Vpore (cm3/g) Dpore (Å) d0 0 2 (Å) Lc (nm)

CFC (90Ni-Al2O3) 550 105 0.25 100 3.43 6.0

CFC (82Ni-8Cu-Al2O3) 625 180 0.428 95 3.414 6.6
650 139 0.372 107 3.409 9.0
675 130 0.301 93 3.393 8.8

CFC (75Ni-15Cu-Al2O3) 625 233 0.418 72 3.411 7.4
650 203 0.420 83 3.389 7.8
675 179 0.393 88 3.393 8.5

CFC (65Ni-25Cu-Al2O3) 625 261 0.405 62 3.401 6.9
650 230 0.395 69 3.389 7.4
675 210 0.427 81 3.388 8.1

CFC (55Ni-35Cu-Al2O3) 625 277 0.406 59 3.414 6.8
650 247 0.449 73 3.414 7.0
675 211 0.408 77 3.393 7.5

CFC (45Ni-45Cu-Al2O3) 625 286 0.431 60 3.414 6.8
650 251 0.437 70 3.409 8.0
675 237 0.424 72 3.393 7.4

temperature further increases to 675◦C, the surface
area of the formed CFC decreases. Hence the modi-
fication of catalysts with copper provides a formation
of CFC whose microstructure and texture differ from
that of CFC formed on the 90Ni-Al2O3.

4. Discussion

The primary role of copper additives is to improve
carbon capacity of the Ni-Al2O3 catalysts when the
temperatures of methane decomposition is above
600◦C. The additives provides both the increase of
carbon capacity and modification of the growing CFC
structure, which is probably associated with a change
in the crystallographic orientation and size of the
catalytic particles.

The addition of copper (8 wt.%) to the high-loaded
nickel-containing catalyst results, as mentioned above,
in formation of the active catalytic particles and car-
bon filaments of two types (Fig. 5). As the angle be-
tween graphite planes in filament and the filament
axis increases to 75◦, the carbon yield increases to
515 g/gcat at 625◦C (Fig. 5b and c). The active par-
ticles in 82Ni-8Cu-Al2O3 are intermediate between
those in Ni-Al2O3 and Ni-Cu-Al2O3 (at the copper
content is not lower than 15 wt.%).
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When the concentration of Cu is higher than
15 wt.% the active catalytic particles are quasi-
octahedral (not pear-shaped as in case of 90Ni-Al2O3).
In this case, the “octopus”-type carbon is formed
(Fig. 5d and e). The “octopus”-type carbon also forms
over the sulfur-passivated nickel catalysts, when the
sulfur coverage corresponds to ca. 70% of the satu-
ration coverage[7]. As for sulfur case, formation of
the “octopus”-type carbon could indicate a change in
the carbon nucleation at the copper concentration is
above 15 wt.%, which is caused by a decrease in the
carbon dissolution in nickel[7,11,13,31].

The commonly accepted model of methane decom-
position and carbon growth over nickel catalysts in-
cludes the stages of activation and decomposition of
methane on (1 0 0) and (1 1 0) metal surface planes,
carbon dissolution and diffusion through the particle,
carbon segregation in the form of graphite-like phase
on (1 1 1) nickel planes due to crystallographic match-
ing of (1 1 1) nickel surface to (0 0 2) graphite planes
[31–34]. This is exactly the mechanism of formation
of catalytic active cuboctahedral nickel particles at the
initial stage of the reaction.

In the case of Ni-Cu alloy we have observed another
catalytic active particles (Fig. 5d and e). They have
several (1 1 1) planes where carbon segregation can
take place, that contributes to an increase in the carbon
capacity of the catalyst. Integrity of the Ni(1 1 1) plane
where carbon grows due to enrichment of the cata-
lyst particle surface with Cu may be destroyed to pro-
vide growth of several thin filaments from one plane
[7,8,15]. There is a number of (1 0 0) and (1 1 0) planes
where methane molecules are activated. As a result,
the number of planes suitable for the methane decom-
position and carbon precipitation on the Ni-Cu-Al2O3
surface increases.

The catalytic properties of Ni-Cu catalyst are ex-
plained in literature in terms of two mechanism: an
ensemble (geometric) effect and ligand (electronic) ef-
fect [20,35,36]. For the Ni-Cu alloy, the ensemble ef-
fect implies the formation of nickel atom ensembles
of a certain size on the surface of the active parti-
cle due to copper surface segregation. The ligand ef-
fect relates to the modification of electronic properties
of Ni-Cu alloy in comparison with individual metals
[21,36–38].

In the case of Ni-Cu catalysts for methane decom-
position, the ensemble effect should prevail. This as-

sumption is supported by the following facts. First, the
reaction of methane decomposition is structurally sen-
sitive, as the process of methane decomposition and
carbon segregation proceed on different surface planes
of the catalytic active particle, and the rate of carbon
formation depends on the catalyst particle size[39].
Second, the process of copper segregation on the alloy
particle surface is characteristic for the Ni-Cu system
[40]. Since the surface energy of copper and nickel
are 1.85 and 2.45 J/m2 [25], respectively, it is expected
that the copper surface concentration will exceed that
in the bulk.

The process of Cu segregation on the reduced
Ni-Cu-Al2O3 catalyst surface was observed by Auger
spectroscopy[23]. Moreover the reduction of the
Ni-Cu-Al2O3 samples significantly increases the in-
tensity of Auger aluminum peak[23]. A comparison of
data obtained for the Ni-Al2O3 and Ni-Cu-Al2O3 cat-
alysts shows that an increase of the surface alumina in
the Ni-Cu sample could be connected with the absence
of Ni-Al spinel phase. It is known, that Cu2+ ions
are stabilized by a square plane coordination which
differs from the octahedral one for Ni2+. So, the layer
structure of the precipitate found after coprecipitation
for the Ni-Al2O3 system (Feitknecht compound)[24]
can be partially fragmented or distorted by copper
ions. Therefore, the introduction of copper could pre-
vent the formation of spinel or its growth in the sam-
ples subjected to calcination. In turn Al2O3 behave
as a texture promoter that prevents sintering of the
active component during the catalyst reduction[23].

It should be noted that the faceted particles form
under the reaction medium, so the influence of
methane and formed carbon can not be excluded from
consideration, because the nature of gas that contacts
with the alloy surface can significantly affect the sur-
face composition. Thus, if gas interacts sufficiently
strongly and selectively with one of the alloy (Ni)
component, the surface tends to be enriched in that
particular component (Ni) even if the other compo-
nent (Cu) is the predominant surface species in an
inert atmosphere[17,41].

An increase of the effective activation energy of
methane decomposition over Ni-Cu-Al2O3 can be at-
tributed to the ligand effect of alloying. The ligand
effect (leading to the alteration of bond strength) is
also assisted by the ensemble effect, since a significant
difference in the catalytic behavior of Ni-Al2O3 and



T.V. Reshetenko et al. / Applied Catalysis A: General 247 (2003) 51–63 61

Ni-Cu-Al2O3 can not be elucidated by the ensemble
effect alone.

Based on the obtained results and literature data,
we can make some assumptions concerning the cop-
per influence on the properties of nickel-containing
catalysts for methane decomposition.

TEM data allow one to conclude that the cop-
per introduction leads to formation of the active
catalytic particles whose crystallographic orienta-
tion differs from that of 90Ni-Al2O3: the angle
between (1 1 1) planes of particles increases and
the particle shape changes from cuboctahedral to
quasi-octahedral. The copper promotion results in a
slight decrease in methane conversion and in the rate
of carbon deposition (W90Ni-Al2O3 = 11.2 gc/(gcath),
W82Ni-8Cu-Al2O3 = 8.4 gc/(gcath)) at 625◦C. The fact
that the catalyst carbon capacity is in 10 times and
more increased, that allows one to suggest a consid-
erable decrease in the catalyst deactivation rate. The
catalyst deactivation is the undesirable reactionary
way, which is directly connected with the shape and
size of catalyst particle.

Since the ensemble of nickel atoms (∼11 nm), pro-
viding the adsorption and dissociation of methane, is
smaller than the ensemble required for nucleation and
stable growth of graphite phase (50 nm)[4,39,42], cop-
per mainly affects the carbon deposition, because sev-
eral carbon filaments grow from one active site. It is
likely that the Cu-enrichment of Ni(1 1 1) plane influ-
ences the nucleation of the graphite-like phase due to
decrease in the carbon dissolution in nickel and rate
of the CFC growth[7,17].

In general, the catalysts of hydrocarbon decompo-
sition are deactivated due to the encapsulation of the
metal active center by formed graphite layers or de-
struction of the catalytic particle. The deactivation of
Ni-Al 2O3 catalysts has been shown before to results
from destruction of the catalytic active particle by
deposited graphite layers of carbon filament and pen-
etration of nickel atoms deep into the filament due to
the so-called intercalation or erosion[8]. This process
constantly proceeds during the whole catalyst opera-
tion. “Disappearance” of the catalytic particles from
the filament tip is often observed in TEM images of
deactivated nickel catalysts. TEM studies of evolution
of Ni-Al 2O3 catalysts reveal a decrease in the particle
volume on the side of (1 1 1) planes that contact with
(0 0 2) facets of graphite. Thus, the nickel particle

decreases in length along (1 0 0) direction. During
the catalytic formation of carbon filaments, the metal
undergoes dispersing and is predominantly consumed
for formation of the solid nickel graphite solution.
As the nickel particle reaches 1–5 nm, the process of
methane decomposition and carbon filament growth
arrest themselves. For Ni-Cu, the perpendicular ar-
rangement of graphite planes (0 0 2) and the filament
axis diminishes the fast fragmentation of nickel parti-
cles by carbon filament.Fig. 1a and bsuggest that the
catalyst lifetime depends on their composition and
reaction temperature, so the deactivation proceeds at
different rates.

The fact thatDXRD of Ni-Cu-Al2O3 is lower than
TEM size of catalytic particles (Table 3) suggests the
existence of polycrystalline alloy catalytic particles.
If so, one can assume that the diffusion of carbon
atoms preferably proceeds on the surface of crystallites
forming the catalyst particle (not through the particle
bulk) as was supposed in[7,13,31]. Hence, the surface
diffusion of carbon atoms will apparently results in
the more slight fragmentation and destruction of the
particles.

The maximum on the curve of carbon capacity
versus alloy composition probably indicate the sta-
ble carbon growth on the ensemble with a certain
composition that can be attributed to suppression of
self poisoning effects (as deactivation) due to the
destruction of the catalyst particle (Fig. 2).

The carbon capacity of Ni-Cu-Al2O3 catalysts de-
pends on the nature and shape of the catalytic ac-
tive center (either cuboctahedral or quasi-octahedral)
depending on copper content. Modifying the particle
shape, one increases the number of (1 0 0) and (1 1 0)
planes for methane decomposition, and (1 1 1) planes
for carbon segregation, which in turn, provide an in-
crease in the carbon capacity of the catalysts and de-
crease of the deactivation rate. Copper in the Ni-Al2O3
catalysts possesses structure-forming properties, and
acts as a stabilizing component, which results in an
increase the catalysts lifetime.

5. Conclusion

Copper additives are shown to improve the car-
bon capacity of the Ni-Al2O3 catalysts for methane
decomposition, which leads to the increase of their
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lifetime and efficiency of the Ni-Cu-Al2O3 catalysts
at 625–675◦C. The lifetime of nickel-containing cat-
alysts is closely associated with their deactivation
mechanism, which depends on the crystallographic
orientation of the active center.

Introducing copper into the catalyst, the active
center changes its habitus from cuboctahedral up
to quasi-octahedral at an increase in the number of
(1 1 1) the alloy planes available for carbon segre-
gation. According to the TEM data, the promotion
of the active center with copper increases the angle
between the graphite planes and the filament axis of
formed carbon from 45 to 90◦. The mutual orientation
of (1 1 1) alloy planes and (0 0 2) graphite planes is
assumed to prevent rapid catalyst deactivation due to
destruction of the catalytic particle by growing carbon
filament. Two types of CFC are formed depending on
the catalyst composition and structure of the active
catalytic center.

Ni-Cu alloy systems are promising catalysts for the
methane decomposition yielding hydrogen and CFC,
since the methane conversion is 40% at 675◦C and
CFC yield reaches 525 g/gcat (700 g/gNi) under opti-
mal conditions.

In this paper, the textural and microstructural prop-
erties of formed CFC, depending on the composi-
tion of the Ni-Cu alloy catalysts and the conditions
of methane decomposition, are investigated in detail
for the first time. Modifying the nickel catalysts with
Cu additives is shown to provide wide-range changes
in the properties of catalytic filamentous carbon. The
specific surface area of CFC can reach 285.9 m2/g.
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Abstract
The use of novel nanocarbon supports—carbon nanofibers (CNF) and amorphous supermicroporous carbons (ASC) for synthesis of

platinum cathode catalysts for proton exchange membrane fuel cells (PEMFC) was investigated. Different types of CNF—with ‘‘parallel’’

and ‘‘deck of cards’’ arrangement of graphitic planes and samples of ASC originating from different organic precursors were synthesized and

characterized by XRD, electron microscopy and adsorption methods. Platinum catalysts for PEMFC cathodes on different structural types of

CNF and one sample of ASC were synthesized and characterized by XRD, electron microscopy, CO adsorption and by studying

characteristics of conventional membrane electrode assembly (MEA) cell with a low Pt loading level of 0.02–0.09 mg/cm2. The MEA

testing showed that the Pt cathode catalysts on CNF exhibit inferior performance in comparison with a catalyst on conventional carbon black

support Pt/Vulcan XC-72R. The cathode catalyst prepared on ASC support exhibits considerably better output in MEA, compared with Pt/

Vulcan XC-72R even at a lower Pt loading.

# 2005 Published by Elsevier B.V.

Keywords: Nanocarbon; PEMFC; Carbon nanofiber; CNF; Cathode; Catalyst; Platinum; Low loading; Supermicroporous carbon
1. Introduction

To achieve uniform and highly dispersed Pt loadings, the

proton exchange membrane fuel cell (PEMFC) cathode

catalysts are usually supported on carbon supports with a

high surface area—over 75 m2/g. Common supports are

carbon blacks with a high degree of graphitic character:

Vulcan XC-72R, Black Pearls BP 2000, Ketjen Black, etc.

The support material must provide a high electric

conductivity and high and uniform catalyst dispersion, give

good reactant gas access to the catalyst and have good

corrosion resistance. On the whole, the conventional carbon

black supports satisfy these requirements [1].

Recent publications show that, in order to increase the

efficiency of cathode catalysts, novel non-conventional
* Corresponding author. Tel.: +7 3832 341219; fax: +7 3832 397352.

E-mail address: ZRI@catalysis.nsk.su (Z.R. Ismagilov).

0920-5861/$ – see front matter # 2005 Published by Elsevier B.V.
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materials are proposed as supports for Pt. The examples are

supports produced from aerogel nanocarbon [2], nanofibers

of organic pigments [3], carbonized micro-cellular polymer

materials [4].

The use of novel supports allow increase of catalyst

activity, decrease of electrode thickness and reduction of Pt

content in cathode to values of ca. 0.1 mg/cm2, thus

increasing the electrode efficiency and minimizing its cost.

The cost-effective use of PEMFC is possible if the

content of Pt in PEMFC, primarily in cathode, is

substantially reduced. The target is to achieve Pt loading

in cathode 0.02 mg/cm2.

The Pt content in cathode can be reduced by increasing

the catalyst activity, which can be accomplished by surface

tailoring of carbon support material resulting in high and

uniform concentration of supported Pt particles with a size

of 2–3 nm, preferably ca. 2 nm. Using such active cathode

catalysts, smaller thickness of cathode can be attained. Thus,
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Fig. 1. Schematic representation of three types of CNF [13].
the approach for preparation of low Pt loading cathodes

consists in the use of active catalysts on new carbon

supports, so that the electrocatalyst layer can be made very

thin—ca. 1 mm and the Pt content per electrode area can be

decreased by an order of magnitude to values 0.02–0.05 mg/

cm2. The decrease of the electrode thickness is beneficial

also because it increases fuel cell efficiency by easier oxygen

diffusion into the electrode and easier water removal.

The dispersion of platinum, catalytic activity and effi-

ciency of platinum electrocatalysts presumably depends on

the structure of the carbon support. Conventional supports—

carbon blacks have predominantly basal graphite planes on

their surface, resulting in weak interaction with supported

platinum. This leads to the formation of relatively large

globular platinum particles, subject to sintering (increase in

particle size). We propose to use carbon nanofibers (CNF) as

supports for platinum cathode catalysts, because these

materials have different structure—namely, regular arrange-

ment of graphite planes with their edges forming the outer

surface of the fibers. These edges may serve as suitable sites

for the stabilization of small platinum particles. In addition

regular arrangement of such sites can provide more uniform

distribution of platinum particles on the surface.

During the past decades, CNF have attracted ever-

increasing interest of scientists and technologists. The

family of CNF encompasses novel materials produced by the

decomposition of hydrocarbons over 3d-metal catalysts [5–

16]. Catalytically grown CNF was the subject of numerous

studies (see, for example, the works by Baker and co-

workers [5–7], Rosrtup-Nielsen and co-workers [8,9], Geus

and co-workers [10–13] and our publications [14–17]) due

to its unique structure and properties. This kind of carbon is

suggested to be used for the structural reinforcement

applications [18], adsorbent [19] and as a catalyst support

[20–27].

The use of CNF as catalyst support in comparison with

conventional supports (activated carbon, alumina) was shown

to result in an increase of activity and selectivity of the

catalysts in hydrogenation reactions [21–27]. The more

detailed study of the performance of Ni catalysts supported on

CNF of different structures in hydrogenation of alkenes and

dienes showed that the catalyst activity and selectivity are

extremely sensitive to the support structure [27].

Thus, the attraction of CNFs follows from possibility of

purposeful synthesis and peculiarities of their structure.

Three types of CNF different by structure are well known:

with graphene planes arranged perpendicular to the filament

axis (deck of cards morphology), at an angle of 458 to the

axis (herringbone morphology) or parallel to the axis,

forming multi-wall nanotubes (Fig. 1).

Various carbon-containing gases (CH4, C2H4, C2H2, CO)

can be used as feedstock for the production of CNF, while

metals of the iron subgroup and their alloys are traditionally

used as the catalysts for hydrocarbon decomposition.

Another type of nanocarbon materials different from

carbon blacks—amorphous supermicroporous carbon
(ASC) [28] is an attractive material for cathode catalyst

support because it has a very high specific surface area—up

to 3300 m2/g and large specific volume of micropores (i.e.

pores with a diameter less that 2 nm)—from 1 to 1.6 cm3/g.

These micropores can contribute to stabilization of small Pt

particles.

Thus, in this paper, we present data on synthesis of

prospective catalysts for cathodes of PEM fuel cells on novel

carbon materials: CNF and ASC, their characterization and

MEA performance results.
2. Experimental

2.1. Synthesis of CNF

Decomposition of methane to produce CNF was carried

out in a vibro-fluidized bed reactor that makes it possible to

conduct the reaction under isoconcentration and isothermal

conditions, prevent agglomeration of the carbonized catalyst

and synthesize uniformly structured CNF [14–17]. The

catalyst (�0.1 g) was placed into the reactor (�30 cm3 in

volume), the methane was supplied and the reactor was heated

up to the required temperature—625 8C. Undiluted methane

( p = 1 bar, 99.99% purity) was supplied into reactor at the rate

of 45–90 l/(h g catalyst). Concentration of methane was

measured by gas chromatography, and methane conversion

was calculated. Carbon deposition was measured by

weighting the samples after reaction, which was performed

until complete catalyst deactivation. The catalysts 62% Fe–

8% Ni–30% Al2O3 and 62% Fe–8% Ni–30% Al2O3 were used

for growing CNF(jj) and the catalysts 65% Ni–25% Cu–10%

Al2O3 for preparation of CNF(?) [14–17].

2.2. Synthesis of ASC

Supermicroporous amorphous carbons were synthesized

by mixing an organic precursor: oil coke, hydroquinone, etc.

with concentrated sulfuric acid and potassium (or sodium)

nitrites followed by thermal treatment at 700–800 8C in a

reductive or inert medium.
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The typical synthetic procedure is performed as follows.

The initial carbonaceous precursor is ground to particle size

0.1–0.2 mm. A 5.5 g of the ground material is mixed with

90 ml of concentrated sulfuric acid under stirring and

cooling with ice. Sodium nitrite in amount 36 mol/kg of the

precursor (13.5 g) is added to the mixture gradually under

stirring and the mixture is heated until foam formation and

evolution of nitrogen oxides stop. Then, the mixture is

diluted by water and evaporated to one-third of its initial

volume. After cooling the precipitate is separated and

washed to attain neutral pH of washing water. The product

obtained is mixed with concentrated solution of 23 g of

sodium hydroxide (107 mol/kg precursor). The mixture is

heated to evaporate water and form a melt. After the end of

the gas evolution, the melt is subjected to carbonization at

700 8C for 10 min. The obtained material is washed with

water, then with 0.5 M H2SO4, then again with water until

neutral medium. The washed product is dried at 105–115 8C.

The typical yields of the obtained supermicroporous carbons

are 20–30%.

2.3. Preparation of Pt cathode catalysts

For catalysts preparation, H2PtCl6 was used as the

starting Pt compound, with following alkaline hydrolysis

and Pt reduction.

The catalyst preparation procedure includes the follow-

ing stages:
� A
Ta

Te

Sa

CN

CN
cid washing of the support from particles of metals—

catalysts for CNF synthesis.
� S
upport drying.
� P
reparation of solutions.
� P
reparation of aqueous suspension of CNF.
� A
dsorption of Pt precursor via alkaline hydrolysis.
� P
t reduction.
� S
pectrophotometric control for completeness of the Pt

deposition.
� F
iltration and washing of the precipitate from Cl� ions.
� D
Table 1

XRD characterization of CFC samples

Sample T (8C) d002 (nm) Lc (nm) La (nm)

CNF(?) 625 0.341 5.2 9.5

CNF(jj) 625 0.342 5.5 8.5
rying.

The catalyst preparation was made with variation of the

Pt loading on the support (5, 10 and 30 wt.% of Pt in the final

samples), alkaline agent (NaOH or Na2CO3), reducer (so-

dium formate or hydrogen), and other conditions (duration

of the adsorption of H2PtCl6, temperature and duration of the

hydrolysis and reduction, etc.). The CNF supports used for

preparation of catalysts to be further tested in MEA were
ble 2

xtural characteristics of CNF samples

mple BET surface

(ABET, m2/g)

Mesopore surface

(AME, m2/g)

Microp

(Vm, cm

F(?) 260 231.2 0.014

F(jj) 150 112.4 0.01
ground and jet-milled to size of 30–40 nm. The support

ASC-1 was prepared following special procedure to produce

particles of required size. Vulcan XC-72R was purchased

from Cabot Corp. It had particle size 30 nm, BET area

254 m2/g.

2.4. Characterization of carbon supports and cathode

catalysts

Samples of carbon supports were investigated by XRD,

TEM, HRTEM and adsorption methods. The catalysts were

investigated by XRD, TEM and HRTEM. Pt dispersion was

measured by XRD and CO adsorption method.

The XRD studies were performed in a HZG-4

diffractometer using Cu Ka radiation. Crystallite sizes

were calculated from the line width following the Scherrer

equation, TEM pictures were obtained in a JEM-100 CX.

Studies by high-resolution electron microscopy were

performed with HRTEM JOEL 2010, magnification up to

3,116,000�. The adsorption measurements were carried out

using an ASAP-2400 to provide adsorption of N2 at

77 K.Metal dispersion was probed by express method with

CO chemisorption in a conventional flow system with a

thermal conductivity detector and hydrogen as a support gas.

Assuming CO adsorption on surface Pt in proportion one

molecule per atom, the Pt dispersion was calculated by the

formula: D = COads (moles)/Pt (moles). The average particle

size was estimated using the formula: d (nm) = 1.08/D [29].

2.5. Preparation of membrane electrode assemblies and

MEA operating conditions

Cathodes of membrane electrode assemblies were

prepared by spraying a slurry consisting of the catalyst

(30% Pt on carbon support), Nafion solution, hydrophobic

powders, water and ethanol onto a Nafion-112 membrane of

50 mm thickness with effective cross-section of 25 mm �
25 mm and subsequent removing of solvents by heating to

150 8C. The content of Pt in cathode between about 0.02

and 0.09 mg/cm2 was varied by amount of slurry loading.

The anode in the MEA tests was a conventional 30 wt.%
ore volume
3/g)

Total pore volume

(VS, cm3/g)

Average pore

diameter (DBET, nm)

0.400 6.2

0.406 17.5
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Fig. 2. HRTEM image of ASC-1 sample prepared from oil coke.

Table 4

Metal dispersion in the catalysts prepared on CNF

No. Catalyst codea Catalyst used for

CNF preparation

Pt loading

(wt.%)

Ch

Dis

CO

1 5C(?)F 65Ni25Cu 5 46

2 10C(?)F 65Ni25Cu 10 35

3 30C(?)F 65Ni25Cu 30 20

4 5C(jj)F 62Fe8Ni 5 34

5 10C(?)H 65Ni25Cu 10 53

5a 10C(?)F 65Ni25Cu 10 40

6 5C(?)H 75Ni15Cu 5 64

6a 5C(?)F 75Ni15Cu 5 46

7 10(?)H 75Ni15Cu 10 51

7a 10C(?)F 75Ni15Cu 10 33

a In the catalyst code, the first figure designates Pt content in the catalyst, the sign

H refers to Pt reduction by hydrogen.

Table 3

Textural characteristics of ASC samples

No. Type ASC Precursor ABET (m2/g) AME (m2/g) VS (cm3/g) Vm (cm3/g)

1 ASC-1 Oil coke 3331.0 182.0 1.84 1.56

2 Ph Phenol 2240.1 369.0 1.53 0.98

3 OQ Oxyquinoline 2548.2 313.3 1.59 1.21

4 HQ Hydroquinone 2453.2 111.3 1.36 1.22

5 ONA1K o-Nitroaniline K+ 1673.7 55.9 0.87 0.79

6 ONA2K o-Nitroacetonilide K+ 1691.8 30.7 0.85 0.80

7 ONA1 o-Nitroaniline Na+ 1920.6 242.0 1.34 1.05

8 ONA2 o-Nitroaniline Na+ 2559.0 392.3 1.74 1.25

9 ONA3 o-Nitroaniline Na+ 2508.0 156.7 1.51 1.31

10 HQ1 Hydroquinone K+ 2697.4 104.6 1.50 1.38

11 HQ2 Hydroquinone K+ 2835.0 171.9 1.70 1.50

12 HQ3 Hydroquinone K+ 2764.8 172.0 1.64 1.43

13 DNPh 2,4-Dinitrophenol 632.4 55.8 0.36 0.26

14 DNA 2,4-Dinitroaniline 1148.3 24.8 0.57 0.52

15 BA Barbituric acid Na+ 500.0 81.0 0.38 0.19

16 BA Barbituric acid K+ 1400.0 610.0 1.47 0.41

17 BQDO1 n-Quinondioxime:n-hydroquinone (1:2) 2470.0 304.0 1.64 1.27

18 BQDO2 n-Quinondioxime:n-hydroquinone (1:2) 2620.0 824.0 2.14 1.07

19 BQDO3 n-Quinondioxime:n-hydroquinone (1:2) 2770.0 499.0 1.92 1.29

20 QE-10 Quinolic ether 2360.0 95.0 1.25 1.10
Pt/Ketjen Black of 0.05 mg Pt/cm2 in all measurements. A

hydrophobic porous carbon paper (Electrochem Inc. EC-

TP1) serving as a gas distributor and current collector was

applied to the electrodes. The MEAs were assembled in a

standard graphite cell frame. The tests were performed under

the following conditions: cell temperature 80 8C, pressures

of H2 of relative humidity of 100% at 85 8C and O2 of

relative humidity 100% at 75 8C were 0.1 MPa.
3. Results and discussion

3.1. Characterization of CNF and ASC

The XRD patterns of the CNF samples are only different

in the widths and positions of (0 0 l)-type reflections, i.e.
aracterization methods

persion

/Pt (%)

Particle size from

CO/Pt (D, Å)

XRD

23 Carbon phase; Pt with D = 23 Å

31 Carbon phase; Pt with D = 43 Å

54 Carbon phase; Pt with D = 44 Å

32 Carbon phase; Pt with D = 31 Å

20 Carbon phase; Pt with D = 21 Å

27 Carbon phase; Pt with D = 29 Å

17 Carbon phase; Pt with D = 17 Å

23 Carbon phase; Pt with D = 24 Å

21 Carbon phase; Pt with D = 21 Å

33 Carbon phase; Pt with D = 25 Å

after C refers to CNF structure, index F means Pt reduction by formate, and
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Fig. 3. TEM pictures of Pt catalyst samples: (a) 5C(?)F; (b) 10C(?)H; (c) 5C(jj)F; (d) 10C(?)F.
there are only qualitative differences. Interplanar distance

d002 and average CSD (crystallite) sizes along the a- and

c-axis of carbon (La, Lc) are presented in Table 1. The d002

ranges between 0.341 and 0.342 nm, that is higher than for

ideal graphite (0.335 nm). The average values of Lc and La

are 5.2–5.5 and 8.5–9.5 nm, respectively.
Table 5

Characteristics of catalysts prepared for MEA test

Catalyst Pt content (%) DPt (nm)

XRD TEM

30% Pt/CNF(?) 33.2 4.4 3–5

30% Pt/CNF(jj) 31.9 4.1 3–5

30% Pt/ASC-1 30.0 3.2 3–4

30% Pt/XC-72R 36.4 4.7 3–5

Fig. 4. TEM image of 30% Pt/CNF(?).
Thus, XRD characterization indicates that CNF is the

typical turbostratic carbon with a high d002 and low La and Lc

values [30], i.e. CNF filaments consist of mutually

disoriented domains with the graphite-like structure.

The data on BET surface area, mesopore surface area,

micropore volume and total pore volume are summarized in

Table 2. BET surface area is over 100 m2/g. The micropore

volume is small in both samples, �0.01 cm3/g at the total

pore volume of 0.4 cm3/g. Hence, CNF samples are

mesoporous materials with pores of 6–18 nm in average

size and a large surface area—over 100 m2/g.

The preparation of amorphous supermicroporous carbon

was performed from various initial precursors. The used

precursors and textural properties of the obtained materials

are shown in Table 3. These are typical microporous
Fig. 5. TEM image of 30% Pt/CNF(jj).
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Fig. 6. TEM image of 30% Pt/ASC-1.

Fig. 7. HRTEM image of 30% Pt/ASC-1.
materials with high surface area exceeding 2000 m2/g and

large volume of micropores—over 1 g/cm3. The micropore

volume is over 80% of the total pore volume, with average

pore size close to 2 nm.

The HRTEM studies on the example of ASC-1 formed

from oil coke (Fig. 2) show that the material contains

fragments with fully disordered cellular structure which are

built up by graphite-like layers (graphenes) of monoatomic

thickness (ca. 0.3 nm). There are cells of subnanometer
Fig. 8. Voltage vs. mass-specific current density in for MEA with Pt cathodes with

0.05 mg Pt/cm2. Vulcan XC-72R: (^) 0.0380 mg Pt/cm2; (^) 0.0628 mg Pt/cm2.

CNF(jj): (&) 0.0400 mg Pt/cm2; (&) 0.0639 mg Pt/cm2. CNF(?): (~) 0.0185 m
characteristic size corresponding to micropores between the

bent graphene layers.

Of the samples prepared, the sample ASC-1 was chosen

for further studies as a support for Pt cathode catalyst of

PEMFC because it has the largest micropore volume and

surface area, and secondly it can be produced in a form of

small uniform particles—ca. 40 nm, which can be used

directly for electrocatalyst preparation without the stages of

material grinding and jet-milling.

3.2. Characterization of Pt cathode catalysts

Catalysts supported on the CNF were prepared as

described above using one of the basic techniques for
low Pt loading and a conventional anode with 30 wt.% Pt/Ketjen Black of

Amorphous carbon ASC-1: (*) 0.0175 mg Pt/cm2; (*) 0.0592 mg Pt/cm2.

g Pt/cm2; (~) 0.0914 mg Pt/cm2.
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preparation of catalysts with noble metals on carbon

supports [31]. Several catalysts have been prepared to

estimate applicability of this technique to different types of

CNF at different Pt loadings on the support.

The used catalyst preparation technique provides rather

high dispersion for the supported platinum at a large Pt

loading (see data for catalysts 2, 5 and 7 with 10 wt.% of

Pt and sample 3 with 30 wt.% of Pt in Table 4) and allow the

dispersion to be controlled by variation of the preparation

conditions (compare dispersions in the pairs of catalysts 5

and 5a, 6 and 6a, and 7 and 7a, which were prepared on the

same support and have the same metal loading). Generally,

reduction by hydrogen results in higher Pt dispersion in

comparison with liquid phase reduction by formate ion.

There is very good correspondence between average size

of Pt particles obtained by CO adsorption measurement and

XRD.

The micrographs of some Pt catalysts on CNF of different

types are shown in Fig. 3. TEM pictures of Pt on support

C(?) show pieces of broken filaments (the breaking of
Fig. 9. Voltage at current density of 100 mA/cm2 of geometric electrode area v

conventional anode of 0.05 mg Pt/cm2 with 30 wt.% Pt/Ketjen Black. Vulcan XC

ASC-1: (*) 0.0175 mg Pt/cm2; (*) 0.0592 mg Pt/cm2, CNF(jj): (&) 0.0400 m

0.0914 mg Pt/cm2.
filaments took place upon jet-milling) with Pt fine particles

supported on carbon. The comparison of the TEM images of

the catalysts of the same composition, but prepared by

different techniques (10C(?)H and 10C(?)F) shows that

reduction by hydrogen leads to higher dispersion and more

uniform Pt distribution as compared to liquid phase

reduction by formate ion—in agreement with data obtained

by CO adsorption and XRD.

Sample 5C(jj)F retains initial carbon structure as multi-

wall nanotubes with long unbroken filaments, even after jet-

milling of the support, and Pt particles are bonded to the

external surface of the filaments. The Pt particles size is

close to that of the sample 10C(?)F and 5C(?)F, but larger

than that in the sample 10C(?)H.

For MEA tests we used 30% Pt/CNF(?) and 30% Pt/

CNF(jj) and for comparison the catalyst on conventional

support 30% Pt/Vulcan XC-72R synthesized by the same

method. The catalyst 30% Pt/ASC-1 was synthesized in

Nippon Steel Corporation using proprietary technique. The

catalyst characteristics are given in the Table 5.
s. Pt loading in cathodes for MEAs with low Pt loading cathodes and a

-72R: (^) 0.0380 mg Pt/cm2; (^) 0.0628 mg Pt/cm2. Amorphous carbon

g Pt/cm2; (&) 0.0639 mg Pt/cm2. CNF(?): (~) 0.0185 mg Pt/cm2; (~)
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The micrographs of the catalysts are shown in Figs. 4–7.

They demonstrate rather high Pt dispersion. In catalysts

30% Pt/CNF(?) and 30% Pt/CNF(jj) major part of Pt

particles have size of 3–5 nm, some of them are deposited

individually and some compose chains or agglomerates

consisting of several particles. Electron microscopy studies

of 30% Pt/ASC-1 show smaller Pt particles and more

uniform Pt distribution in comparison with sample Pt/CNF.

3.3. MEA tests of the catalysts

MEA testing of the Pt cathode catalysts prepared on novel

supports were performed in comparison with the catalyst

prepared on conventional support Vulcan XC-72R under

identical conditions. The results of the tests are shown in

Figs. 8 and 9.

Fig. 8 shows the dependence of the voltage of MEAs with

different cathode catalysts and different Pt loadings versus

mass-specific current density, i.e. current density divided by

Pt surface density. It can be seen that the performance of

cathodes with Pt/CNF catalysts adjusted to the same Pt

loading is inferior to that of the cathodes prepared from the

conventional Pt/Vulcan XC-72R catalyst or very close in

case of the cathode prepared from Pt/CNF(?) with a Pt

density of 0.0185 mg Pt/cm2.

Fig. 9 shows the MEA performance characteristic defined

as the MEA output voltage at a constant current density of

100 mA/cm2, versus Pt loading in the cathode. It can be

concluded that the novel catalyst 30% Pt/ASC-1 provides

excellent MEA output with the voltage close to 0.8 Vat very

low platinum loadings 0.0175–0.0592 mg Pt/cm2, consider-

ably exceeding by the performance the other studied

catalysts even at a lower Pt loading.
4. Conclusion

We have shown potential applicability of novel nano-

carbon supports—carbon nanofibers and amorphous super-

microporous carbons for synthesis of active platinum

cathode catalysts for proton exchange membrane fuel cells.

Different types of CNF: with ‘‘parallel’’ and ‘‘deck of cards’’

arrangement of graphitic planes and samples of ASC from

different precursors were synthesized and characterized by

XRD, electron microscopy and adsorption methods. CNF

samples studied are mesoporous materials with pores of 6–

18 nm in average size and a large mesoporous surface area—

over 100 m2/g. The synthesized ASC samples are typical

microporous materials with very high surface area exceed-

ing 2000 m2/g and large volume of micropores—over 1 g/

cm3. Platinum catalysts for PEMFC cathodes on different

structural types of CNF and one sample of ASC were

synthesized and characterized by TEM, XRD and CO

adsorption. The used catalyst preparation technique pro-

vides rather high dispersion for the supported platinum at a

large Pt loading. The catalysts were further characterized by
studying characteristics of conventional MEA cell with a

low Pt loading level of 0.02–0.09 mg/cm2. The MEA test

showed that the Pt cathode catalysts on CNF exhibit inferior

or comparable performance adjusted to the same Pt loading

in comparison with a catalyst on conventional carbon black

support Pt/Vulcan XC-72R. On the contrary, the cathode

catalyst prepared on the ASC-1 support provides excellent

MEA output and exhibits better performance compared with

the Pt/Vulcan XC-72R and other catalysts even at lower Pt

loadings.

Thus, the application of novel supermicroporous materi-

als as supports for catalysts for low Pt loading cathodes

appears to be promising. Further research is now in progress

on the improvement of Pt dispersion at high loadings on

ASC-1, studies of catalysts on ASC supports prepared from

different precursors and also on surface treatment of CNF

supports for their adaptation as effective carbon supports for

cathode catalysts.
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Abstract
Samples of carbon nanofibers (CNF) with different carbon contents (6.5–55 wt.%) are prepared by decomposition of CH4 on Ni catalysts

supported on silica glass fibers (SGF). The incipient wetness impregnation of support, introduction of the active component into alumina

washcoat and ion-exchange methods were used to prepare Ni catalysts on SGF. On the optimal catalyst prepared on washcoated SGF, carbon

forms as CNF of diameter 20–50 nm, and the carbon capacity is rather high—55 gC/gNi. Diameter of the CNF corresponds to the size of

catalyst particles of Ni metal, which have the cuboctahedral form typical for the formation of CNF with conical embedding of graphite layers

with respect to the filament axis. The SGF with supported CNF is a mesoporous material with polydisperse pore distribution similar by

structural and textural parameters to the granulated bulk CNF obtained in methane decomposition over high-loaded nickel-alumina catalysts.

The XRD, ESR and DTA methods were used for phase and structural analysis and demonstrated that CNF has a uniform graphite-like

structure and does not include the amorphous phase.

# 2005 Published by Elsevier B.V.

Keywords: Structured supports; Carbon; Carbon nanofibers; CNF; Silica glass fiber; Methane decomposition
1. Introduction

Carbon nanofibers (CNF) can be produced as powder

or granules via the decomposition of hydrocarbons, in

particular methane, over catalysts composed of iron group

metals [1–3] and oxides Al2O3, SiO2, etc. For practical

application, it is of interest to grow carbon filaments on

the organized geometrical surface of structured materials

[4,5], for instance, on honeycomb monoliths, reticulated

foam materials, porous composite ceramics, woven and non-

woven ceramic fibers.

Of special interest are glass fibers, due to physico-

chemical properties of glass fiber in metastable amorphous

state [6] and a high total geometrical surface area of

macrostructured fibrous materials composed of thin ele-

mentary fibers. Besides, glass fibers exhibit high strength,

they can be easily transformed to required geometric shape,
* Corresponding author. Tel.: +7 3832 341219; fax: +7 3832 397352.

E-mail address: zri@catalysis.nsk.su (I.Z. R.).

0920-5861/$ – see front matter # 2005 Published by Elsevier B.V.

doi:10.1016/j.cattod.2005.02.009
which enhances the integration of catalysts into reactors

of various space geometry. These advantages of glass fiber

materials can be enhanced for preparation of catalyst sup-

ports by depositing carbon nanofibers layer with developed

mesoporous structure.

Carbon nanofibers can be grown by the catalytic

decomposition of hydrocarbons over nanodispersed metal

catalysts loaded on the surface, e.g., on glass fibers. We

summarized the known methods of active metal catalyst

loading onto glass fibers into four groups:
1. C
apillary incipient wetness impregnation of glass fiber

with solutions of precursors [7].
2. I
ntroduction of the active component by the impregna-

tion method into preliminary formed oxide layer on the

surface of glass fibers [8,9].
3. I
mpregnation by the ion-exchange method [10].
4. I
ntroduction of active metals into the raw mix for glass

fiber production, followed by their supporting with

conventional methods [11].
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In the present work, methane decomposition catalysts

were prepared by methods 1–3.

The effects of preparation procedure on the properties of

Ni-containing catalysts and their activity in methane

decomposition have been determined.

Time of operation until deactivation for each supported

catalyst and morphology of CNF were studied.

Structural and textural properties of CNF grown on glass

fibers coated with a catalyst of optimum composition were

investigated.
2. Experimental

2.1. Support

Silica glass fibers (SGF) used in experiments consists of

filaments with a diameter of 6–7 mm (Fig. 1). After removal

of a lubricant, the glass fiber was leached in a 5.5% solution

of nitric acid for 1 h at 90 8C, washed with water to obtain

pH 5.5–7, dried and calcined at 300 8C in air. The properties

of SGF after pretreatment are as follows: SAr
BET is 0.7 m2/g,

SN2
BET is 0.3 m2/g, Vpore is 0.00056 cm3/g, amorphous phase

in XRD.

2.2. Catalysts

The Ni-containing catalysts supported onto SGF

were prepared by three methods. In all cases, an aqueous

solution of nickel nitrate was used as the active component

precursor.

According to method 1 (catalyst 1), the active component

was introduced via the incipient wetness impregnation of

SGF itself at room temperature. Then the samples were

separated from the impregnating solution, dried at 70 8C,

calcined at 350 8C in nitrogen, and reduced in a mixture of

10 vol.% H2 + 90 vol.% N2 at 550 8C for 3 h. The Ni content

in the catalyst was 4.2–4.5 wt.%.

By method 2 (catalyst 2), the active component was fixed

in the alumina layer (0.75 wt.% alumina with respect to
Fig. 1. The micrograph of SGF fibers.
SGF) formed on SGF from a solution of aluminum nitrate.

After separation of the impregnating solution, the samples

were heat treated in the regime similar to that of method 1.

The Ni content in the catalyst was 2.2–2.4 wt.%.

According to method 3 (catalyst 3), samples of the

support were boiled in a precursor solution for 1 h, then the

samples were separated from the solution, washed with

distilled water to remove Ni cations weakly bonded to the

support and treated under the conditions similar to those of

methods 1 and 2. The Ni content in the catalyst was

0.02 wt.%.

2.3. Characterization

Chemical composition of the support and catalysts was

determined by the method of atomic-emission spectroscopy

with inductively confined plasma using a BLYRD spectro-

meter.

Carbon content in the samples was measured gravime-

trically from the sample weight increment and weight loss

after burning at 1000 8C. In some cases, thermogravimetric

analysis (TGA) was used. TGA and DTA were performed in

air at a heating rate 108/min and a temperature range from 22

to 1000 8C with 100 mg samples.

Adsorption methods were used for characterization of the

textural properties of support, catalysts and carbonized

samples of glass fibers. The value of specific surface area

was determined by the BET method from heat desorption of

argon, SAr, and nitrogen adsorption at 77 K. Pore volume and

pore size distribution were also determined from nitrogen

adsorption at 77 K with an ASAP-2400 instrument.

Effective pore diameter was found from the differential

curve plotted with the data obtained by the Barrett–Joyner–

Halenda method using the model of cylindrical pores.

Average pore radius was calculated by the formula 4V/SBET.

Phase composition of support and catalysts, and size of

the active component particles (coherent scattering region,

c.s.r.) were determined by analyzing the diffraction patterns

in the range of 2u angles from 10 to 608 obtained with a

HZG-4 diffractometer at monochromatic Cu Ka radiation.

The structure of carbon nanofibers was characterized by d002

and c.s.r. in the directions perpendicular to the basal plane

(Lc) and along it (La).

The degree of graphitization was determined according to

[12] from the formula: g = (0.344 � d002)/0.0086.

Morphology of supports, catalysts and carbonized

samples of glass fibers was studied by the SEM and TEM

methods with microscope REM 100-U and a transmission

electron microscope JEM-100CX. Samples for the TEM

studies were pounded with a pestle, suspended in ethanol,

then dispersed by ultrasound and fastened to copper nets.

The ESR studies of catalysts and carbon coating were

performed with a Bruker ER 200D spectrometer (l = 3 cm)

at 77 and 300 K. Values of the ESR parameters were found

by comparing with the position of the diphenylpicrylhy-

drazyl (DPPH) line.
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Fig. 2. The flow reactor: (1) reactor wall; (2) gas distributing tube; (3) catalyst on glass fiber support.
2.4. Methane decomposition and CNF growing

The methane decomposition reaction was performed in a

horizontal flow reactor. The 20 mm tape of silica glass fiber

containing supported Ni catalyst was rolled in a 20 mm

diameter coil on a perforated metal tube operating as a gas

distributor (see Fig. 2). The reaction mixture consisting of

25 vol.% natural gas (98% methane + trace amounts of

ethane and propane) and 75 vol.% N2 was fed into the

reactor at a space velocity of 2500 h�1. The reaction mixture

(CH4, N2, H2, hydrocarbons) was analyzed with GC. The

experiments were performed at 550 8C until complete

deactivation of a catalyst. Activity of catalysts in methane

decomposition was characterized by methane conversion

(XCH4
), catalyst lifetime (time of its operation until a

complete deactivation, tcat) and carbon capacity (GC).

Methane conversion was calculated by the formula [13]:

XCH4
¼ ðC0 � CÞ

C0ð1þ CÞ 100%

where C0 is the mole fraction of methane in the initial

reaction mixture; C is the mole fraction of methane in the

reaction products.

Carbon capacity of the catalysts was determined as the

ratio of carbon weight in the carbonized catalyst sample to

the weight of Ni in the catalyst.
3. Results and discussion

To reveal the degree of reduction of the active component

and the size of its particles in catalysts prepared by different

methods, structural and textural properties of the catalysts

were studied using the ESR, XRD, nitrogen adsorption and

scanning microscopy methods.

ESR studies of catalysts were performed after their

reduction in hydrogen. ESR spectra are observed only for
Table 1

XRD data for Ni catalysts on glass fiber support

Catalyst type Ni content (wt.%) Heat treatment in N2 (350

Phase

1 4.5 NiO, amorphous phase

2 2.2 NiO, amorphous phase

3 0.02 Amorphous phase
catalysts 1 and 2. The observed spectra have broad lines,

exceeding 2000 Gs at room temperature, and show a further

broadening at the temperature of liquid nitrogen. All these

observations clearly indicate that the spectra correspond to

ferromagnetic (superparamagnetic) particles of nickel metal

Ni0. Catalyst 3 has no ESR signals spectra both at room

temperature and at 77 K, which evidences that nickel atoms

are in a different electron state as compared to the first two

catalysts.

The XRD data are presented in Table 1 and in Fig. 3.

Before the reduction stage, the diffraction pattern of

catalysts 1 and 2 is characterized by a mixture of two

phases: X-ray amorphous phase of support and nickel oxide

phase represented by the 2u reflexes at 37.5 and 43.58. The

size of the nickel oxide particles determined from the

coherent scattering region is 14 nm in catalyst 1 and 7 nm in

catalyst 2. After heat treatment in H2, the reflexes

corresponding to NiO phase disappear from the diffraction

pattern, and the 2u maxima are observed at 44.5 and 528,
which are typical of the Ni metal phase with the particle size

20 and 16 nm, respectively, for catalysts 1 and 2. The size of

Ni particles determined from the c.s.r. is an averaged

characteristic. In catalyst 1, the reflexes corresponding to

nickel metal phase have the profile (a broad base passing to a

narrow peak) typical of polydisperse size distribution of Ni

particles, which indicates that the catalyst comprises metal

particles considerably differing in size.

In catalyst 2, a uniform size distribution of Ni particles is

observed. Diffraction pattern of catalyst 3 sample after its

calcining at 350 8C in nitrogen before the reduction stage

and after heat treatment at 550 8C in hydrogen flow is

identical to the diffraction pattern of amorphous glass fiber

support represented by an extended hallo in the 2u range of

22–238. This result is obvious considering very low

(0.02 wt.%) Ni content.

Catalysts 1 and 2 after heat treatment in N2 have close

values of textural parameters: the total pore volume, specific
8C) Heat treatment in H2 (550 8C)

c.s.r. (nm) Phase c.s.r. (nm)

14 Ni amorphous phase 20

7 Ni amorphous phase 16

– Amorphous phase –
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Fig. 3. XRD patterns of catalysts 1, 2 and 3 before and after the reaction.
surface area and effective pore radius (Table 2). After

reduction at 550 8C, transformation of NiO to Ni occurs, and

the specific surface area and pore volume decrease. This

effect is more pronounced for catalyst 1. The decrease of the

surface area is 10-fold while the measured particle size

decreases only by a factor of 1.4 can be explained by the

presence in this catalyst of large Ni particles in addition to

smaller particles with an average size of 20 nm. Indeed, the

determination of particle size over 50 nm cannot be

performed by c.s.r. method used, and their presence in the

catalyst sample may cause the observed sharp decrease of

the SSA and pore volume values.

The presence of the alumina washcoating layer in catalyst

2 favors the stabilization of its textural parameters.

Textural properties of catalyst 3 are virtually similar

to the properties of glass fiber (SBET = 0.3 m2/g,

Vpore = 0.00056 cm3/g).

Fig. 4 displays the electron micrographs demonstrating

surface morphology of catalysts 1 (Fig. 4(1a)) and 2

(Fig. 4(2a)). In catalyst 1, the active component forms as

coarse crystallites distributed over the external surface of

glass fibers. One may expect a weak interaction between the

active component and support. In catalyst 2, particles of the

Ni active component are bonded rather strongly to alumina

supported onto the surface of glass fibers.

It is known that alumina is a textural promoter in methane

decomposition catalysts, on the one hand, providing the

dispersity of catalytic particles (15 nm for Ni-Al catalyst)

necessary for the carbon capacious state, and on the other

hand, preventing the particles merging [14]. Table 3 presents

the data on the initial degree of methane conversion, carbon
Table 2

Textural characteristics of catalysts obtained by methods 1 and 2

Catalyst Heat treatment Def:
pore

(nm)

Dpore average

(nm)

SBET

(m2/g)

Vpore

(cm3/g)

Ar N2

1 In N2, 350 8C 3.5 5.2 8.1 7.9 0.01

2 In N2, 350 8C 3.5 6.4 6.7 5.8 0.01

1 In H2, 550 8C 9.5 16.7 0.9 0.62 0.0026

2 In H2, 550 8C 3.5 9.6 4.4 3.4 0.0082
capacity and lifetime of the catalysts prepared by various

methods. It can be seen from these data that the catalysts

exhibit considerably different activity in methane decom-

position. At the initial moment, similar and rather high

degrees of methane conversion (35–38%) on catalysts 1 and

2 are observed. High initial activity of these catalysts may be

due to the presence of high-dispersed Ni particles (according

to the XRD data) with an optimum size for the reaction.

Methane decomposition does not occur on catalyst 3

obtained by the ion-exchange method due to the lack of Ni

metal particles (according to the ESR data) on which the

growth of carbon nanofibers occurs.

Fig. 5 shows the dependence of methane conversion on

the reaction time. Catalyst 1 deactivates quite rapidly;

30 min after the reaction onset its activity drops sharply, and

the reaction ceases in 3 h. Two periods of steady operation

are observed on catalyst 2 (their total time is 120 min), the

reaction proceeding with high methane conversion, then a

gradual deactivation of the catalyst starts. The catalysts

differ not only in their lifetime but also in the amount of

carbon formed.

In catalyst 1, a weak interaction of the active component

with the support, on the one hand, facilitates the detachment

of metal particles from the support surface causing growth of

carbon filaments unattached to the support; on the other

hand, it favors the enlargement of Ni particles up to 400 nm

(Fig. 4(1b)) during the reaction. The enlargement of Ni

particles to this size may result in their partial peeling from

the surface of glass fiber or incapsulation by carbon deposits,

causing fast deactivation of the catalyst. Fig. 4(1b) displays

the micrograph of carbonized sample of catalyst 1 after

30 min operation. Along with carbon filaments of thickness

25–70 nm, this sample contains 200–500 nm metal particles

incapsulated by carbon. The active component of catalyst

2, uniformly distributed in the secondary washcoating

alumina layer, is composed of particles �16 nm in size,

which are enlarged to the size about 50 nm during methane

decomposition (Fig. 4(2b)). Probably, this is the optimal

size, providing a longer catalyst operation as compared to

catalyst 1.

Morphology of catalysts affects also the macrotextural

properties of the formed CNF. Even at the initial period of

the reaction (30 min after the onset) at a low CNF content

(CCNF � 10%), carbon filaments forming on catalyst 1

virtually ‘‘hang’’ in the space between the glass fibers

(Fig. 4(1c)). In the case of catalyst 2, the washcoat holds

carbon fibers on its surface, preventing their detachment into

the interfibrillar space (Fig. 4(2c), CCNF � 10%). This effect

is most pronounced at high carbon contents in the samples.

Fig. 4(1d) presents the micrograph of catalyst 1 sample

containing 15 wt.% CNF, which shows that carbon filaments

are arranged separately from glass fibers. For catalyst 2, the

detectable carbon coating detachment from the fiber surface

occurs only at a rather high carbon content. This is

demonstrated in Fig. 4(2d) for the sample with 24 wt.% CNF

content.
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Fig. 4. The micrographs of catalysts 1 and 2 before and after the reaction: (1a) catalyst 1; (1b) CNF/cat. 1 (TEM); (1c) 10% CNF/cat. 1; (1d) 15% CNF/cat. 1;

(2a) catalyst 2; (2b) CNF/cat. 2 (TEM); (2c) 10% CNF/cat. 2; (2d) 24% CNF/cat. 2.
4. Properties of CNF

The samples of CNF on catalyst 2 were taken for further

physico-chemical studies. Depending on the reaction time,

the samples contain different amounts of CNF (Table 4).

4.1. XRD

The size of Ni particles, determined from the coherent

scattering region, changed from 16 nm for the initial catalyst
Table 3

Methane conversion, lifetime and carbon capacity of catalysts prepared by

different methods

Catalyst Ni (wt.%) X0
CH4

(%) tcat (h) GC (gC/gNi)

1 4.5 35 3 8.3

2 2.2 38 5.7 55

3 0.02 0 0 0
Fig. 5. The dependencies of methane conversion on the reaction time and

preparation procedure (methods 1 and 2).
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Table 4

List of samples prepared on catalyst 2

Sample code CNF content (wt.%) Reaction time (min)

2.1 6.5 15

2.2 10 25

2.3 24 60

2.4 55 350

Fig. 7. ESR spectra of the samples with different CNF content: 2.1–6.5%,

2.2–10%, 2.3–24%, ref. – granulated CNF (a) at room temperature; (b) at

77 K.
to 20 nm after 15 min (sample 2.1), 35 nm after 25 min

(sample 2.2) and 40 nm after 60 min (sample 2.3) of the

reaction. The Ni metal phase is not detected in sample 2.4,

since dilution of the sample with carbon decreases the nickel

concentration by a factor of 2, making it lower than the

sensitivity of the method. Carbon phase is detected in the

samples with carbon content exceeding 10 wt.%. Diffraction

pattern of sample 2.3 shows the maxima corresponding to

three phases: X-ray amorphous phase of support at 22.38; Ni

metal phase at 44.5 and 528, size 40 nm; and carbon phase

with the maximum at 268. Characteristics of the carbon

structure ordering were determined only for the sample with

the CNF concentration of 55 wt.%. Diffraction pattern of

sample 2.4 corresponds to a nearly pure carbon phase, which

is characterized by a local ordering in the structure of

adjacent layers, parameter Lc = 3.9 nm, and by a local

ordering within each layer, parameter La = 6.9 nm, which is

much smaller than the diameter of filament. Interlayer

distance d002 is 0.343 nm, and degree of graphitization (g)

calculated from this parameter is 0.116. These parameters

are close to those found for the turbostratic structure of

granulated CNF synthesized under similar conditions

(Lc = 4.3 nm; La = 6.2 nm; d002 = 0.343 nm) [15].

4.2. TEM

Fig. 6 displays the micrograph of carbonized fiber sample

taken 1 h after the reaction onset (sample 2.3). Morphology

of the carbon phase is presented by filaments 20–50 nm

thick, corresponding to the size of metal particles. Ni metal

particles have the cuboctahedral form typical for the
Fig. 6. Carbon nanofibers with Ni particles. Fig. 8. DTA and TG curves of the samples: 2.1–6.5% CNF; 2.3–24% CNF.
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Table 5

Textural properties of CNF on SGF after methane decomposition at different reaction times

Sample code Reaction time (min) CNF (wt.%) Def:
pore (nm) D

average
pore (nm) Vpore (cm3/g) SBET (m2/g) Size distribution of

pore volume

(nm) (%)

2.1 15 6.5 3.6 4.64 0.01 4.8 3.0–7.0 50

7.0–12.0 7.5

12.0–17.5 5

>17.5 37.5

2.3 60 24 3.6 7.43 0.035 19 3.0–7.0 17

7.0–12.0 14

12.0–17.5 14

>17.5 55

2.4 350 55 3.6; 12.0 10.64 0.138 51.7 3.0–7.0 10

7.0–12.0 12

12.0–17.5 18

>17.5 60

Fig. 9. Pore size distribution for the samples with different CNF content.
formation of CNF with conical arrangement of graphite

layers with respect to the filament axis [15].

4.3. ESR

XRD data showed that CNF that forms during CH4

decomposition in the samples under study has a graphite-

like structure. The experimentally obtained value d002

carbon = 0.343 nm exceeds the interplanar distance for ideal

graphite (d002 graphite = 0.335 nm). It means that the structure

of the formed carbon has only a local ordering and does not

exclude the presence of the graphite structure defects.

Presumably, different steps of the reaction yield carbon with

different degree of structural ordering. It is not improbable

that samples comprise a small amount of amorphous carbon

(as coke). Coke is known to contain a large amount of

paramagnetic sites, so the ESR method was used to study the

samples after methane decomposition at different reaction

times. Samples 2.1, 2.2 and 2.3 were used in these

experiments. The samples contain �2 wt.% Ni. Granulated

CNF prepared on 90% Ni–Al2O3 and containing 0.18% Ni

was used as the reference sample. ESR spectra were taken at

room temperature (Fig. 7a) and at the temperature of liquid

nitrogen (Fig. 7b). Spectral lines of samples are very broad

(the width of the narrowest line is �800 Gs) and cannot be

assigned to the ESR spectra of coke, which has the g-factor

equal to ge = 2.0023 and the line width of 1–7 Gs. The ESR

spectrum of granulated CNF differs from the above spectra

only in a lower intensity of the lines. All the lines observed

can be assigned to the ESR spectra of Ni0 ferromagnetic

particles. It was assumed that ferromagnetic nickel particles

affect the paramagnetic pattern of coke and cause the line

broadening. To exclude the effect of Ni, the samples were

washed by boiling in a 3 M solution of hydrochloric acid,

followed by repeated washing with distilled water to remove

Cl� ions. Ni content in the samples decreased approximately

by a factor of 7. ESR spectra of the washed samples showed

a much lower intensity of the lines, but no ESR spectra of

coke were observed.
The effect of oxygen is well known from the literature on

ESR studies of coke [16]. This effect is represented by

broadening of the ESR spectra of coke at adsorption of small

amounts of molecular oxygen. So, air was pumped out from

the ampoules with samples at 250 8C to pressure 10�2 Torr.

After removal of oxygen, ESR spectra did not change. The

obtained data indicate that the ESR spectra of coke are

absent in the samples studied irrespective of the degree of

magnetism of nickel particles and the presence of oxygen.

Therefore, it can be assumed that the formed CNF in the

samples studied are of graphite-like structure, containing

degenerated electron gas (the occurrence of electron

conduction). It is known that in this case, electron gas is

connected with localized paramagnetic sites of the graphite-

like structure by exchange interaction, which leads to

considerable broadening of ESR spectra of these sites.

4.4. TGA and DTA

Carbon species of different nature burn out at different

temperatures, so the samples of CNF on glass fibers (2.1 and

2.3) obtained after 15 and 60 min of methane decomposition

were studied by DGA and DTA. An exoeffect is observed at

615–620 8C in the DTA curves of samples 2.1 and 2.3
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Table 6

Effect of treatment of CNF on SGF in neutral and acid media

Treatment conditions Ni content in

the initial

sample (wt.%)

Ni content in

the washed

sample (wt.%)

Washing

degree (%)

C content in

the initial

sample (wt.%)

C content in

the washed

sample (wt.%)

Carbon

losses (%)

1) In H2O at 100 8C for 10 h 2.3 Not determined Not determined 23.3 22.9 1.7

2) In 3 M HCl at 100 8C for 10 h 2.3 0.3 87 23.3 21.8 6.4

3) In H2SO4 at 20 8C for 150 h 2.3 0.1 95.6 23.3 20.5 12.0
(Fig. 8). The absence of other peaks is an indirect evidence

of the uniform composition of CNF. TGA was used for the

determination of CNF content in samples.

4.5. Textural properties

Nitrogen adsorption isotherms at 77 K, obtained at

measuring the textural properties CNF grown on SGF, form

the capillary-condensation hysteresis loop, which is

assigned to the H-3 type according to the IUPAC

classification. The H-3 type loop is typical for mesoporous

materials with predominating slit-like pores. Textural

properties of CNF on SGF depend on the diameter of

formed carbon filaments and their orientation in space

relative to each other and to glass fibers. As the reaction

proceeds, the size of Ni particles changes, and so does the

thickness of carbon filaments. Thus, one may expect the

textural parameters of the forming carbon phase to change

with increasing reaction time. Textural properties of the

samples with different CNF content obtained in 10 min, 1

and 6 h after the reaction onset are presented in Table 5.

Fig. 9 shows the differential pore size distribution.

An observed increase in the total pore volume and

specific surface area of the samples with increasing reaction

time is obviously caused by the increased amount of

mesoporous carbon phase.

Differential curves of the pore size distribution (Fig. 9)

show the maximum at 3.6 nm for all samples. As the

reaction time increases, broadening of the forming pores

occurs. Filaments of different thickness can entangle or grow

into the interfibrillar space, ultimately forming the porous

structure with polydisperse pore distribution.

From the values of Vpore and SBET for CNF and the same

values for the initial catalyst, the pore volume and specific

surface area of the carbon phase can be calculated: Vpore =

0.245 cm3/g; SBET = 94 m2/g (sample 2.4). These values are

close to those obtained for bulk CNF synthesized under

similar conditions over the 90% Ni 10% Al2O3 catalyst

(Vpore = 0.22 cm3/g; SBET = 109 m2/g; Dpore = 10.8 nm) [15].

4.6. Stability of CNF on SGF

Samples of carbonized catalysts on glass fibers contain

nickel particles. To prepare catalysts on carbon support or to

modify functional groups on the carbon surface, the samples

are treated with mineral acids for removing the metal

particles. In such cases, of great importance is the stability of
carbon coating to losses caused by the action of aggressive

media under hydrothermal conditions. Results of treatment

of carbonized samples under various conditions are

presented in Table 6. It is seen that practically no carbon

is removed if the treatment is performed in neutral medium.

Boiling in a diluted hydrochloric acid or long treatment by

concentrated sulfuric acid results in minor carbon losses,

which may be caused by partial dissolution of the glass fiber

components and peeling of carbon filaments weakly bonded

to the surface.
5. Conclusion

Samples of CNF with different carbon content (6.5–

55 wt.%) were prepared by decomposition of CH4 on

supported Ni catalysts. The influence of the preparation

method of Ni catalysts on their properties and activities in

methane decomposition was studied. The alumina coating in

catalyst 2 was shown to stabilize its textural parameters and

lead to the formation of the active component state with an

optimum size of Ni particles providing a high carbon

capacity of the catalyst.

The X-ray diffraction analysis showed that the obtained

CNF has a graphite-like structure with the following

parameters: d002 = 0.343 nm, Lc = 3.9 nm and La = 6.9 nm.

The ESR and DTA methods demonstrated that the CNF has a

uniform structure and does not include the amorphous phase.

According to the ESR data, carbon has a graphite-like

structure with electron conduction.

Carbon forms as filaments of diameter 20–50 nm. The

diameter of the filaments corresponds to the size of catalytic

particles of Ni metal, which has the cuboctahedral form

typical for the formation of CNF with conical embedding of

graphite layers with respect to the filament axis.

According to the nitrogen adsorption data, CNF is a

mesoporous material with polydisperse pore distribution. It

was revealed that the values of structural and textural

parameters of CNF grown on glass fiber supports are close to

those of granulated CNF obtained in methane decomposition

over high-loaded nickel-alumina catalysts.
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INTRODUCTION

Platinum and platinum alloys supported on carbon
materials are in current use as electrocatalysts in solid
polymer fuel cell cathodes [1, 2]. The efficiency of
these catalysts essentially depends on the specific sur-
face area, pore structure, electric conductivity, and
other characteristics of the carbon support [3, 4]. Car-
bon nanofibers (CNFs) have attracted considerable
attention from the standpoint of the target-oriented syn-
thesis of an optimum support for electrocatalysts [3–8].
CNFs are formed in the decomposition of carbon-con-
taining compounds on iron subgroup metals; these are
mesoporous materials with a specific surface area of
100–300 m

 

2

 

/g. It is well known [9–14] that the structure
and texture properties of CNFs depend on synthesis
conditions such as the composition of the catalyst, the
nature of the carbon precursor, and the temperature of
the process. CNFs of a certain structure and morphol-
ogy can be prepared by controlling the above parame-
ters. It was found experimentally that the use of CNFs
increased the activity and stability of platinum catalysts
in electrode processes and increased the platinum effi-
ciency, as compared with commercial carbon supports
[3, 5–8].

The previously developed amorphous microporous
carbon materials (AMCMs) with a high specific surface
area (to 3300 m

 

2

 

/g) and a considerable micropore vol-

ume (to 2 cm

 

3

 

/g) [15–17] belong to another type of car-
bon supports that can be successfully used for the man-
ufacture of highly active electrocatalysts. Previously [8,
18], we found that AMCMs can be efficiently used as
the supports of platinum catalysts based on the stabili-
zation of highly dispersed platinum particles in
micropores.

Nitrogen-containing CNFs and AMCMs (N-CNFs
and N-AMCMs, respectively) are promising materials
for use as the supports of cathode catalysts. The pres-
ence of specific adsorption sites on the surface of nitro-
gen-containing materials results in a more uniform dis-
tribution of the active component and a high dispersion
and high specific surface area of Pt particles [6, 9, 19].
In addition, an increased electric conductivity of N-
CNFs, as compared with that of unmodified materials
[20, 21], also facilitates high electrocatalytic activity.

The attractiveness of nitrogen-containing supports
is due to the necessity of synthesizing new electrocata-
lysts with reduced noble metal concentrations and with
the replacement of noble metals by Fe and Co com-
pounds, in particular, based on Fe and Co complexes
with ligands like phthalocyanines (

 

N

 

4

 

–M

 

 complexes,
where M = Fe or Co) [22–28]. These metal chelates
adsorbed on a carbon support after appropriate thermal
treatment are active in the reaction of oxygen reduction
in an acidic medium, and nitrogen-containing func-
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Abstract

 

—The following nitrogen-containing supports with various nitrogen contents and structure and tex-
ture properties were synthesized: carbon nanofibers (N-CNFs) and amorphous microporous carbon materials
(N-AMCMs). It was found that the above characteristics can be regulated by varying synthesis conditions: pre-
cursor compositions and reaction temperature and time. Mesoporous nitrogen-containing CNFs with a specific
surface area of 30–350 m

 

2

 

/g and a pore volume of 0.10–0.83 cm

 

3

 

/g were formed by the catalytic decomposition
of a mixture of ethylene with ammonia at 450–675

 

°

 

C. Microporous materials (N-AMCMs) with a specific sur-
face area of 472–3436 m

 

2

 

/g and a micropore volume of 0.22–1.88 cm

 

3

 

/g were prepared by the carbonization of
nitrogen-containing organic compounds at 700–900

 

°

 

C. An increase in the carbonization temperature and reac-
tion time resulted in an increase in the specific surface area and microporosity of N-AMCMs, whereas lower
temperatures of 450–550

 

°

 

C and reaction times of 1–3 h were optimal for the preparation of N-CNFs with a
developed texture. It was found that milder synthesis conditions and higher nitrogen contents of precursors were
required for obtaining high nitrogen concentrations in both N-CNFs and N-AMCMs. The synthetic method
developed allowed us to prepare carbon supports with nitrogen contents to 8 wt %.
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tional groups on the support surface can serve as transi-
tion metal adsorption and stabilization sites [29]. The
activity of these catalysts increases with nitrogen con-
centration on the surface of the carbon material. As
found using X-ray photoelectron spectroscopy (XPS)
[29, 30], nitrogen atoms should occur in a pyridinic
state in order to form an active site. Therefore, the elec-
tronic state of nitrogen atoms on the surface of a carbon
support and the possibility of regulating this state by a
controllable synthesis are of considerable importance.

The aim of this work was to synthesize carbon mate-
rials structurally modified with nitrogen atoms, to study
the physical chemistry of formation of nitrogen-con-
taining carbon materials, to optimize conditions for the
preparation of materials with high specific surface areas
and high nitrogen contents, and to determine the state
distribution of nitrogen atoms depending on synthesis
conditions.

EXPERIMENTAL

 

Synthesis of Nitrogen-Containing Carbon Materials

 

The N-CNFs were prepared by the decomposition
of a mixture of 

 

C

 

2

 

H

 

4

 

 and 

 

NH

 

3

 

 on the high-percentage

metal catalysts

 

1

 

: 90Ni–Al

 

2

 

O

 

3

 

, 82Ni–8Cu–Al

 

2

 

O

 

3

 

,
65Ni–25Cu–Al

 

2

 

O

 

3

 

, 45Ni–45Cu–Al

 

2

 

O

 

3

 

, 85Fe–5Co–
Al

 

2

 

O

 

3

 

, 62Fe–8Co–Al

 

2

 

O

 

3

 

, 75Co–Al

 

2

 

O

 

3

 

, and 72Co–
3Mo–Al

 

2

 

O

 

3

 

. These catalysts were prepared by the
coprecipitation of an active component and a support
from a nitrate salt solution in accordance with pub-
lished procedures [11, 31]. The mixtures of 

 

C

 

2

 

H

 

4

 

 and

 

NH

 

3

 

 with ammonia concentrations of 25, 50, and 75 vol %
were used for the synthesis of the N-CNFs. The decom-
position reaction was performed in a flow setup with a
quartz vibrofluidized-bed reactor at 

 

450–675°C

 

 and a
pressure of 1 bar for 0.25–20 h. The catalyst load was
0.1 g; the flow rate of the reaction mixture was 2.25 l/h.
The yield of carbon (

 

G

 

, g

 

C

 

/g

 

Cat

 

) was calculated as the
weight ratio between the resulting carbon and the initial
catalyst.

The N-AMCMs were prepared from nitrogen-con-
taining organic precursors, which were either individ-
ual substances (8-hydroxyquinoline, 

 

ortho

 

-nitroa-
niline, and 1,2,3-benzotriazole) or their equimolar mix-
tures (Fig. 1). The use of the equimolar mixtures of
various nitrogen-containing organic compounds
allowed us to obtain N-AMCMs with high nitrogen
contents and high specific surface areas. To prepare
N-AMCMs, the precursors were mixed with a concen-
trated aqueous solution of NaOH in a NaOH-to-precur-
sor ratio of 1 : 3. The melt of an organic precursor with
the alkali, which was obtained by the evaporation of
water, was subjected to thermal treatment (carboniza-
tion) at 700–900

 

°

 

C for 20–80 min in a reducing atmo-
sphere formed by carbonization gases or in an inert
atmosphere. The carbonization product was washed
with an aqueous solution of hydrochloric acid and then
with water to a neutral reaction. The residue was dried
at 105–115

 

°

 

C to constant weight.

 

1

 

Henceforth, the number before the symbol of an element refers to
the weight concentration in the catalyst with the balance alumi-
num oxide.

 

N

OH

 

NH2

NO2

 

N
H

N

N

 

8-

 

hydroxyquinoline

 

ortho

 

-nitroaniline

 

1

 

,2,3-benzotriazole

 

Fig. 1.

 

 Nitrogen-containing organic precursors of N-AMCMs.

 

Table 1. 

 

 Effect of the chemical composition of the catalyst
on the yield of N-CNFs (

 

G

 

), the nitrogen content of the ma-
terial (

 

N

 

), and the specific surface area (

 

S

 

BET

 

)

Catalyst

 

T

 

, 

 

°

 

C

 

G

 

, g

 

C

 

/g

 

Cat

 

N

 

, wt %

 

S

 

BET

 

, m

 

2

 

/g

90Ni-Al

 

2

 

O

 

3

 

550 11.6 0.47 158

82Ni-8Cu-Al

 

2

 

O

 

3

 

11.5 0.90 206

65Ni-25Cu-Al

 

2

 

O

 

3

 

12.4 1.58 282

45Ni-45Cu-Al

 

2

 

O

 

3

 

11.2 0.74 280

72Co-3Mo-Al

 

2

 

O

 

3

 

600 14.3 0.65 223

75Co-Al

 

2

 

O

 

3

 

12.2 0.68 205

65Ni-25Cu-Al

 

2

 

O

 

3

 

13.1 1.07 231

85Fe-5Co-Al

 

2

 

O

 

3

 

625 0.5 – –

62Fe-8Co-Al

 

2

 

O

 

3

 

1.1 2.00 117

65Ni-25Cu-Al

 

2

 

O

 

3

 

14.5 0.96 244

 

Note: Reaction conditions: decomposition of a mixture of 75%
C

 

2

 

H

 

4

 

 and 25% NH

 

3

 

 for 1 h.
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Physicochemical Characterization Techniques

 

The phase composition and structure properties of
carbon materials were studied using ex situ X-ray dif-
fraction (XRD) analysis. The X-ray diffraction patterns
were measured on an HZG-4 diffractometer with
monochromated 

 

Cu

 

K

 

α

 

 irradiation.

The structure and morphology of N-CNFs and N-
AMCMs were studied using transmission electron
microscopy (TEM). The samples were supported onto
a holey carbon film on a copper grid. The TEM images
were obtained on a JEM-2010 transmission electron
microscope with a lattice resolution of 

 

1.4 

 

Å and an
accelerating voltage of 200 kV. The surface morphol-
ogy of N-CNFs was studied using scanning electron
microscopy (SEM) on a JSM-6460 microscope at an
accelerating voltage of 20 kV.

The texture characteristics of carbon materials were
determined using the low-temperature adsorption of
nitrogen at 77 K on an ASAP-2400 automated instru-
ment. The specific surface area was calculated from the
BET equation.

The nitrogen contents of carbon samples were deter-
mined using elemental analysis on a Carlo Erba Model
1106 automatic elemental analyzer.

The surface composition and the electronic states of
nitrogen and carbon atoms in N-CNFs and N-AMCMs
were studied using XPS. The measurements were per-
formed on a VG ESCALAB HP photoelectron spectrom-
eter with the use of 

 

Al

 

K

 

α

 

 irradiation; the spectrometer was
calibrated using the following lines: 

 

Au4

 

f

 

(7/2)

 

 = 84.0 eV,

 

Ag3

 

d

 

(5/2)

 

 = 368.3 eV, and 

 

Cu2

 

p

 

(3/2)

 

 = 932.7 eV. The
residual gas pressure in the measurements was no
higher than 

 

3 × 10–8 mbar.

RESULTS AND DISCUSSION

Synthesis and Properties of N-CNFs

It is well known that the amount of carbon formed
in the decomposition of hydrocarbons is proportional to
the metal content of the initial catalyst [11, 12, 32].
Therefore, it is reasonable to use high-percentage metal
catalysts with metal concentrations of 70–90 wt % in
order to prepare a carbon material in a high yield. Data
given in Table 1 indicate that iron-containing catalysts
exhibited low activity in the decomposition of a mix-
ture of C2H4 and NH3, whereas the 90Ni–Al2O3, 82Ni–
8Cu–Al2O3, 65Ni–25Cu–Al2O3, 45Ni–45Cu–Al2O3,
75Co–Al2O3, and 72Co–3Mo–Al2O3 catalysts exhib-
ited similar activity in terms of the yield of a carbon
product and resulted in the formation of 11–14 gC/gCat

(‡) (b)500 µm 1 µm

Fig. 2. SEM micrographs of the surfaces of N-CNF samples prepared by the decomposition of a 50% C2H4–50% NH3 mixture on
the 65Ni–25Cu–Al2O3 catalyst at 550°C.

20 nm

Fig. 3. TEM micrograph of an N-CNF sample prepared by
the decomposition of a C2H4–NH3 mixture on the 65Ni–
25Cu–Al2O3 catalyst: the internal structure of carbon fiber.
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upon the decomposition of a 75% C2H4–25% NH3 mix-
ture for 1 h at 550–600°C. The maximum nitrogen con-
tent of N-CNFs and the maximum specific surface area
were obtained with the use of the 65Ni–25Cu–Al2O3

catalyst. Therefore, this catalyst was chosen in order to
perform a more detailed study of the formation of N-
CNFs from a mixture of C2H4 and NH3.

According to SEM data (Fig. 2a), a carbon material
prepared by the decomposition of a mixture of C2H4

and NH3 on the 65Ni–25Cu–Al2O3 catalyst consisting
of granules of size 150–350 µm. As can be seen in high-
resolution SEM micrographs (Fig. 2b), the surface of
granules exhibited a fibrous morphology. Moreover,
large pores about several micrometers in size were

observed. It is likely that each granule was a combina-
tion of several agglomerates; in turn, these agglomer-
ates were formed by chaotically interwoven CNFs.

According to TEM data, CNFs are helical with a
coaxial conical packing of graphite layers (Fig. 3); the
fiber diameter is 25–100 nm. The XRD analysis of N-
CNFs demonstrated that this material is graphite-like.
The interplanar spacing varied within the range 0.343–
0.347 nm depending on synthesis conditions. These
values are higher than the interplanar spacing of ideal
graphite (0.335 nm) [33]; this suggests the turbostratic
structure of N-CNFs. With the use of XRD analysis, it
was found that the size of coherent scattering regions of
N-CNFs lies in the range 3.2–7.0 nm and is comparable
with the size of coherent scattering regions for unmod-
ified CNFs (3.3–9.5 nm) [14].

According to data on the low-temperature adsorp-
tion of N2, the N-CNFs are mainly mesoporous materi-
als, as evidenced by the type H1 capillary condensation
hysteresis according to the IUPAC classification [34]
(Fig. 4a). The BET average pore size was 5–19 nm. The
specific surface area (SBET) depended on CNF synthesis
conditions and varied from 30 to 350 m2/g. The pore
size distribution curves had two maxima in the regions
of 3–4 and 10–30 nm (Fig. 4b). Fenelonov et al. [35,
36] believed that pores of size 3–4 nm resulted from the
formation of curved graphene structures on the closure
of edge graphite planes at the fiber surface, whereas
large pores of size 10–30 nm were spaces formed by the
interweaving of fibers in the course of fiber growth. As
the N-CNF synthesis time was increased, a distribution
maximum in the region of large pores shifted toward
smaller sizes. At the same time, the total pore volume
decreased by a factor of 2 from 0.34–0.82 to 0.02–
0.37 cm3/g depending on the process temperature. It
was found that the time dependence of SBET exhibited a
maximum in the region of 1–3 h at all of the reaction
temperatures examined; in this case, lower synthesis

0

Specific volume, cm3/g

P/P0

500

0.4

100

400

300

200

0.2 0.6 0.8 1.0

(‡)
1

2

0

Pore volume × 104, cm3 g–1 nm–1

Pore diameter, nm

3.5

0.5

2.0

1.5

1.0

100

(b)

1

2

10

2.5

3.0
3–4 nm

15–30 nm

9–20 nm

Fig. 4. (a) Sorption isotherms of N2 at 77 K and (b) pore size distributions for N-CNF samples synthesized from a gas mixture of
50% C2H4 and 50% NH3 for (1) 1 and (2) 20 h.

202 4 6 8 10 12 14 16 18
Reaction time, h
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280

240
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0

Fig. 5. Dependence of the specific surface area of CNFs on
the composition of the initial reaction mixture: (1) 75%
C2H4 and 25% NH3 or (2) 100% C2H4. T = 550°C.
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temperatures were favorable for the production of
higher specific surface areas. The dependence of SBET

on reaction time was also analogous for CNFs formed
from 100% C2H4 (Fig. 5). Data shown in Fig. 5 indicate
that the value of SBET increased by a factor of 1.2–1.8
on the addition of ammonia to ethylene; in this case, the
total pore volume increased by a factor of 1.1–1.6 and
the micropore volume increased by a factor of 2.6–5.7
depending on reaction time.

A study of the effect of synthesis conditions on the
nitrogen content of N-CNFs demonstrated that an
increase in the reaction temperature from 550 to 675°C
and an increase in the reaction time from 1 to 20 h
resulted in a decrease in the nitrogen content of
N-CNFs, whereas the nitrogen content of N-CNFs
increased from 1.27 to 7.00 wt % as the concentration
of ammonia in the reaction mixture was increased from
25 to 75 vol % (Table 2).

Synthesis and Properties of N-AMCMs

In the development of a preparation procedure for
high-surface-area N-AMCMs with high nitrogen con-
tents, we found that an increase in the alkali-to-precur-
sor ratio, as well as an increase in the temperature and
time of carbonization, resulted in an increase in the spe-
cific surface area and micropore volume of the resulting
materials (Table 3). However, the severe conditions of
carbonization resulted in a decrease in the nitrogen con-
tent of N-AMCMs to 1–2 wt % (sample nos. 3–7 and 9
in Table 3). It can be seen in Table 3 that milder carbon-
ization conditions (700°C, a carbonization time of
<40 min, and an alkali-to-precursor ratio of <2) were
required for preparing N-AMCMs with a high nitrogen
content. Under these conditions, we managed to obtain
N-AMCMs with a nitrogen content of 4–8 wt % and a
specific surface area of 472–1643 m2/g. Based on the
experimental data, we found a correlation between tex-
ture characteristics and nitrogen concentration in
N-AMCMs: an increase in the texture parameters

Table 2.  Effect of synthetic conditions on the properties of N-CNFs

Precursor T, °C Time, h N, wt %
Texture

SBET, m2/g , m2/g Vpore, cm3/g , cm3/g

75% C2H4/25% NH3 550 1 1.58 282 33 0.51 0.02

75% C2H4/25% NH3 675 1 1.27 199 0 0.31 0

50% C2H4/50% NH3 550 1 3.13 287 32 0.82 0.02

50% C2H4/50% NH3 550 20 2.44 112 0 0.37 0

25% C2H4/75% NH3 550 1 7.00 191 0 0.71 0

* Micropore characteristics.

Sµ* Vµ*

Vµ, cm3/g
2.0

1.5

1.0

0.5

1 2 3 4 5 6 7 8
Nitrogen content, wt %

4000
3500
3000
2500
2000
1500
1000
500
0

SBET, m2/g

Ä B

1

2

Fig. 6. Dependence of (1) specific surface area and (2)
micropore volume on the nitrogen content of N-AMCM
samples prepared with the use of (A) 8-hydroxyquinoline
with benzotriazole or (B) ortho-nitroaniline with benzotria-
zole as precursors.

5 nm

Fig. 7. TEM micrograph of an N-AMCM sample prepared
from a mixture of ortho-nitroaniline and 8-hydroxyquino-
line at 700°C (Table 3, sample no. 9).
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(SBET and micropore volume) was accompanied by a
decrease in the nitrogen content (Fig. 6). Nevertheless,
the synthetic procedure developed allowed us to pre-
pare N-AMCMs with a nitrogen content of 8 wt % and
a sufficiently high specific surface area of 472 m2/g.

Figure 7 shows the TEM micrograph of an
N-AMCM sample with a nitrogen content of 2.11 wt %
and SBET = 2559 m2/g. This sample was prepared by the
carbonization of an equimolar mixture of ortho-nitroa-
niline and 8-hydroxyquinoline (Table 3, sample no. 9).
According to TEM data, the structure of the N-AMCM
consisted of curved graphite layers arranged at a distance
of ~1 nm from each other, and it was identical to the
structure of AMCMs free of bound nitrogen [15, 16].

State of Nitrogen in Carbon Materials

Based on an analysis of the XPS spectra of N-CNFs,
we can conclude that at least two states of nitrogen with
binding energies (BE) of 398.5 and 400.8 eV occurred
in N-CNFs (Fig. 8). According to published data, a line
with BE = 398.5 eV belongs to pyridinic nitrogen (NPy)
[37–39], whereas the N1s line with BE = 400.4–
400.9 eV belongs to quaternary nitrogen (NQ), that is,
nitrogen atoms with a formal charge of +1, which
replaced carbon atoms in the graphite plane and consti-
tuted an extended aromatic structure [38, 39]. The ratio
between nitrogen species NPy/NQ in N-CNFs depended
on the ammonia content of the starting mixture. As the
concentration of ammonia in the reaction mixture was
increased and, correspondingly, as the nitrogen content
of N-CNFs increased, the fraction of pyridinic nitrogen

Table 3.  Effect of synthetic conditions on the properties of N-AMCMs

Sample 
no. Precursor NaOH/precursor,

g/g
T,
°C

Time, 
min

N,
wt %

Texture

SBET, 
m2/g

Sµ,
m2/g

Vpore, 
cm3/g

Vµ,
cm3/g

1 ortho-nitroaniline/1,2,3-
benzotriazole

1.25 700 20 8.02 472 465 0.25 0.22

2 1.50 700 25 4.66 1643 1588 0.81 0.75

3 2.50 700 25 1.94 2352 1766 1.59 1.00

4 8-hydroxyquinoline/1,2,3-
benzotriazole

1.75 700 45 1.74 2401 2242 1.31 1.14

5 2.00 900 25 1.42 2458 2418 1.24 1.20

6 2.50 700 80 0.92 3436 3183 2.16 1.88

7 3.00 700 30 1.47 3002 2536 1.97 1.50

8 ortho-nitroaniline/8-hy-
droxyquinoline

1.55 700 35 5.29 840 840 0.40 0.40

9 2.00 700 30 2.11 2559 2507 1.42 1.26

394

Signal intensity

Binding energy, eV
400396 398 402 404 406 408 410 412

N 1s
398.5 eV

400.8 eV

392

Fig. 8. XPS spectrum of N-CNF with a nitrogen content of
7.00 wt %.

394

Signal intensity

Binding energy, eV
400396 398 402 404 406 408 410 412

N 1s

398.6 eV

400.0 eV

400.9 eV

392390

Fig. 9. XPS spectrum of an N-AMCM sample with a nitro-
gen content of 5.29 wt % (Table 3, sample no. 8).
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increased. The NPy/NQ ratio increased from 1.1 at 1 wt %
to 1.7 at 7 wt % nitrogen in N-CNFs.

Figure 9 shows the N 1s spectrum of an N-AMCM
sample with a nitrogen content of 5.29 wt % (Table 3,
sample no. 8). An analysis of the XPS spectra of
N-AMCMs allowed us to detect three electronic states
of nitrogen atoms with binding energies of 398.6,
400.0, and 400.9 eV. Two signals, a more intense signal
at 398.6 eV and a less intense signal at 400.9 eV, were
analogous to the N 1s signals in the spectra of N-CNFs
(Fig. 9). According to published data, an additional
peak at 400.0 eV can be attributed to nitrogen atoms as
the constituents of amino [40, 41], nitrile [41], or
nitroso groups [39] bound to the graphite framework of
a carbon material.

CONCLUSIONS

The study of the formation of nitrogen-containing
carbon supports by the catalytic decomposition of a
C2H4/NH3 mixture and the carbonization of nitrogen-
containing organic precursors allowed us to find the fol-
lowing regularities: The catalytic synthesis resulted in
the production of a mesoporous material formed by
chaotically interwoven structured CNFs. The carbon-
ization of organic compounds produced AMCMs with
high specific surface areas (to 3436 m2/g). The nitrogen
content of these materials depended only on synthetic
conditions. An increase in the process temperature and
time resulted in a decrease in the nitrogen contents of
N-CNFs and N-AMCMs. An increase in the nitrogen
content of a precursor (the concentration of ammonia in
a C2H4/NH3 mixture or the number of nitrogen atoms in
an organic compound) was accompanied by an increase
in the nitrogen content of carbon materials. As a result,
nitrogen-containing carbon supports with nitrogen con-
tents to 8 wt % could be prepared.

We found that nitrogen atoms as the constituents of
carbon materials can occur in various electronic states.
The following two main nitrogen species as the constit-
uents of N-CNFs were detected: pyridinic (398.5 eV)
and quaternary nitrogen (400.8 eV). The electronic
state distribution of nitrogen atoms depended on the
total nitrogen content of N-CNFs; the contribution of
the pyridinic component increased as the total nitrogen
content was increased. An additional state of nitrogen
atoms (400.0 eV), which could be interpreted as the
nitrogen constituent of nitroso groups, was observed in
the case of amorphous microporous materials.

The dependence of the texture properties of N-
CNFs on synthetic conditions was directly opposite to
that of N-AMCMs. Thus, milder process conditions
(low temperatures and short-time synthesis) resulted in
a larger surface area of N-CNFs. Higher carbonization
temperatures and longer process times facilitated the
formation of high-surface-area N-AMCMs with large
micropore volumes.

Thus, the developed approaches to the synthesis of
nitrogen-containing carbon supports can be used for the
preparation of a wide range of carbon materials struc-
turally modified with nitrogen. In this case, the proper-
ties of the materials synthesized depend on preparation
conditions, and they can be varied over a wide range.
This provides opportunities to perform the target-ori-
ented synthesis of nitrogen-containing carbon supports
for electrocatalysts with specified properties.
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The effect of nitrogen concentration in carbon nanofibers (CNFs) on the structural and elec-

trical properties of the carbon material was studied. CNFs with nitrogen concentration var-

ied from 0 to 8.2 wt.% (N-CNFs) with ‘‘herringbone’’ structure were prepared by

decomposition of ethylene and ethylene mixture with ammonia over 65Ni–25Cu–10Al2O3

(wt.%) catalyst at 823 K. Detailed investigation of the CNFs and N-CNFs by XPS, FTIR and

Raman spectroscopy showed that the nitrogen introduction in carbon material distorts

the graphite-like lattice and increases the structure defectiveness. Both effects become

more significant as the nitrogen concentration in N-CNFs grows.

The electrical conductivity of N-CNFs with different nitrogen concentrations is

caused by the competition of the nanofiber graphite-like structure disordering after intro-

duction of nitrogen atoms and doping of an additional electron into the delocalized p-sys-

tem of the graphite-like material. As a result, the maximum electrical conductivity among

the samples studied was observed at nitrogen concentration in N-CNFs equal to 3.1 wt.%.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Today selective synthesis of carbon nanofibers (CNFs) with

desired structure (‘‘herringbone’’, ‘‘deck of cards’’, nanotubes)

and physicochemical properties is an important branch of

nanotechnology with a wide range of possible practical appli-

cations of these materials [1–8]. CNFs are of great interest for

development of components for nanoelectronics (field tran-

sistors, autoelectron emitters, diodes, supercapacitors) and

for development of new composite materials, gas and bio sen-

sors, sorbents, catalysts and catalyst supports. The conduct-

ing properties of CNFs that can be varied from metal to
er Ltd. All rights reserved
odyacheva).
semiconductor depending on the structural parameters and

doping with heteroatoms are very important for practical

applications [9]. It is rather difficult to control the CNF struc-

tural characteristics, such as diameter, length, chirality, topo-

logical defects, etc., during synthesis. Therefore, significant

attention has been paid lately to the investigation of methods

for regulating the CNF properties by doping the graphite-like

structure of the nanofibers with nitrogen atoms [10,5].

Nitrogen atoms substituting carbon atoms in the graphite

matrix are electron donors and promote n-type conductivity.

It was shown by tunneling microscopy that nitrogen-doped

carbon nanotubes have metallic properties independent of
.

mailto:pod@catalysis.ru
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the structural parameters and are characterized by the

presence of a donor state close to the Fermi level [11].

The increase of the localized density of states at the

Fermi level results in larger emission currents at lower

voltages [12–14]. Due to the metal-type conductivity and sta-

ble emission characteristics at low voltages, nitrogen-doped

carbon nanotubes are promising materials for field emitters

and conducting coatings and composites. Furthermore, the

enhancement of the donor properties and electrical conduc-

tivity of CNFs after doping with nitrogen increases the activity

of the carbon material in electron-transfer reactions [15] and

electrocatalytic reduction of oxygen [16].

Doping with nitrogen has a significant effect on the struc-

ture of the carbon material. In most cases, multiwalled car-

bon nanotubes doped with nitrogen have a bamboo-like

structure and contain regularly arranged compartments with

a hollow channel [17]. Another characteristic property of

nitrogen-doped materials is the formation of a more defec-

tive structure of the carbon layers. For example, the higher

the N content, the less graphitic and linear the nanotubes

and nanofibers become [17,18]. Using quantum chemical cal-

culations it was shown that incorporation of nitrogen atoms

into a graphite-like lattice promotes the formation of penta-

gons facilitating distortion of the graphite layer [19]. The

EELS data revealed that the curvature of the graphite layer

in nitrogen-doped nanotubes [20] and nano-onions [21] cor-

related with the nitrogen concentration in the layer. The

structure of CNx films prepared by magnetron spraying of a

graphite target in the Ar/N2 discharge was shown to be

determined by the nitrogen concentration in the film ([N])

[22]. At [N] < 5 at.% the film had a graphite-like structure.

Meanwhile, at [N] > 15 at.% a fullerene-like phase was

formed. A transition region was observed at 5 at.% < [N] <

15 at.%.

Thus, summarizing the literature data we would like to

conclude that the CNF doping with nitrogen makes it possi-

ble to modify both the structure of the carbon nanofiber and

the electrophysical properties of these materials. However,

the experimental data on the dependence of the conductiv-

ity of nitrogen-doped carbon materials on the nitrogen con-

centration in the structure are limited. It was reported that

the conductivity of CNx films depended not linearly on the

nitrogen concentration reaching a maximum at [N] =

10.4 at.% and decreasing at higher nitrogen concentrations

in the film [23]. The authors explained this effect by the for-

mation of an insulating phase at high nitrogen concentra-

tion in the film. This result suggests that there could be an

interrelation between the nitrogen concentration in the N-

doped carbon material, the material structure and its electri-

cal properties. If such relation is found, this would allow pre-

dicting and regulating the electrical properties of carbon

materials.

In our previous paper we discussed the formation of nitro-

gen-doped CNFs with ‘‘herringbone’’ structure by decomposi-

tion of C2H4/NH3 mixture over metal catalysts and

determined optimum conditions for synthesis of N-CNFs with

regulated nitrogen concentration, structural and textural

characteristics [24]. In this paper we continue the investiga-

tion of the nitrogen effect on the CNF structure and study

the electrical properties of N-CNFs.
2. Experimental

2.1. Synthesis of CNFs and N-CNFs

CNFs and N-CNFs were synthesized by decomposition of eth-

ylene and ethylene/ammonia mixtures over 65Ni–25Cu–

10Al2O3 (wt.%) catalyst at 823 K for 1 h [24]. Earlier we demon-

strated that these synthesis conditions are optimal for the

production of uniform material with nitrogen content up to

8.2 wt.% and maximum values of textural characteristics

(SBET � 200–300 m2/g, Vpore � 0.6–0.9 cm3/g) [24,25]. In this

study we varied the ammonia concentration in reaction mix-

ture from 0 to 75 vol.% to prepare N-CNFs with different nitro-

gen content and to investigate the effect of nitrogen on

structure and electrical properties of the materials. The pro-

cedure of N-CNF synthesis was described in detail previously

[24].

Synthesized CNFs and N-CNFs were subjected to treat-

ment with hydrochloric acid to remove the catalyst particles.

Then, the samples were washed with hot water to pH 5.5. The

acid treatment did not affect the specific surface area and

porosity of the carbon material.

The synthesis conditions, nitrogen content and textural

characteristics of the synthesized CNFs and N-CNFs are sum-

marized in Table 1.
2.2. Investigation of CNFs and N-CNFs by
physicochemical methods

Nitrogen concentrations in N-CNFs were determined by ele-

mental analysis using a Carlo Erba 1106 automatic

elemental analyzer.

Textural properties of CNFs and N-CNFs were studied by

low-temperature N2 adsorption at 77 K using an ASAP-2400

automatic adsorption installation. Specific surface areas were

calculated using the BET method.

Structure and morphology of carbon nanofibers were stud-

ied by transmission electron microscopy (TEM) using a JEOL

JEM-2010 electron microscope operating at 200 kV with 1.4 Å

lattice resolution. Samples for TEM studies were dispersed

in ethanol and then placed onto holey carbon film deposited

on a copper grid.

The electronic states of nitrogen and carbon atoms in CNFs

and N-CNFs were studied by X-ray photoelectron spectroscopy

(XPS). The experiments were carried out using ES-300 photo-

electron spectrometer by KRATOS Analytical with MgKa X-

ray source. The spectrometer was calibrated relatively Au4f

and Cu2p lines with Eb(Au4f7/2) = 84.0 eV and Eb(Cu2p3/2) =

932.7 eV, respectively. The residual gas pressure in the ana-

lyzer chamber during the measurements did not exceed

3 · 10�8 mbar. Qualitative chemical composition of the surface

was controlled using survey spectra in the range of 0–1100 eV

with resolution corresponding to maximum sensitivity (ana-

lyzer pass energy 50 or 75 eV) and energy step 1 eV. For quanti-

tative analysis of the chemical composition and for the

determination of chemical state of elements the spectra were

recorded in narrow ranges using precision mode with high

accumulation time. In this case the analyzer pass energy was

20–25 eV and energy step 0.1 eV. The N1s and C1s spectra were



Table 1 – Synthesis conditions and properties of CNFs and N-CNFs.

Synthesis conditions Propertiesa

[NH3], vol.% [N], wt.% SBET
b, m2/g Vpore

c, cm3/g Vl
d, cm3/g DBET

e, nm

0 0 230 0.60 0.016 10.2

25 1.7 275 0.78 0.023 11.4

50 3.1 290 0.87 0.021 12.0

75 8.2 195 0.87 0 17.8

a Parameters are presented for carbon materials after the acid treatment.

b Surface area determined by BET method.

c Pore volume.

d Volume of micropores.

e Average pore size.
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fitted by approximation of the experimental curves with a

combination of Gaussian and Lorenzian functions. The quan-

titative analysis of the surface composition of the carbon

materials was based on calculations of the integral intensities

of the corresponding lines in the XPS spectra taking into ac-

count atomic sensitivities for each element (ASF).

The FTIR spectra of CNFs and N-CNFs were recorded using

BOMEM MB-102 FTIR spectrometer in 4000–250 cm�1 range

with 4 cm�1 resolution. The samples were prepared by press-

ing pellets containing 0.5 mg of the studied sample and

500 mg of KBr.

The effect of nitrogen on the structure of the graphite lay-

ers was studied by Raman spectroscopy using Bruker RFS 100/

S FT-Raman spectrometer. Nd-YAG laser line at 1064 nm with

100 mWt power was used for excitation.

The electrical properties of CNFs and N-CNFs were stud-

ied using an original procedure developed for measurement

of temperature dependence of electric conductivity r(T) of

powder-like samples by a four-contact method in the tem-

perature range 4.2–293 K [26]. The samples were pressed into

the glass cylinders. The contacts to the sample were made

by 0.1 mm silver wires. In this article the comparison of

electrical conductivity was made for the N-CNF samples

with nitrogen content 0, 1.7, 3.1 and 8.2 wt.% of N in

CNFs.
Fig. 1 – TEM images of CNF and N-CNF samples: (a, b) CNFs

synthesized by catalytic decomposition of 100% ethylene, (c)

N-CNFs with 3.1 wt.% N prepared from 50%C2H4/50%NH3

mixture.
3. Results

3.1. TEM

According to the TEM data, carbon nanofibers prepared by

catalytic decomposition of ethylene have helical-like mor-

phology (Fig. 1a) and ‘‘herringbone’’ internal structure formed

by turbostratic graphite-like layers oriented at 45–75� angle to

the fiber axis (Fig. 1b). The fiber diameters range from 20 to

100 nm. The ammonia addition to the feed did not result in

any evident changes of the CNF structure. Only the fiber

diameters slightly decreased. When the ammonia concentra-

tion in the C2H4/NH3 mixture was changed from 25 to

75 vol.%, the fiber diameters decreased from 20–50 nm to

10–30 nm. The TEM images show that the crystallinity of

the N-CNF graphite layers is similar to that of CNFs without

nitrogen (Fig. 1b and c).
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3.2. XPS

Fig. 2 presents the C1s spectra of CNFs and N-CNFs with

different nitrogen concentration. The position of the main

C1s line at 284.3–284.6 eV proves that carbon is in the form

of graphite [27]. This conclusion is additionally confirmed by

the presence of a strong p–p* ‘‘shake-up’’ satellite at 290–

291 eV accompanying the photoionization process of 1s elec-

tron in conjugated p-system of graphite-like carbon [28].

The difference in the position of the main C1s peak and its

‘‘shake-up’’ satellite is about 6–7 eV that is typical for aromatic

carbon systems.

The position of C1s peak at 284.3 eV for CNF sample with-

out nitrogen matches the energy of the sp2 CAC bond in C1s

spectrum of highly-oriented pyrolytic graphite [29]. When

the nitrogen concentration in the sample increases, the peak

is slightly shifted to higher binding energies (BE) and the peak
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asymmetric broadening is appeared. The C1s BE in the sam-

ple with the highest nitrogen content 8.2 wt.% was 284.6 eV.

The dependence of the C1s BE on the ratio of the peak inten-

sities N1s/C1s is presented in the inset of Fig. 2. Note that the

ratio of the N1s and C1s peaks characterizes the nitrogen con-

centration in N-CNFs. The shift of the C1s maximum by 0.1–

0.3 eV agrees with the results of the XPS studies of nitrogenat-

ed nanotubes [29] and thin films [30]. It is explained by disor-

dering of the graphite-like structure after introduction of

nitrogen [31–33].

The N1s spectra of N-CNFs have a complex shape, Fig. 3a.

They consist of partially resolved elastic peaks at �400 eV and

extended satellite structure at about 409 eV. For more precise

identification of the nitrogen states the N1s peak was decom-

posed into three components (Fig. 3b). The peak at 398.7 eV is

assigned in the literature to pyridine nitrogen. The N1s signal

with BE at 400.5 eV is attributed to quaternary nitrogen, i.e.

graphite-like nitrogen incorporated into the structure of ex-

tended aromatic system of the carbon nanofibers [27,34–36].

A weaker signal at 401.8 eV can be assigned to an oxygenated

nitrogen groups, such as nitrosyls [37].

A wide satellite peak at 406–412 eV, most likely, is a ‘‘shake-

up’’ satellite from both the pyridine and three-coordinated

nitrogen. When only p–p* transitions are considered for the

satellite, the distance from the main peak to the satellite

should be �6–7 eV. In this case the splitting is �8–9 eV that

is significantly larger than for p–p* transitions in carbon sys-

tems. The appearance of a wide satellite peak may be also re-

lated to participation of the unshared electron pair of the

pyridine nitrogen atom in photoionization of N1s electron

with excitation of an electron from the unshared pair to the

vacant r* orbital. Such p–r* transition results in energy losses

for the N1s photoelectron and shift of the peak by �9–10 eV.

Thus, a wide line at �409 eV is appeared as a result of the

overlapping of the satellite peaks formed due to the p–p* tran-

sitions and p–r* transitions.

The increase of the nitrogen concentration in N-CNFs from

1.7 to 8.2 wt.% changes the ratio of the relative intensities of

the elastic peaks. This fact indicates that relative intensities
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of the electronic states of nitrogen are changed. In particular,

the contribution of the pyridine state grows (Fig. 3a).

3.3. FTIR Spectroscopy

The bands at 3420, 2915, 2850, 1630, 1585, 1220 and 880 cm�1

were observed in the FTIR spectrum of CNFs (Fig. 4). The bands

at 3420 and 1630 cm�1 can be attributed to stretching and

bending vibrations of water molecules. The bands at 2915–

2850 cm�1 correspond to stretching vibrations of CAH groups.

The band at�1550 cm�1 and a band at about�1220 cm�1 were

observed in the FTIR spectra of carbon nanofibers synthesized

by the catalytic method [38]. However, the band at �1220 cm�1

was not observed in the spectrum of nanotubes prepared in an

electric arch [39]. The complete vibrational representation of

the structure of crystalline graphite has the following form

[40]:

C ¼ A2u þ 2B2g þ E1u þ 2E2g ð1Þ

Modes A2u (867 cm�1) and E1u (1588 cm�1) are active in IR

[40]. Therefore, we may conclude that the appearance of the

band at �1220 cm�1 in the spectra of carbon nanotubes [38]

and nanofibers in our case as well can be related to the trans-

lational symmetry disturbance caused by the defectiveness of

the graphite-like structure.

No new lines appeared in the FTIR spectra in nitrogenated

samples. However, the bands related to the graphite-like

structure were shifted (Fig. 4). The spectra of CNF and N-

CNF samples with different nitrogen concentrations in the se-

lected region 800–1800 cm�1 corresponding to vibrations of

CAC bonds in the graphite-like structure are shown in Fig. 5.

When the nitrogen concentration in the nanofibers grows

the bands are continuously shifted to higher frequencies from

1585 and 1220 cm�1 (0 wt.% N) to 1590 and 1261 cm�1

(8.2 wt.% N) respectively. Such changes in the FTIR spectra

of carbon nanofibers with the increase of nitrogen content

can be explained by the growing defectiveness of the graph-

ite-like structure due to incorporation of nitrogen atoms into

the carbon lattice.
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Ab
so

rb
an

ce

Wavenumber, cm-1

8.2% N

0% N

3420

2850
2915

1630

880

1220 1585

Fig. 4 – FTIR spectra of CNFs and N-CNFs with 8.2 wt.% N
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3.4. Raman spectroscopy

Two lines were observed in the Raman spectra of CNFs and N-

CNFs at 1597–1599 cm�1 (G line) and 1288–1315 cm�1 (D line,

Fig. 6). The G line corresponds to allowed vibrations of E2g

hexagonal graphite lattice (Eq. (1)) [40]. The presence of de-

fects in the graphite structure results in broadening of the

lines in the Raman spectra and appearance of an additional

D line. It corresponds to the A1g mode that is forbidden

according to the selection rules in ideal graphite.

The analysis of the line positions, intensities and half-

widths gives information about changes of the structural

characteristics of the carbon material, namely graphite layer

defectiveness, resulting from the increase of the nitrogen

concentration in the nanofibers. A continuous increase of

the vibration frequency corresponding to the D line and the

half-widths of peaks D and G was observed with the increase

of the nitrogen concentration in N-CNFs (Table 2, Fig. 6). The
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Table 2 – Parameters of the Raman spectra of CNF and N-CNF samples depending on the nitrogen concentration (wt.%).

Sample [N], wt.% D line G line ID/IG

mD, cm�1 x1/2, cm�1 mG, cm�1 x1/2, cm�1

CNF 0 1288 100 1598 54 2.2

N-CNF (1.7% N) 1.7 1295 147 1597 61 2.8

N-CNF (3.1% N) 3.1 1304 166 1597 62 3.3

N-CNF (8.2% N) 8.2 1315 210 1599 83 3.7

mD and mG – positions of lines D an G, correspondingly.

x1/2 – line width at half-height.

ID/IG – ratio of integral intensities of lines D and G.
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position of the G line did not depend on the nitrogen concen-

tration. The increasing ratio of the integral intensities ID/IG
indicates that the defectiveness of the graphite-like layers

grows with increasing of nitrogen concentration in the mate-

rials. N-CNF sample with the highest nitrogen concentration

8.2 wt.% was the most defective.

3.5. Electrical properties

The dependencies of conductivity on temperature r(T) for

CNF and N-CNF samples (1.7, 3.1 and 8.2 wt.% N) were studied

in the temperature range T = 4.2–293 K. In temperature range

4.2–50 K the electrical conductivity can be described by two-

dimensional variable range hopping conductivity with vari-

able length of hops between localized states located in a nar-

row energy range close to the Fermi level. This is proven by

the experimental observation of relation (2) (Mott’s law) with

d = 2 [41]. In this case the r(T) is linearized in ln(r) � T�1/3 axes

(Fig. 7).

rðTÞ ¼ r0 � exp½�ðT0=TÞ1=ðdþ1Þ� ð2Þ

Here T0 ¼
b
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Fig. 7 – Temperature dependencies of conductivity of CNF

and N-CNF samples with different nitrogen concentrations

(wt.%). Solid lines correspond to approximation of the

experimental data with Eq. (2) at 4.2 K < T < 10 K.
b is a constant depending on the dimension, aloc is a localiza-

tion radius of electron wave function, d is the movement

dimension of the current carriers, kB is the Boltzmann con-

stant, N(EF) is the density of states at the Fermi level.

The 2D variable range hopping mechanism could be ex-

plained by high anisotropy of movement of current carriers

in these materials due to the formation of decks of graphite

layers. Obviously, the current carries movement occurs across

the graphite layers that have a tendency to form bonds with

each other forming ‘‘nanocaps’’ or ‘‘closed-layer structures’’

[24].

At temperature T > 50 K more weak power dependence

r � (Tx) typical for quasi-two-dimensional graphite is regis-

tered [42].

The localization radius of electron wave function aloc we

estimated from the data of magnetoresistivity q(B) = 1/r(B) at

temperature 4.2 K taking into account the model of wave

function shrinkage for the localized state in magnetic field

[43]:

aloc ¼ ðc2�h2A=e2tdÞ1=4ðT=T0Þ3n=4 ð4Þ

Here c – velocity of light, �h – Planck’s constant, td = 1/360 – the

constant, n = 1/(1 + d), A = olnq(B)/oB2 and it was determined

from the slope of quadratic dependences lnq(B) at low field

(Fig. 8).
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Fig. 8 – The typical magnetic field dependence of the

resistivity logarithm lnq(B) (where q(B) = 1/r(B)) measured at

temperature 4.2 K for N-CNF sample with nitrogen content

8.2 wt.%. Solid line corresponds to approximation of the

experimental data with lnq(B) = A Æ B2



Table 3 – Effect of nitrogen concentration in carbon nanofibers on electrical properties of CNFs and N-CNFs.

Sample [N], wt.% r293 K, Om�1 cm�1 r4.2 K, Om�1 cm�1 aloc, nm N(EF), eV�1 cm�3

CNFs 0 9.1 1.2 · 10-1 6.7 2.5 · 1019

N-CNFs (1.7% N) 1.7 11.0 7.3 · 10-3 6.1 1.1 · 1019

N-CNFs (3.1% N) 3.1 15.4 4.4 · 10-3 5.5 0.9 · 1019

N-CNFs (8.2% N) 8.2 6.1 4.3 · 10-2 4.9 2.8 · 1019

r293 K and r4.2 K – conductivity at ambient (293 K) and liquid helium (4.2 K) temperatures.

aloc – localization radius of electron wave function.

N(EF) – density of localized states at the Fermi level.
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Based on the temperature and magnetic field dependen-

cies of the electrical conductivity and observed variable range

hopping conductivity (Eq. (2)), we calculated the densities of

localized states at the Fermi level N(EF) at helium temperature

(4.2 K) by the use of Eq. (3). At this temperature N(EF) varied

from 0.9 · 1019 to 2.8 · 1019 eV�1 cm�3 (Table 3).

The nanofiber conductivity at the ambient temperature

r293 K grows after introduction of just 1.7 wt.% N into CNFs

and grows further when the nitrogen concentration in-

creases to 3.1 wt.%. However, the material with the highest

nitrogen concentration equal to 8.2 wt.% is characterized

by lower conductivity at ambient temperature. It was shown

earlier by XPS, FTIR and Raman spectroscopy that when

nitrogen concentration rises the defectiveness of the graph-

ite-like structure increases and N-CNF with nitrogen concen-

tration 8.2 wt.% is the most defective. The latter leads to the

decrease of the current carriers mobility in this sample.

Apparently, there is an optimum nitrogen concentration

among the samples studied in the graphite layer at which

the effect of doping an additional electron to the delocalized

p-system prevails over disordering of the graphite crystal lat-

tice. Indeed, the XPS data indicate that quaternary nitrogen

atoms are preferentially formed at nitrogen concentration

in N-CNFs equal to 1.7 and 3.1 wt.%. At higher nitrogen con-

centration equal to 8.2 wt.% the fraction of the pyridine

nitrogen form increases, leading to a corresponding increase

of the fraction of localized electronic states in N-CNF

system.

A reverse order of changes of N-CNF electrical conductivity

with increasing nitrogen concentration was observed at the

liquid helium temperature (4.2 K). In this case nitrogen-free

CNF were characterized by the highest conductivity in com-

parison with the nitrogenated materials. The lowest conduc-

tivity was observed for the samples with nitrogen

concentrations 1.7 and 3.1 wt.%. The conductivity of N-CNF

with 8.2 wt.% N at helium temperature was slightly higher

than 1.7–3.1 wt.% N-CNFs. This is related to higher N(EF) va-

lue, which leads to a slower decrease of conductivity with

the temperature decrease (Eq. (2)).

To estimate the potential for practical application of the

synthesized N-CNFs as conducting materials we compared

the electrical conductivity of some carbon materials. The

electrical conductivity of CNF and N-CNF samples r293 K =

6.1–15.4 Om�1 cm�1 exceeded those of nitrogenated nano-

tubes synthesized by catalytic decomposition of acetonitrile

at 1073 K (r293 K = 5.8 Om�1 cm�1 [44]) and carbon with

onion-like structure prepared by annealing of finely dispersed

diamonds at 1903–2143 K (r293 K = 3.6–6 Om�1 cm�1 [45]), and
was comparable with that of soot (SBET � 800 m2/g,

r293 K � 15 Om�1 cm�1 [42]).

4. Conclusions

The effect of doping carbon nanofibers with nitrogen atoms

on the structural and electrical properties of CNFs was stud-

ied. It was shown that nanofibers with ‘‘herringbone’’ struc-

ture were formed after decomposition of pure ethylene and

ethylene–ammonia mixture over 65%Ni–25%Cu–10%Al2O3

catalyst. Two main electronic states of nitrogen in N-CNFs,

pyridine and quaternary, were observed by XPS. Detailed

investigation of the CNFs and N-CNFs structure by XPS, FTIR

and Raman spectroscopy revealed that the nitrogen introduc-

tion in CNFs distorted the graphite-like lattice and facilitated

the structure defectiveness. Both effects become more signif-

icant as the nitrogen concentration in N-CNFs grows, the

highest effects were registered for the sample with nitrogen

content 8.2 wt.%.

The dependence of conductivity of N-CNFs at room tem-

perature on the nitrogen content is non-monotone and has

maximum of 15.4 Om�1 cm�1 at N concentration 3.1 wt.%

among the samples studied. Such dependence can be ex-

plained by a competition of two independent processes taking

place during nitrogen incorporation into the graphite struc-

ture. On the one hand, it results in disordering of the graphite

lattice. On the other hand, it gives an additional electron in the

delocalized p-system. Consequently, the maximum conduc-

tivity of synthesized N-CNFs is observed at an intermediate

nitrogen concentration that was equal to 3.1 wt.% in our case.
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A B S T R A C T

The possibility of preparing honeycomb monoliths from unconventional materials with high adsorption

capacity, such as carbonized rice husk (CRH), was studied. Two schemes including modification of the

porous structure by silica leaching were suggested for preparation of the monoliths: (1) preparation of

CRH monoliths with the addition of Ca-montmorillonite (Ca-M) followed by leaching and (2) preliminary

leaching of initial components followed by monolith extrusion. Chemical and textural properties of the

materials were studied at each preparation step. The effect of temperature of rice husk (RH) pyrolysis and

conditions of leaching treatment on the physico-chemical properties of CRH was investigated. By the

data of nitrogen adsorption and SEM characterization, CRH has low specific surface area, pore volume

less than 0.1 cm3/g, and composed mainly of macropore channels 5–10 mm in diameter, micropores less

than 17 Å in size, and a minor amount of mesopores. Treatment of the carbonized product with a 12%

solution of potassium hydroxide at 80–100 8C leads to a 90–95% leaching of SiO2 from the CRH composite

and increases the specific surface area to 400 m2/g and pore volume to 0.4 cm3/g due to formation of

mesoporous structure. The feasibility of CRH honeycomb monoliths preparation and applicability of

silica leaching from the monolith material for modification of the porous structure are demonstrated.

The resulting monoliths are characterized by specific surface area exceeding 300 m2/g, pore volume

0.3 cm3/g, and high mechanical strength.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Honeycomb monoliths have some advantages over granulated
and powder materials. Low-pressure drop and large geometric
surface area per unit volume make them attractive for catalysis.
Chemical composition of the monoliths, morphology of their
components, porous structure and geometrical parameters deter-
mine their properties, mechanical strength, surface area, resistance
to the action of water and various chemical agents, which in turn
determine the functional properties of the monoliths in adsorption
and catalytic processes [1–3]. When choosing adsorbents and
catalyst supports, highly developed porous structure is a prefer-
able property. A special niche in this field belongs to natural porous
materials [4–16] including rice husk [5,6,13,14].

Rice husk, a by-product of rice milling industry, is a waste with
the annual world production of ca. 545 million tons [14]. In the rice
* Corresponding author. Tel.: +7 383 3306219; fax: +7 383 3306219.

E-mail address: zri@catalysis.ru (Z.R. Ismagilov).

0920-5861/$ – see front matter � 2009 Elsevier B.V. All rights reserved.
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producing countries, rice husk is used as a fuel. However, this
product is characterized by low caloric value, 13–15 MJ/kg [17], and
high ash content. On the other hand, rice husk as a lignocellulose
biomass is a valuable carbonaceous precursor that can be used to
obtain a carbon material with special textural properties, high
specific surface area and large pore volume [18–21].

Usually, these materials are represented by powders or granule
pieces having wide particle size dispersion and low mechanical
strength. One of the promising directions of their practical
application is extrusion as monoliths with a regular honeycomb
structure.

There are several approaches for preparation of carbon
containing composite monoliths [22], by carbonization of carbon
precursors on the surface of cordierite monolithic substrate, c.a.
sucrose [23] and polyfurfuryl alcohol [24], or by growing of carbon
nanofibers in porous structure of a substrate [25,26]. For direct
extrusion of carbon monoliths, a large amount of binder should be
added because of low plasticity of carbon materials. Natural clays,
in particular montmorillonite Ca0.2(Al,Mg)2Si4O10(OH)2�4H2O (Ca-
M), are commonly used as a binder [27–30]. On the one hand,

mailto:zri@catalysis.ru
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2009.07.043
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binder increases the plasticity of carbonaceous molding composi-
tion and mechanical properties of monoliths. On the other hand,
the increased mechanical strength of products has negative effect
on their porous structure since a part of pores is plugged with a
binder. To enhance the porosity of composite monolith substrate
the chemical treatment of finished monoliths or their initial
components with KOH and Na2CO3 solutions can be applied. This
technique of alkaline treatment early was used for carbonized rice
husk and a considerable development of the porous structure was
achieved [18–21].

The alkaline treatment being applied for monolithic structure,
will allow modifying the porous structure of monoliths due to
formation of new pores upon removal of silica both from the
carbon component of monolith and from montmorillonite that was
used as a binder.

The goal of this work is to develop methods for honeycomb
monoliths preparation from carbonized rice husk with the
emphasis on control of textural characteristics and extension of
functional properties on the basis of well-known methods [31,32]
and our previous experience [27–30].

2. Experimental

2.1. Rice husk carbonization

The carbonization was carried out via RH pyrolysis in argon
atmosphere at 400–800 8C for 60 min after attaining a desired
temperature with a ramp rate 2.5 8C/min. For carbonization,
500 cm3 of RH was placed in a steel reactor and heated in a muffle
furnace.

2.2. Monoliths preparation

For monoliths preparation we used rice husk carbonized at
700 8C and Ca-montmorillonite. The CRH, initial or after the
alkaline treatment, was grinded into powder with particle size of
ca. 50–100 mm. Ca-M was dispersed in water under intense
stirring with electric stirrer to obtain a homogeneous suspension.
The suspension was poured into a flat vessel and allowed to stay
open for several days until the clay swelled and a viscous mass
with the moisture content 65–68% formed. The CRH powder and
Ca-M suspension were blended in a Z-shape mixer for 15–30 min.
The optimal content of CRH to Ca-M necessary to obtain a plastic
mass is 60 and 40% respectively in terms of the calcined substance.
Moisture content of the mass ready for molding is 45–50%. First the
mass was consolidated and compacted by vacuum, then extruded
through a die plate 10 mm in diameter using a pneumatic press
with a vertical piston. This was followed by drying, which is an
essential preparation step. Moisture transfer and shrinkage
proceeding in a wet monolith have impact on the finished product
shaping (bending, channels rupture, cracking) and mechanical
strength. Thus, the formed monoliths were first seasoned for 3 days
in cartons permeable to water vapor, then dried at 100 8C, and
calcined at 700 8C in flowing Ar. The chosen calcination tempera-
ture provides the 100% water resistance of monoliths.

2.3. Chemical treatment with alkaline agents

The finished monoliths made of CRH were treated with a 12%
solution of KOH or Na2CO3 at 80–100 8C for 3 h. The volume ratio of
liquid and solid was 10:1. After treatment in the KOH solution,
samples were washed out repeatedly with a large amount of
distilled water to remove soluble compounds of Si. Then the
monoliths were blown by air to remove moisture from the
channels and dried at 100 8C for 2 h. The steps of alkaline treatment
and washing with water were repeated up to four times. The same
KOH treatment procedure was used for initial CRH and Ca-M when
monoliths were prepared by using preliminarily treated compo-
nents.The monolith samples were treated also by impregnation
with a saturated Na2CO3 solution followed by drying at 100 8C and
calcination at 700 8C in Ar. Then the sample was washed repeatedly
with distilled water and dried at 100 8C for 2 h. The steps of
treatment with sodium carbonate and washing with water were
repeated four times.

2.4. Physical methods of investigation

The textural properties of CRH samples, Ca-M and monoliths
were studied by low-temperature nitrogen adsorption with an
ASAP-2400 analyzer (Micromeritics Instrument Corp., Norcross,
GA, USA) after samples pretreatment at 150 8C. The nitrogen
adsorption isotherms were determined at the liquid nitrogen
temperature, 77 K, in the range of relative pressures from 0.005 to
0.991, which was followed by a standard processing by the Barret–
Joyner–Halenda scheme to calculate the total surface area ABET,
total pore volume VS and micropore volume Vm. The pore volume
available to water, VH2O (moisture capacity), of CRH samples, Ca-M
and monoliths was determined by immersion of samples in water
until complete saturation of pores with moisture, generally for 4 h.
Then the weight amount of absorbed water referred to the weight
of dry sample was calculated:

VH2O ¼ ðm1 �m0Þ : m0;

where m1 and m0 are the weights of wet and dry samples,
respectively.

Thermogravimetric analysis of CRH and CRH-based monoliths
was made with a NETZSCH STA 449C instrument upon heating the
10 mg samples from room temperature to 1000 8C under air
atmosphere at a ramp rate of 108/min.

The XRD analysis of CRH, both initial and after the alkaline
treatment, was made with a HZG-4C instrument (FRE/Berger
Prazisionmechanik, Germany) using monochromated cobalt radia-
tion in the 2u angle range of 15–758.

The morphology of CRH and monoliths was studied by scanning
electron microscopy (SEM) using a JSM 6460LV microscope (JEOL,
Japan) with accelerating voltage 25 kV.

Carbon content in the samples was determined with a VARIO
ELEMENTAR III elemental analyzer. Silicon content was measured
by X-ray fluorescence spectroscopy using a VRA-30 analyzer
equipped with a Cr anode of X-ray tube and by means of a SPRUT-
001 energy dispersive analyzer.

Mechanical crushing strength of monoliths was tested with an
MP-9C device (Russia) by measuring the force required to destruct
a monolith fragment with diameter 10 mm and length 10 mm
between two parallel planes. Strength (P, kg/cm2) was calculated
by the formula:

P ¼ p

S
¼ p

ðpD2=4Þ
;

where p is the indicator reading, kg; S is the cross-section area of
monolith, cm2; D is the diameter of monolith, cm.

3. Results and discussion

3.1. Rice husk carbonization and alkaline activation

Table 1 lists the gravimetric data on the weight loss of rice husk
versus carbonization temperature. One may see from the tabulated
data that changes in the sample weight gradually become more
pronounced as the temperature rises; Dm increases from 21.4% at
carbonization temperature of 400 8C to 49.2% at 800 8C. Samples
carbonized at different temperatures strongly differed in their



Table 1
Weight loss of rice husk versus carboniza-

tion temperature.

Samples Dm(%)

RH-400 21.4

RH-450 23.7

RH-500 29.3

RH-550 32.6

RH-600 35.9

RH-650 42.7

RH-700 46.1

RH-750 47.5

RH-800 49.2

Fig. 1. Content of the carbon phase in carbonized rice husk versus the pyrolysis

temperature.
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external appearance. In particular, samples carbonized at tem-
peratures up to 600 8C were dark brown rather than black in color.
Presumably, at temperatures lower than 600 8C only the partial
carbonization occurred, whereas heavy tars and low-molecular
carbonaceous compounds are evolved at higher temperatures. As
the pyrolysis temperature increases, so does the content of carbon
phase in the samples (see Fig. 1).

For monoliths preparation, we chose the RH sample obtained by
carbonization at 700 8C, the temperature at which the monoliths
will be calcined. The CRH sample contains 49 wt.% of carbon and
17 wt.% of Si, the rest being represented by N, H, O and traces of K,
Ca, Fe, Zn, Ti, Al, Cl, S, P, Cu, Ni and Mn.

First we studied the morphological and textural properties of
CRH and explored the possibility of modifying the porous structure
by alkaline treatment.
Fig. 2. SEM images of the rice husk carbonized at 700 8C: a—CRH cross-section showing t

walls; c—the ‘button-like’ structure of CRH external surface; d and e—CRH after three
The SEM images of RH sample carbonized at 700 8C are
displayed in Fig. 2. Textural characteristics of the sample, BET
specific surface area, pore volume available to water, volume of
mesopores and micropores, and diameter of mesopores according
to the nitrogen adsorption data are presented in Table 2.

One may see from the SEM images that macrostructural
particles following the shape of rice husk form during
carbonization. The particles are made of plate walls and virtually
round channels of various size inside the plates (Fig. 2a). The
he channel structure formed after removal of cellulose; b—carbon fibers on the CRH

operations of leaching with KOH solution.



Table 2
Dependence of textural properties of carbonized rice husk and monoliths prepared from it on a number of leaching operations and on the monolith preparation

method.

No Samples* Number of operations leaching-alkaline agent ABET

(m2/g)

VH2O

(cm3/g)

VS,/Vm

(cm3/g)

Mesopore

fraction (vol.%)

Dpore

(nm)

P (kg/cm2)

1 CRH-0 Before leaching 165 3.8 0.095/0.07 26 1.7

2 CRH-1K 1-KOH 370 5.2 0.38/0.06 84 3.0

3 CRH-3K 3-KOH 390 5.7 0.39/0.05 87 3.2

4 CRH-4K 4-KOH 395 5.7 0.39/0.055 86 3.0

Preparation of monoliths by scheme 1

5 M1-0 Before leaching 120 0.44 0.09/0.04 56 2.3 60

6 M1-1 K 1-KOH 205 0.70 0.20/0.05 75 2.8 45

7 M1-2 K 2-KOH 260 0.76 0.26/0.046 82 2.9 40

8 M1-3 K 3-KOH 280 0.80 0.27/0.043 84 2.8 40

9 M1-4 K 4-KOH 350 0.85 0.32/0.05 84 2.7 29

10 M1-4 Na 4-Na2CO3 185 0.60 0.14/0.046 67 2.3 56

Preparation of monoliths by scheme 2

11 M2-3 K 3-KOH leaching of initial components 306 0.89 0.28/0.042 85 2.7 23

*-samples designation: 1–4—CRH-lK, where CRH is carbonized rice husk; l—number of leaching operations; K-cation of an alkaline agent. 5–11—MN-lK, Na, where M is

monolith; N—number of the scheme of monolith preparation; l—number of leaching operations; K, Na-cation of alkaline agent.
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skeletal part of the particle is microporous; the nitrogen
adsorption study revealed that ca. 75% of the porous space is
occupied by micropores (see Table 2, sample 1). Morphology of
the particle walls is uniform, dense, with local formation of
carbon fibers on the surface (Fig. 2b). The presence of channels
with diameter 5–10 mm in the CRH structure determines a
remarkably high moisture capacity. External wall of the sample
is structured by regular cambers (Fig. 2c), which are called
button-like or bumps by the authors of [33]. According to the
data reported in [33], the channels emerge from the rice husk
pores upon removal of cellulose during pyrolysis, while the
bumps form due to fast removal of volatile components from the
particle surface.

Summing up the SEM and nitrogen adsorption data, one may
conclude that the CRH sample comprises mainly the macropores of
size 5–10 mm, micropores of size less than 17 Å, and a minor
amount of mesopores.

The development of our method for alkaline treatment of CRH
was based on the literature data. In [20,34] it was demonstrated
that KOH is preferable for the preparation of carbon materials
with high specific surface area and large pore volume, due to
activation of the surface upon interaction of carbon with KOH by
the reaction:

6KOH þ 2C ! 2K þ 3H2þ2K2CO3: (1)

In the process, mainly the formation of microporous structure is
facilitated.

In the case of silicone containing carbon composites the use
of Na or K carbonates as alkaline agents [20,21] is another
method to obtain mesoporous materials due to washing out
from the matrix the water-soluble Na or K silicates forming by
the reaction:

Me2CO3þ SiO2 ! Me2SiO3þCO2; (2)

where (Me = Na, K), and SiO2 serves as a template for pore
formation.

In reported methods of impregnation or mechanical mixing of
carbon material with an alkaline agent the weight ratio of KOH
and K2CO3 (Na2CO3) to carbon material is 4:1 and 3:1,
respectively. The treatment is performed in inert atmosphere at
650–1000 8C.

Taking into account the role of mesoporous structure in
functionalization of monoliths, most preferable for us is the
procedure of leaching by Na or K carbonates. However, the
application of procedure including impregnation of monoliths in
an excess of concentrated Na2CO3 solution, drying, and calcination
at 700 8C in Ar atmosphere resulted in cracking of the monolith and
appearance of the Na2CO3 thermal decomposition products on the
external surface of monolith structure. Evidently the porous space
of monoliths is insufficient for introduction of the Na2CO3 amount
necessary for leaching, so this procedure is not convenient for
monolith samples.

We assumed that the use of more reactive KOH at temperatures
far lower than those reported in the literature would allow us to
modify the porous structure by SiO2 leaching accompanied by the
formation of mesopores. Thus, further alkaline treatment of CRH
and CRH-based monoliths was carried out at 80–100 8C using a 12%
solution of potassium hydroxide.

As shown in Table 2, the application of this procedure
considerably enhances all the parameters of CRH porous structure.
Even after a single leaching operation, the specific surface area
increases more than 2-fold, and the total pore volume increases
nearly 4-fold (Table 2, sample 2). It is essential that the
development of porous structure occurs mainly due to mesopores
formation (Fig. 3) caused by silica removal from the matrix, which
is confirmed by the Si content analysis of alkaline solutions and
wash water. Note that main changes in the porous structure occur
in a first leaching operation, and repeated treatment with KOH
virtually does not change the porous structure (Table 2, samples 2–
4). A similar dynamics of Si washing out of the CRH matrix is
observed: main decrease of silicon concentration in the sample
occurs in the first leaching operation (Fig. 4, curve 1). After three
operations of KOH treatment, washing with water and drying
under the IR lamp, the Si content in CRH sample decreases from 17
to 1.6%, while the carbon content increases from 50 to 81%.

Note that leaching enhances also the CRH moisture capacity
from 3.7 to 5.7 cm3/g, probably due to increasing the diameter of
channels (macropores). However, the SEM study of CRH sample
after three leaching operations (Fig. 2d) can give only an
assumptive answer to this question. There are some changes in
the morphology of CRH walls: due to removal of silicon from the
wall surface they become more loose and brittle (Fig. 2d and e) as
compared to the initial sample.

The XRD characterization of CRH samples before and
after leaching did not reveal any significant changes in the
samples structure. XRD pattern of the initial sample (Fig. 5,
curve 1) of carbonized rice husk shows the first maximum in the



Fig. 3. Differential pore size distribution in CRH samples versus the number of

leaching operations: 1—before leaching; 2—after single leaching; 3—after triple

leaching.

Fig. 4. The Si concentration versus the number of leaching operations in the

samples: 1—CRH; 2—Ca-M; 3—experimental curve for CRH monolith (scheme 1); 4

(dots)—calculated curve for CRH monolith.

Fig. 5. Diffraction pattern of carbonized rice husk: 1—before leaching; 2—after triple

leaching.
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range of 18–358, which is a superposition of the most intense
maximum of amorphous SiO2 (2u = 22–268) and graphite-like
material with interfacial distance d/n = 3.86 Å. After three
leaching operations and SiO2 removal from CRH, a maximum
Fig. 6. Schemes of monoliths preparation including the step of leaching with KOH solution

with KOH; 2—forming the monoliths from components pretreated with KOH.
appears in the diffraction pattern (Fig. 5, curve 2), which
virtually corresponds only to finely dispersed graphite-like
carbon with d/n = 3.81 Å.

3.2. Monoliths preparation and alkaline treatment

Considering the effect of CRH to binder (Ca-M) ratio on
plasticity of the molding material its composition was optimized
and contains 60% of CRH and 40% of Ca-M in terms of the calcined
substance. Our previous publications [27–30] showed that Ca-M
provides good plasticity of the molding composition due to its
ability to swell in the presence of water that penetrates into the
interlayer space of this clay. On the other hand, Ca-M as a monolith
component retains its ability to absorb water, whereas the
monoliths should have high water resistance for their further
application as catalyst supports or adsorbents. So the monoliths
with montmorillonite clays were calcined at 700 8C, the tempera-
ture that provides irreversible joining of the interlayer space,
which makes it possible to obtain products with high mechanical
strength and water resistance.

We explored two schemes (Fig. 6) for preparation of
monoliths with developed mesoporous structure from carbo-
nized rice husk. By the first scheme, the monoliths were first
produced from CRH and binder, dried, calcined, and only then
: 1—forming the monoliths from initial components followed by repeated treatment



Fig. 7. Differential pore size distribution in CRH monolith samples prepared by

scheme 1 versus the number of leaching operations: 1—before leaching; 2—after

single leaching; 3—after double leaching; 4—after triple leaching; 5—after

quadruple leaching.
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treated repeatedly with KOH. Textural properties of the
monoliths were tested after each treatment cycle (Table 2,
samples 5–9). The KOH treatment enhances all the textural
parameters of monoliths (pore volume available to water,
volume of micropores and mesopores according to nitrogen
adsorption, and BET specific surface area). Similar to the case of
CRH itself, porous structure of monolith samples is developing
mainly due to mesopores (Fig. 7); at that, in distinction to CRH
material, parameters of the porous structure are enhanced
Fig. 8. CRH monoliths (scheme 1): a—external appearance of the monolith; b—SEM image

SEM image of the monolith material after triple leaching with KOH.
gradually, increasing with each leaching cycle. A slower
dynamics of SiO2 removal from the monolith structure (Fig. 4)
is related with the presence of Ca-montmorillonite, which
contains bound silicon in alumosilicate composition. Experi-
ments on SiO2 leaching from monoliths by Na2CO3 solution
revealed a lower efficiency of this alkaline agent as compared to
KOH (Table 2, sample 10).

Fig. 8 shows a general view of CRH monolith. SEM images of
cross-sections of monolith (Fig. 8b) and monolith material at high
magnification (Fig. 8c) demonstrate that morphological properties
of the material are determined by the morphology of monolith
components, fragments of CRH and Ca-M. After silica leaching (the
triple treatment with KOH), the sample morphology remains
virtually the same by the SEM data (Fig. 8d), but becomes more
defective due to SiO2 removal from CRH and Ca-M. This is
evidenced by a minor decrease in mechanical strength of monolith
samples after each cycle of KOH treatment.

The monoliths preparation by scheme 2 (Fig. 6) includes
preliminary triple treatment of CRH and Ca-M powders with KOH
solution followed by washing with water after each leaching cycle,
forming, drying, and heat treatment. The following steps are
similar to the scheme 1: mixing, extrusion, seasoning, drying and
calcinations. As a result, monoliths were produced having the
porous structure parameters close to those of sample M1-3K which
was prepared by scheme 1 and subjected to triple alkaline
treatment (compare samples 8 and 11 from Table 2). These two
samples produced by different schemes are characterized by close
contents of carbon phase, which burning out is accompanied by
exothermal effect in the range of 470–500 8C (TGA data, Fig. 9).
However, sample M1-3K shows a much higher mechanical
strength than sample M2-3K; it means that preliminary leaching
of Ca-montmorillonite leads to loss its binding ability in the
finished monolith.
of monolith partitions; c—SEM image of the monolith material before leaching; d—



Fig. 9. TGA of CRH monolith samples: on the right—a monolith prepared by scheme 1 after triple leaching with KOH, weight loss due to carbon burn-out is 41 wt.%; on the

left—a monolith prepared by scheme 2, weight loss due to carbon burn-out is 46 wt.%.
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4. Conclusion

A method for preparation of monoliths from carbonized rice
husk with developed mesoporous structure via modification of
the porous structure by silica leaching has been developed. The
effect of preparation procedure and treatment with alkaline
agents, such as KOH and Na2CO3, on the chemical and textural
properties of monolith samples was studied. Treating the
monoliths with a 12% solution of KOH provides the development
of mesoporous structure due to leaching out 70–75% of SiO2 from
the monolith material. After three cycles of KOH treatment and
washing with water, the resulting monoliths have specific surface
area of 280 m2/g, pore volume determined from nitrogen
adsorption as high as 0.3 cm3/g, moisture capacity of 0.8 cm3/g,
and a rather high mechanical strength. These properties are
appropriate for further use of the monoliths as catalyst supports
and adsorbents.

Special interest was paid to CRH sample obtained by pyrolysis
of rice husk at 700 8C in argon atmosphere. By the XRD data, the
carbonized product is a finely dispersed graphite-like material
containing X-ray amorphous silica. According to the SEM and
nitrogen adsorption studies, CRH comprises mainly the macro-
pores formed by 5–10 mm channels, micropores of size less than
17 Å, and a minor amount of mesopores. The channel structure of
the macropores provides a high moisture capacity of CRH, ca.
4 cm3/g. Treatment of the carbonized product with a 12% solution
of potassium hydroxide leads to a 90–95% leaching of SiO2 from the
matrix material, increases the specific surface area from 167 to
400 m2/g, and pore volume from 0.1 to 0.4 cm3/g due to formation
of mesoporous structure.
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INTRODUCTION

Previously [1], we found that the power output of a
fuel cell in which a new amorphous microporous car�
bon material (AMCM) was used as a catalyst support
was higher than that with the use of a Vulcan XC�72R
standard support or structurally different nanofibrous
carbon materials at the same platinum content (0.02–
0.09 mg/cm2) of the cathode and a platinum particle
size of 2–4 nm. The main difference of the AMCM
from the Vulcan XC�72R support and nanofibrous
carbon materials is that it exhibits one�dimensional
hopping conduction and a high concentration (1019–
1020 spin/g) of unpaired electrons. In this case, Barna�
kov et al. [2] found that the Curie law was not obeyed
for the EPR spectra of the above samples: as the mea�
surement temperature was decreased, the integrated
intensity noticeably decreased rather than increased.
Barnakov et al. [2] hypothesized that processes occur�
ring at the cathode of a fuel cell are sensitive to these
properties of AMCMs. The question now arises of to
what extent the above properties are characteristic of
AMCM samples and in what cases they can appear in
carbon cokes.

The EPR spectra of the free radicals of carbon
materials (singlet lines without HFS with ΔH = 1–
10 G and g = ge) were first recorded long ago [3]. As a
rule, such EPR spectra are observed for coals, cokes,
and pyrolysis products of organic compounds (sugar).
The integrated intensity of these spectra usually obeys
the Curie law, and the line width depends only slightly

on the measurement temperature. After the detection
of the EPR spectra of coals and cokes sensitive to
adsorbed oxygen [4–6], it became clear that the
appearance of electron gas upon pyrolysis has a con�
siderable effect on the spectra. This effect is due to the
exchange interaction of localized centers (C) with
electron gas (S) (C–S relaxation). The physical prin�
ciples of the C–S relaxation for systems with a degen�
erate three�dimensional electron gas have been ade�
quately developed [7, 8]. The detection of a sharp
broadening of the EPR spectra of Fe3+ ions in a matrix
of V2O4 [9] provided a support for the C–S relaxation.
The V2O4 oxide is well known as a system with the
Mott dielectric–metal transition as the temperature is
increased above 280 K. At this temperature, the EPR
spectra of Fe3+ ions with localized electrons are dra�
matically broadened.

Unfortunately, the temperature dependence of the
spin–lattice relaxation time τSL remained unknown in
the case of coals and cokes. The effect of the C–S
relaxation on the EPR spectra of carbon structures has
been considered in detail [7]. In the description of this
relaxation mechanism, the temperature dependence
of the relaxation time τSL, where L is the lattice, is of
paramount importance. There was good reason to
believe that this relaxation time depends on the
dimension of electron gas in the resulting carbon
structure and the number of electrons in the electron
gas responsible for its degeneracy. To solve all of these
problems, it was necessary to measure the temperature
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dependence of the conductivity of carbon structures
depending on the synthesis methods. It has long been
noted [3] that the EPR spectra were not observed if the
pyrolysis temperature of coals or organic compounds
(sugar) was increased above 700°C; this was likely due
to the interaction of localized centers (C), which give
EPR spectra, with the formed electron gas (S). The
specific characteristics of the electron gas remained
unclear.

The aim of this work was to study the electric con�
ductivity and EPR spectra of AMCM samples, which
can be used as catalyst supports for fuel cell cathodes.

EXPERIMENTAL

It is well known that the properties of a carbon
material depend on its precursor and pyrolysis condi�
tions. For this purpose, we synthesized carbon mate�
rial samples from various precursors. The common
feature of all of the synthesized samples was the occur�
rence of electric conductivity, although the tempera�
ture dependences were different. The AMCM samples
were synthesized in accordance with patented proce�
dures [10, 11]. The following organic compounds with
various degrees of aromaticity and containing various
functional groups were used as sample precursors:
phenol, 1,2,3�benzotriazole, o�nitroaniline, and
8�hydroxyquinoline, as well as the synthetic and natu�
ral polymer materials—poly(vinyl chloride) (PVC)
and Siberian pine nut shells. Preliminary communica�
tions concerning the studies of test samples have been
published elsewhere [2, 12–14].

The table summarizes the main conditions of the
synthesis of AMCM samples.

Sample no. 1 was prepared by the carbonization of
a mixture of phenol and 1,2,3�benzotriazole in a
molar ratio of 2 : 1. Sodium hydroxide was used as an
alkali at an organic matter to alkali ratio of 1.76. The
carbonization was performed in a closed crucible (in a
carbonization gas atmosphere). After cooling, the

sample was washed with water to a neutral reaction
and dried in air at 110–120°С to constant weight.

Sample no. 2 was obtained under the same condi�
tions as sample no. 1 except for the mixture carboniza�
tion temperature and time.

Sample no. 3 was prepared from the same compo�
nents as sample no. 1, but the organic matter to alkali
ratio was 5.0.

A mixture of о�nitroaniline and 1,2,3�benzotriaz�
ole in a molar ratio of 2 : 1 was used as a precursor for
sample no. 4. Sodium hydroxide was used as an alkali
in an organic matter to alkali ratio of 1.25. The subse�
quent treatment was the same as with sample no. 1.

Sample no. 5 was obtained by the repeated carbon�
ization of sample no. 4 in a closed crucible. After the
carbonization, the crucible was cooled in air to room
temperature.

A mixture of 8�hydroxyquinoline and 1,2,3�benzo�
triazole in a molar ratio of 1 : 1 was used as a precursor
for sample no. 6. Sodium hydroxide was used as an
alkali in an organic matter to alkali ratio of 2.5. The
sample was carbonized in a closed crucible, and the
subsequent treatment was performed as specified for
sample no. 1.

Sample no. 7 was prepared after the repeated car�
bonization of sample no. 6 in a closed crucible. After
the carbonization, the crucible with the sample was
cooled to room temperature, as with sample no. 5.

To synthesize sample no. 8, commercial S�7059M
PVC was used; it was mixed with an aqueous equimo�
lar mixture of potassium and sodium hydroxides in a
weight ratio of 1 : 5. The mixture was evaporated and
carbonized; the subsequent treatment was performed
as specified for sample no. 1.

To synthesize sample no. 8, Siberian pine nut shells
were used; they were mixed with a concentrated aque�
ous solution of potassium hydroxide in a weight ratio
of 1 : 2. The mixture was evaporated and carbonized.
Then, the sample was treated as specified for sample
no. 1.

 
Synthesis conditions, specific surface areas, and conductivities (at 300 K) of AMCM samples

No. Precursor Carbonization
temperature, °C

Carboniza�
tion time, min

Specific surface
area, m2/g

Conductivity,
σ (300 K), (Ω/cm)–1

1* Phenol and 1,2,3�benzotriazole 900 23 1800 0.06

2* Phenol and 1,2,3�benzotriazole 700 15 2200 1.06

3* Phenol and 1,2,3�benzotriazole 900 15 2900 4.95

4 o�Nitroaniline and 1,2,3�benzotriazole 700 20 470 0.0002

5 Sample no. 4 900 10 490 0.78

6 8�Hydroxyquinoline and 1,2,3�benzotriazole 700 80 3400 0.33

7 Sample no. 6 900 10 3300 3.32

8 PVC 700 25 2300 0.005

9 Pine nut shells 700 15 2075 1.62

* The synthesis and properties of these samples were described elsewhere [2, 10].
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The texture characteristics of the resulting AMCM
samples were determined on an ASAP�2400 instru�
ment (Micromeritics) using the adsorption of nitrogen
at 77 K after the pretreatment of the samples at 300°С
away from atmospheric air at a residual pressure of
<0.001 Torr until the termination of gas evolution.
Then, nitrogen adsorption isotherms were measured
at relative pressures from 0.005 to 0.995 and processed
in accordance with a standard procedure to calculate
the overall surface area (Ssp) using the BET method.
The EPR spectra were measured on a Bruker ER�200 D
spectrometer at 77 and 293 K (λ = 3 cm) after evacu�
ation at 200°С. The temperature dependence of the
conductivity of samples was measured using a four�
contact method over the temperature range of 4.2–
300 K. The samples as powders were pressed in
ampoules. Silver wire 0.1 mm in diameter was used as
a contact wire, and powder in the ampoule was pressed
to contact the sample with the wire. Raman spectra
were recorded on a DILOR OMARS 89 spectrometer
with an LN/CCD�1100 PB multichannel detector
(Princeton Instruments) and a holographic zero filter.
The green line of an ILA�120 argon laser (Carl Zeiss)
with a wavelength of 514.5 nm was used as the excita�
tion line. The beam power was 200 mW. The spectra
were recorded using an unfocused laser beam lest the
power should not burn.

RESULTS AND DISCUSSION

The possibility of conductivity electron localiza�
tion in a restricted structure region can result in the
hopping conduction of current carriers between these
localization regions. As the temperature is increased,
ordinary hopping conduction between the nearest
localization centers is changed by variable�range hop�

ping conduction (VRHC) and described by the gener�
alized Mott law [8]

σVRHC(T) = σ0exp(–B/T)1/(d + 1),
where d is the dimension of current carrier migration,
B = [16α3/kBN(EF)], α is the reciprocal of the length
at which the atomic wave function amplitude decays,
N(EF) is the density of states on the Fermi surface, and
σ0 is a constant.

Figure 1 shows the temperature dependence of the
electric conductivity of AMCM sample nos. 4–9. The
temperature dependences of the electric conductivi�
ties of these samples are noticeably different. However,
over the entire test temperature range, the conductiv�
ity is described by the relationship corresponding to
the Mott law for a one�dimensional case (d = 1)

σ(T) = σ0exp(–T0/T)1/2,

where T0 = [16α/kBN(EF)L|| ] and 1/α ~ 8–10 Å [15].

Note that one�dimensional conductivity accompa�
nied by the temperature dependence analogous to that
shown in Fig. 1 was observed previously in carbon
structures with carbyne chains [16–20]. As can be seen
in Fig. 1, the one�dimensional conductivity depends
on the nature of the initial carbonization products.
Among the above samples, the AMCM sample pre�
pared from Siberian pine nut shells exhibited one�
dimensional conductivity over the broadest tempera�
ture range (4.2–300 K). The narrowest range (150–
300 K) of the temperature dependence of conductivity
was observed in the AMCM sample prepared from
PVC at a carbonization temperature of 700°С. An
increase in the carbonization temperature resulted in
an increase in the initial one�dimensional conductiv�
ity (σ0) of the carbon material. In this case, the time of
carbonization at 900°С should be no longer than 10–
15 min. If the time of carbonization is longer than
20 min, the one�dimensional conductivity of the car�
bon material changes to the three�dimensional one,
which is described by the following relation corre�
sponding to the Mott law for a three�dimensional case
(d = 3):

σ(T) = σ0exp(–T0/T)1/4 [2, 14]. 
Previously [2, 12–14], we hypothesized that one�

dimensional conductivity in our samples was associ�
ated with the presence of carbyne. To test this hypoth�
esis, we measured the Raman spectra of sample nos. 7
and 9 with the use of a green laser. Unfortunately, we
failed to detect the spectrum of carbyne. It is likely that
the one�dimensional conductivity is due to the con�
siderable imperfection of graphene particles in the
carbon material, which is formed upon the removal of
nitrogen in the course of the carbonization of a carbon
precursor. In the cases when PVC or pine nut shells
serve as a precursor, it is likely that the formation of
defect graphene fragments results from the removal of
chlorine or oxygen atoms, respectively.

The table summarizes data on changes in the con�
ductivity (σ) of samples at 300 K. As noted previously,

L⊥
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0.450.350.250.150.05
T−1/2, K−1/2
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Fig. 1. The temperature dependence of the logarithm of
the electric conductivity of AMCM sample nos. 4–9.
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sample no. 4 exhibited an EPR spectrum. As the initial
one�dimensional conductivity (σ) increased, the EPR
spectrum broadened, and sample no. 5 did not exhibit
an EPR spectrum. Such a behavior was also observed
in sample nos. 6 and 7, as well as nos. 2 and 3.

Previously [14], it was noted that sample no. 1 did
not exhibit EPR spectra. In evacuated sample nos. 2
and 3, symmetrical EPR spectra with g = ge were
observed. The integrated intensity of all of the EPR
spectra was as high as 1019 spin/g. It was found that the
spectra of these samples, which were shown in [14], as
well as the spectra of sample nos. 4 and 6 (Figs. 2, 3)
after evacuation, obeyed the Curie law typical of iso�
lated or weakly interacting paramagnetic centers: as
the measurement temperature was decreased, the
integrated intensity not only did not increase, but it
noticeably decreased. It was noted previously [12, 13]
that the EPR spectra were broadened upon the
repeated carbonization of these samples at 900°С for
10–15 min. It was found that the Curie law was also
not obeyed in sample nos. 8 and 9 but in the opposite
direction, as compared with sample nos. 2–4 and 6.
For example, after the vacuum pumping of sample
no. 8 (Fig. 4), a good EPR spectrum of coke with
ΔH = 5.5 G was observed, and this spectrum disap�
peared after opening the ampoule. Its temperature
dependence did not obey the Curie law: as the temper�
ature was decreased to 77 K, the intensity increased by
a factor of ~15 rather than 4 according to the Curie law;
that is, the Curie law violation was opposite to that in
the above case of sample nos. 2–4 and 6. This was likely
due to different natures of the starting materials.

The found special features of the temperature
dependence of the EPR spectra can be understood
using the C–S relaxation model [8, 16]. This model
(see the scheme) takes into account the effect of the
exchange interaction of electron gas (S) with localized
centers (C) on the width of the EPR signal of the local�
ized centers. From the narrow neck model (τSC < τSL)

for the C–S relaxation, it follows [8, 16] that the width
of the EPR spectrum of the localized center (C) is
determined by the following expression:

,

where ρ(EF) is the density of electronic states on the
Fermi surface; NC is the concentration of the localized
centers (C); τSL is the spin–lattice relaxation time of
electron gas (S); and k is Boltzmann’s constant.

Note that the value of τSL for a three�dimensional
electron gas strongly depends on temperature [8, 15,
16] (1/τSL ~ T n, where n = 4–7 for various models).
Thus, in the case of a one�dimensional electron gas for
sample no. 8, the EPR spectra of a portion of localized
centers, which are strongly broadened at 300 K, dra�
matically narrow as the temperature is decreased; this
is equivalent to a greater increase in the EPR signal
intensity with decreasing temperature than that follows
from the Curie law (I ≈ C/T, where C is a constant).

ρ
Δ ≈

τ
F

C SL

( ) 1E kTH
N
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×4
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Fig. 2. EPR spectra of evacuated sample no. 4 at
(1) 293 K room temperature and (2) 77 K liquid nitrogen
temperature.

Fig. 3. EPR spectra of evacuated sample no. 6 at (1) room
temperature, (2) liquid nitrogen temperature, and (3) une�
vacuated sample no. 6 at liquid nitrogen temperature.

3330 3350 3370 3390 3410 3430
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×4

g = 2.004

2

1

Fig. 4. EPR spectra of evacuated sample no. 8 at (1) room
temperature and (2) liquid nitrogen temperature.
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It is likely that, as the measurement temperature is
decreased, the electron localization of electron gas on
defects in sample no. 8 weakens the exchange interac�
tion of localized centers (C) and electron gas (S). That
is, in this case at a low temperature (77 K), the C–S
relaxation model is completely excluded and the
“pure” EPR spectrum of localized centers (C) is
observed. The inverse relation between the EPR spec�
trum intensity and temperature, which was found in
sample nos. 2–4 and 6, can also be understood. Physi�
cally, it is clear than the temperature dependence of the
line width ΔH depends on the properties of electron
gas. There is good reason to believe that the localiza�
tion of a portion of electron gas near localized centers
(C) occurs as the temperature is decreased; this results
in a noticeable broadening of the EPR spectra of cen�
ters (C)—the disappearance of spectra as the temper�
ature is decreased.

The found special features of the effect of the prop�
erties of electron gas on the EPR spectra of carbon
structures should be studied in more detail.

CONCLUSIONS

We found that the one�dimensional conductivity of
a carbon material is not necessarily associated with the
presence of unshared electrons, but it is caused by the
considerable imperfection of graphene fragments in
the carbon material. In the case of a nitrogen�contain�
ing carbon material, this imperfection results from the
partial or complete removal of nitrogen atoms in the
course of carbonization. In the cases that PVC or pine
nut shells serve as an AMCM precursor, it is likely that
the imperfection of graphene fragments results from
the removal of chlorine or oxygen atoms, respectively.
It is believed that localized unpaired electrons, which
give an EPR spectrum, are associated with the forma�
tion of local defects in the graphene fragments of
AMCMs. The samples exhibit an EPR spectrum when
the number of one�dimensional conductivity carriers
is small. As the number of carriers increases with the

retention of one�dimensional conductivity, the EPR
spectrum broadens. The EPR spectrum can also
broaden because of a change of the one�dimensional
conductivity of the carbon material to the three�
dimensional conductivity. Thus, based on the experi�
mental results, we cannot distinguish between the
effects of the conductivity and the concentration of
unpaired electrons upon the change in the power out�
put of a fuel cell, in which an AMCM is used as a cat�
alyst support. The interaction of localized paramag�
netic centers with electron gas can be explained in
terms of the C–S relaxation model.
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Abstract
This paper describes the optimization of three processes applied in fabrication of a microstructured reactor for complete oxidation of

volatile organic compounds. The first process involves the optimization of the electro discharge machining (EDM) method to produce a set of

microchannels with a high length to diameter ratio of 100, with a standard deviation from the average diameter below 0.2%, and with a surface

roughness not higher than 2.0 mm. To satisfy these criteria, fabrication of microchannels must be carried out with two machining passes in the

Al51st alloy. Then, the effect of several parameters on the anodization current efficiency with respect to oxide formation was studied. The best

process conditions to get a 30 mm porous alumina layer in a 0.4 M oxalic acid electrolyte, were found to be a temperature of 1 8C, an anodic

current density of 5 mA/cm2, and 23 h oxidation time. At last, the resulting coatings were impregnated with an aqueous solution of copper

dichromate followed by drying and calcination at 450 8C to produce active catalysts. The effect of a copper dichromate concentration, number

of impregnation cycles (1 or 2), and different after-treatments on catalytic activity and stability in complete oxidation of n-butane were

studied. The catalytic activity of the obtained coatings is superior to that of alumina supported pelletized catalysts even at much lower loadings

of active metals.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Microstructured reactor; Electro discharge machining; Anodic oxidation; Copper chromite; Catalytic combustion; VOC
1. Introduction

In general, a high and uniform accessibility of catalytic

sites is of great importance to get a high activity and a high

selectivity in any chemical process. The objective of the

present work is to obtain a uniform accessibility of a

particular catalyst that is distributed over a large volume in a

microstructured reactor. To reach this goal, it is important to

create a uniform reactant flow distribution across the

microchannels in this reactor as well as to obtain a uniform

pore size distribution of the catalyst support material.
* Corresponding author. Tel.: +31 40 247 2850; fax: +31 40 244 6653.

E-mail address: j.c.schouten@tue.nl (J.C. Schouten).

0920-5861/$ – see front matter # 2005 Elsevier B.V. All rights reserved.
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Furthermore, it is relevant to develop the proper structure of

the catalyst and its support.

A non-uniformity in the diameter of microchannels,

created at different stages of microrector fabrication, can

disturb considerably the residence time distribution, thereby

decreasing the reactor performance. One of the goals of this

study is to examine the effect of different treatments on

dimensional quality of the geometry during electro dis-

charge machining (EDM) and anodic oxidation. EDM is a

machining method in which a voltage is applied through a

dielectric medium between the tool electrode and a work-

piece, using electro-discharge generated when electrode and

workpiece are positioned close to each other. Many

researchers have used EDM to obtain microchannels in
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different metals. However, data relating to differences

between different methods of EDM remain rare. Thus, we

have focused in this study on the dimensional accuracy of

methods of one, two and three machining passes applied to

two different aluminum alloys. Aluminum based alloys were

chosen as a substrate material because of their high thermal

conductivity and high corrosion stability, as well as the

possibility to form coatings of aluminum oxide. These

coatings were reported to be effective catalyst supports [1–

4]. They can be grown to a thickness of tens to hundreds of

micrometers [2,3,5,6] and exhibit specific surface areas of

10–40 m2/g [2–4].

Microreactors are typically built up from several dozens

up to several thousands of individual channels. Therefore,

the anodic oxidation procedure is repeated by application of

a number of oxidation runs until a desired number of

substrate plates is obtained. In a classical procedure, the

aluminum substrate is placed in the solution of a weak

organic acid, which is used as electrolyte. In an electrolysis

cell, the aluminum cathodes are usually applied. However,

uniform coating properties, such as layer thickness and pore

structure, are difficult to obtain in a subsequent set of

oxidation runs, because the properties of the electrolyte are

changing in the course of the electrolysis process, due to

dissolution of alloying elements. Refreshing the electrolyte

after each oxidation run would lead to a large amount of

waste, which is not attractive from a practical point of view.

Decreasing the volume of the electrolysis cell creates

substantial problems in temperature control, due to heat

evolution in the process. Recently, a method for scale-up of

anodic oxidation was proposed. The anode, carrying ten

aluminum plates, was slowly rotated in the electrolyte. The

plates were thus cycled between the top and the bottom of

the vessel and the materials were treated under the same

conditions despite the temperature gradients present [7]. In

our study, we propose a different concept for scale-up of the

oxidation procedure, in which the electrolyte is circulating

vertically in a vessel with a fixed anode, and a heat-

exchanger is incorporated to remove the heat effectively. It

will be demonstrated that such design allows to oxidize a

large number of aluminum substrates under near isothermal

conditions.

The microreactors to be developed from this study are

intended for kinetic studies and optimization of the catalytic

combustion of volatile organic compounds. In particular, we

wish to study combustion of unsymmetrical dimethylhy-

drazine; a component of rocket fuel. Alumina supported

copper chromite (CuCr2O4) has been selected as a catalyst

because this is one of the most active and stable catalysts for

complete oxidation of nitrogen containing organic com-

pounds [8]. The direct formation of copper chromite from

corresponding oxides typically proceeds above 500 8C [9].

An alumina supported copper chromite catalyst was

prepared by impregnation with a copper dichromate solution

followed by calcinations in air at 600 8C [10]. However,

copper chromite can be formed under milder conditions
(425–540 8C) upon decomposition of copper chromate

(CuCrO4) and copper dichromate (Cu2Cr2O7), [11,12]. In

this study, an attempt was made to obtain copper chromite

coatings in the temperature range considerably below the

melting point of the aluminum substrate in order to avoid its

thermal deformation. The experimental procedures of

catalyst preparation were studied and optimized to provide

the most active and uniform catalytic coatings. The

performance of catalytic coatings was studied in butane

oxidation, which was chosen as a model reaction.
2. Experimental

2.1. EDM micromachining

Two types of aluminum were used: A199.5 (1050A

series) and A151st (AlMgSi1 alloy, 6082 series, alloying

elements Si: 1.0 wt.%, Mg: 0.9 wt.%, Cr: 0.15 wt.%, Zn:

0.1 wt.%, Mn: 0.7 wt.%, Cu: 0.1 wt.%). Microchannel

fabrication tests with one machining pass were conducted

using a low sparking energy by applying 80 V voltage, and a

maximum current of 8 Awith 1.0 ms ON and OFF time pulse

durations. When a method with two machining passes is

applied, a different generator code is used in the second pass:

a voltage of 120 V, and a maximum current of 8 A with

0.2 ms ON and OFF time pulse durations. A copper electrode

with a diameter of 250 mm coated with a zinc layer of ca.

1 mm (SW25X) was used. The plate was always connected

to the positive polarity and the electrode to the negative

polarity. Demineralized water (15 mS) was used as a

dielectric medium. Machined microfeatures were examined

using an optical microscope and a scanning electron

microscope (SEM). The method with one machining pass

was applied to fabricate a set of plates for optimization of

anodic oxidation. The plates had a thickness of 430 mm. In

each plate, 45 semi-cylindrical microchannels with a

diameter of 388 mm and a distance of 500 mm between

their centerlines were produced.

2.2. Anodic oxidation

In anodic oxidation experiments, the Al51st alloy was

used. Two geometries of Al51st plates are studied. Flat

plates of 35 mm � 20 mm with a thickness of 1 mm were

oxidized to optimize the catalyst deposition techniques (A-

plates). Also microstructured plates of 40 mm � 26.6 mm

with a thickness of 430 mm, produced as described in

Section 2.1, were oxidized to study the changes in geometry

during oxidation (M-plates). The plates were first degreased

in acetone at room temperature followed by boiling in

xylene for 1 h. After that, the plates were dried at 300 8C in

air for 1 h, cooled down and weighed. Then, the plates were

immersed into a 1.0 M NaOH solution at 50 8C for 15 s.

Afterwards, the plates were washed twice with distilled

water and fixed in a holder in a 1.1 L electrolysis vessel. Two
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platinum foils of 40 mm � 50 mm positioned at a distance

of 10 cm from both sides of the aluminum plate were used as

cathodes. A 25 mm alumina layer was produced on A-plates

under current control conditions with an anodic current

density of 15 mA/cm2, in an aqueous 1.1 M oxalic acid

solution at 7.0 8C. The electrolyte was continuously stirred

by a magnetic stirrer. The apparent density of alumina was

estimated to be 2.0 g/cm3 based on a volume of the alumina

layer of 0.0407 cm3. The weight change due to oxygen

incorporation of 0.0390 g corresponds to formation of

0.083 g of alumina. The metal losses due to aluminum

dissolution in the electrolyte solution were negligible during

oxidation of A-plates. The mass of aluminum incorporated

in the alumina layer is equal to the mass decrease of

aluminum. The mass of aluminum in the alumina layer was

calculated based on its stoichiometry, apparent density and

volume. The mass of aluminum was calculated based on a

density of 2.7 cm3/g and a thickness of the metal layer

measured at a cross-section of the plate before and after

oxidation. The latter was taken from SEM images. The

porosity of the alumina layer was estimated to be 20%, the

mean pore diameter was 40 nm, and the BET surface area

was in the range 10–40 m2/g.

Oxidation time and anodic current density were

optimized with M-plates in a 0.4 M oxalic acid solution

at 1.0 8C. A 10–20 mm layer of acrylic coating STAR12E

(from Chemtronics1) was deposited to protect the flat side

of M-plates from oxidation. After the oxidation process, this

coating was removed by soaking in a high purity universal

acrylic thinner solution UAT05L (from Electrolube1) at

50 8C. After the electrolysis, the plates were washed twice

with distilled water, dried in air at 110 8C for 1 h, cooled and

weighed.
Fig. 1. Schematic view of a 20 l electrolysis vessel. Two aluminum cathode foils o

each other. Twelve half-circle openings with a diameter of 3 cm were made in the to

diameter of 125 mm, with four blades,which were fixed to the axis at a distance

25 mm. The impeller speed was fixed at 160 rpm. Twelve aluminum substrates we

(i.d. = 8 mm, e.d. = 10 mm) for the coolant was fixed at the bottom part of the v
A 20 L electrolysis vessel was constructed to produce a

large set of anodized plates from the same electrolyte

composition (Fig. 1). In this design, two aluminum (Al 99.5)

cylindrical cathode foils were placed at a distance of 20 cm

from each other. The length of the internal cathode was

75 cm and that of the external cathode was 200 cm. The

height of both cathodes was 8 cm. Several geometrical

parameters of the impeller were optimized to provide an

effective electrolyte circulation from and to the impeller via

twelve half-circle openings with a diameter of 3 cm made in

the top and bottom parts of the internal cathode. Up to twelve

aluminum substrates can be positioned on an aluminum ring

between the cathode foils. The aluminum ring was

connected to an anode. A PTFE line (carbon filled

Polytetrafluorethylen, heat conductivity of 1 W m�1 K�1,

i.d. = 8 mm, o.d. = 10 mm) for the coolant was fixed at the

bottom part of the vessel. The temperature of the electrolyte

in the vessel was controlled by a West 6100+ regulator by

changing the temperature of coolant in the range from �15

to �5 8C depending on the heat evolved in the process.

2.3. Cu–Cr oxide catalyst deposition

Anodized Al51st plates were degreased with acetone and

calcined at 300 8C. The catalysts were prepared by

impregnation of the anodic alumina layer by an aqueous

solution of copper dichromate, followed by drying under an

IR lamp for 1 h and calcination at 450 8C for 4 h. The

following conditions of catalyst preparation were varied:

concentration of copper dichromate solution (250 or

500 mg/ml), duration of impregnation (0.1–1 h), number

of impregnation cycles (1 or 2), mode of removal of excess

impregnating solution (washing or wiping). The samples are
f 75 cm � 8 cm and 201 cm � 8 cm were placed at a distance of 20 cm from

p and bottom parts of the internal cathode. A radial impeller was used with a

of 40 mm from the bottom. The blade angle is 308, and the blade height is

re positioned on an aluminum ring between the cathode foils. A PTFE line

essel. All sizes are given in millimetres.
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referred to according to their loading with the active

component and a number of impregnation cycles. Index ‘‘A’’

in the sample name stands for the flat Al plates, index ‘‘M’’

denotes the microstructured plates. Number in brackets

corresponds to the CuCr2O4 loading and the Roman number

stands for a number of impregnation cycles.

The reference samples of 26 wt.% CuCr2O4/g-Al2O3

catalyst were prepared by incipient wetness impregnation of

spherical g-alumina granules (1.0–1.6 mm, the BET surface

area is 193 m2/g) with an aqueous solution of copper

dichromate for 15 min. This was followed by drying under

the IR lamp for 1 h and calcination in air at 400, 500 or

700 8C for 4 h to study the effect of the calcination

temperature on the phase composition of copper-chromium

oxide catalysts. These samples are referred as P(26)-400,

P(26)-500, and P(26)-700 hereafter. The BET surface area of

samples P(26)-500 and P(26)-700 is 129 and 106 m2/g,

respectively.

2.4. Catalyst characterization

The chemical composition of the samples was deter-

mined by inductively coupled plasma atomic emission

spectroscopy (ICP-AES) after total dissolution of the sample

in hydrochloric acid. The XRD studies were performed in a

HZG-4 diffractometer using Cu Ka radiation in the 2u range

of 10–708 with a sweep rate of 18 2u/min. X-ray microprobe

analysis was performed on a MAP-3 microanalyzer with a

probe diameter of�1 mm at the working voltage 25 kVand a

current of 30–40 nA; Al Ka, Cu Ka and Cr Ka were the

analytical lines. Fragments of 5 mm � 5 mm were fixed by

epoxy resin in a holder. Textural characteristics of the

samples were studied by nitrogen adsorption using an

ASAP-2400 instrument. Diffuse reflectance spectra (DRS)

were recorded by a spectrophotometer ‘‘Shimadzu’’ UV-

2501 PC in the range of 11,000–54,000 cm�1. X-ray

photoelectron spectra were recorded using a spectrometer

VG ESCALAB HP with Al Ka radiation. The carbon 1 s

signal at 284.8 eV was used as a reference to calibrate the

binding energy scale. The catalytic activity of the

combustion catalysts was studied in the model reaction of

butane oxidation in a flow setup with a tubular quartz reactor

(i.d. of 13 mm) in the temperature range of 200–450 8C. The

temperature was measured by a thermocouple placed

downstream of the catalyst (granules or stack of plates).

The original A or M-plates were cut for smaller fragments

(5 mm � 20 mm). These fragments were loaded in the

reactor at the distance of �0.5 mm from each other. The

composition of the initial reaction mixture was 0.2 vol.%

butane in air. The flow rate was adjusted to fix the same

space velocity of 120,000 h�1 with respect to the alumina

volume. Butane, O2, CO, CO2, and CH4 concentrations were

analyzed using a ‘‘Kristal-2000M’’ GC equipped with FID

and TCD detectors. A HayeSep S column (3 mm � 2 m)

was used for butane separation and an activated carbon SKT

column (3 mm � 2 m) was used for CO2 separation from the
gas mixture. Both columns were maintained at 165 8C. A

molecular sieve NaX column (3 mm � 2 m) maintained at

20 8C was used for O2, CO and CH4 analysis. Neither carbon

monoxide nor methane was found in the reaction products.

The carbon balance was 95–105%. In some experiments,

water was separated and analyzed using a Porapaq T column

(3 mm � 2 m) maintained at 150 8C. The catalyst activity

was characterized by the temperature dependence of the

butane conversion to products of total oxidation (CO2, H2O).
3. Results and discussion

3.1. Fabrication of microchannels

We have chosen Al99.5 material for micromachining

based on our previous experience to produce microreactors

in aluminum [13–16]. However, in case of relatively long

40 mm plates, the results were quite different comparing

with those for the 6.5 mm plates applied in [15] and [16].

The examination of microchannels obtained in this study

and those in reference [15] revealed that the length of the

workpiece has a large impact on material removal

characteristics and results in different reproducibility even

when the same material was used. In case of 40 mm long

microchannels, application of the EDM method with one

machining pass gave a relatively large standard deviation

(S.D.) of the channel diameter (and the channel to channel

distance) from the average values (S.D. = 1.4%), which

would make the assembling of the microreactor impossible.

It is well known that Al51st material due to proper

combination of alloying components, can be electro

discharge machined in a more reproducible way. Indeed,

the application of the same method gave a narrow channel

diameter distribution of less than 0.34%. However, due to

the different evaporation rate of aluminum and alloying

components, a rough surface was obtained (Ra = 4.0 mm). In

attempt to reduce the surface roughness, the method with

two machining passes was applied. In this method, the time

interval between the sparks was decreased during the second

machining pass. This allowed to obtain an Ra value of

2.0 mm with further improvement of the channel diameter

distribution (S.D. = 0.18%). Application of three machining

passes deteriorated considerably the S.D. value, which was

close to that of the Al99.5 material (S.D. = 1.2%). For the

proper assembling of the reactor, a method with two

machining passes had to be applied.

3.2. Anodic oxidation

Several studies have shown that anodization processes

carried out at room and higher temperatures dramatically

decrease the oxide formation current efficiency, leading to

severe aluminum dissolution [3,17,18]. Therefore, in this

study we decided to carry out the process just above the

freezing point of the electrolyte. Aqueous oxalic acid
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Fig. 3. (a) Voltage and (b) temperature at the top (1) and bottom (2) parts of

the electrolyte solution as a function of time. The conditions are the same as

those in Fig. 2.
solutions become saturated above 0.6 M at 0 8C [19]. In our

experiments, the oxalic acid concentration was fixed at

0.4 M. No substantial difference was observed in the

oxidation behavior of the Al51st alloy machined with a

method with one machining pass or with two machining

passes. Therefore, the Al51st alloy produced by a method

with one machining pass was used for optimization of

anodic oxidation experiments.

Several experiments were carried out to investigate the

effect of oxidation time on the thickness of anodic coatings

(Fig. 2). The alumina layer thickness as a function of

oxidation time can be described by the following function in

the range between 0 and 48 h:

h ¼ 0:55t þ 4:6� 10�2t2 � 5:90� 10�4t3; (1)

where t is time in hours, h is the layer thickness in microns.

The plot of layer thickness versus oxidation time is a typical

S-curve (Fig. 2). In the beginning of the process, the oxide

layer thickness is proportional to the oxidation time. After

5 h the oxidation rate starts increasing. This corresponds to

the beginning of the horizontal part of the voltage curve

(Fig. 3a). Then, the oxidation rate decreases due to a

decrease of the anodization current efficiency with respect

to oxide formation. As a result, linear characteristics

between layer thickness and oxidation time are again

observed in the range between 23 and 30 h with a slope

of 1.75 mm/h. At this stage, the oxidation rate more than

three times exceeds its initial value. After 30 h, the rate of

oxide formation monotonously decreases due to the increas-

ing resistance of a growing alumina layer and as a result

decreasing current efficiency with respect to oxide forma-

tion. This effect is discussed below.

The schematic view of a cross section of a micro-

structured plate before and after oxidation is shown in

Fig. 4a and b, respectively, where Ox represents the

thickness of oxide layer, H represents the initial thickness of
Fig. 2. The thickness of the alumina layer as a function of oxidation time on

Al51st. A 0.4 M aqueous solution of oxalic acid was used as electrolyte.

Anodic current density: 5 mA/cm2. Temperature 1.0 � 0.1 8C. Voltage

curve is shown in Fig. 3a.
the aluminum plate, M represents the thickness of the metal

remaining beneath the oxide layer, and R represents the

radius of the microchannel. A typical image of the

microstructured plate after oxidation is shown in Fig. 4c.

If a high anodization current efficiency with respect to oxide

formation current is achieved, the ratio E calculated

according to Eq. (2) is greater than unity, due to the lower

overall density of the porous oxide film compared to the

aluminum substrate [19].

E ¼ Ox

Mð0Þ �M
(2)

In Eq. (2), Ox is the thickness of oxide layer, M(0) is the

initial thickness of the aluminum plate, M is the thickness of

the metal remaining beneath the oxide layer. Achieving a

high anodization current efficiency is important to avoid

possible significant decreases in reactor feature size due to

excessive aluminum dissolution. In addition, a high

anodization current efficiency promotes the conservation

of aluminum metal in the ‘‘core’’ beneath the oxide layer,

which allows for improved heat transfer throughout the

reactor [19]. The results of anodic oxidation taken at

different oxidation times are listed in Table 1. One may see

that during a time interval between 23 and 30 h,

corresponding to the second linear part of the oxidation

rate plot (Fig. 2), the oxidation efficiency remains virtually
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Fig. 4. Schematic view of a cross section of a microstructured plate: (a) before oxidation; (b) after oxidation; and (c) photo of a single plate after oxidation. All

sizes are given in microns. Ox represents the thickness of oxide layer, H1 represents the thickness of the aluminum plate, M represents the thickness of the metal

remaining beneath the oxide layer, R1 represents the radius of the microchannel, and Ds1 represents the distance between the last channel and the edge of the

plate. The area inside the frames is shown in Fig. 11 under a larger magnification.
constant, but decreases considerably when the thickness of

the alumina layer exceeds 30 mm.

In the course of oxidation, copper from the Al51st alloy

dissolves in the electrolyte and is reduced at the platinum

cathodes because its standard reduction potential

E0
Cu2þ=Cu

¼ 0:34 V) is higher than that for protons (0 V).

Other elements from the alloy have standard reduction

potentials below 0 V, and they cannot be reduced because

their concentrations in the solution are far below the

concentration of protons (0.4 M). If we assume that all

copper from the alloy is dissolved in the electrolyte, we can

compare the mass of copper deposited at the cathodes with

the mass of copper present in the dissolved volume of the

alloy. The Al51st alloy has a density of 2.71 g/cm3 and

contains 0.1 wt.% Cu. The volume of alloy dissolved is
Table 1

Geometry changes of A151st plates after anodic oxidation at different time

intervals and corresponding oxidation efficiency

Oxidation time (h) L (mm) R (mm) M (mm) H (mm) E

0 – 194 236 430 –

5 5 199 231 435 1.00

23 29 208 211 448 1.16

24 31 207 209 447 1.15

29 41 204 200 445 1.14

48 67 200 171 438 1.03

E is the oxidation efficiency, E = Ox/(M (0) �M), M(0) is the initial

thickness of the aluminum plate, Ox is the thickness of oxide layer, R is

the radius of the microchannel, M is the thickness of the metal remaining

beneath the oxide layer, H is the overall thickness of the aluminum plate.

Oxidation temperature: 1 8C, oxalic acid concentration: 0.4 M, anodic

current density: 5 mA/cm2.
calculated based on the data of Table 1 according to the

method described in Appendix A. The decrease in the metal

volume after oxidation for 23 h gives a value of 0.0396 cm3

per plate. Eight oxidation runs were carried out for 23 h to

provide a higher precision. The total mass of copper, which

would be dissolved is

mCu ¼ 8� 0:039 cm3 � 2:71 g=cm3 � 0:001

¼ 8:6� 10�4 g (3)

The mass of copper deposited at the cathodes was

3.8 � 10�3 g after eight oxidation runs. The concentration

of Cu in the electrolyte solution of 1.1 L was below 10�6 M,

so the mass of copper in the solution can be neglected in the

calculations. The comparison of expected copper mass with

the experimental observation clearly demonstrates that the

substrate material in the vicinity of microchannels is more

than four times enriched by copper after the EDM process

comparing to the bulk substrate. However, copper enrich-

ment can be considerably higher, because only the outermost

5 mm of the 29 mm layer create a large resistance to the

current, and as a result a voltage maximum is observed in the

beginning of the anodic oxidation (Fig. 3a). One may see

from Fig. 3b that the heat is effectively removed from the

vessel, so the maximum is related to a non-uniform chemical

composition of the plates, but not to the differences in the

electrolyte temperature.

The metal dissolution rate is higher at the beginning of

the oxidation, as one can see from a lower value of the

anodization current efficiency after 5 h (Table 1). This can

also be explained by a higher concentration of copper and
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probably other alloying elements in the outermost metal

layer. These elements cannot be incorporated into the oxide

layer, therefore they are dissolved in the solution, decreasing

the overall efficiency of the process. It has to be noted that an

intensive gas evolution was observed in the first few hours of

the process demonstrating that a part of the current is

consumed in the side processes (4) and (5), decreasing

overall efficiency:

C2O4
2� ! 2 CO2þ 2e (4)

H2O ! O2þ 2Hþ þ 2e (5)

There are three factors, which are responsible for high

copper content in the outermost layer. First, copper from the

electrode, might be deposited on the microchannels in the

EDM process. Secondly, high energy applied during the first

machining pass can create a local temperature hot spot at the

outer surface of the alloy. This allows migration of the

alloying elements from the bulk to the surface. Finally, a

gray residue of ca. 1 mm in thickness, present on the surface

of the microchannels after a sodium hydroxide-based etch,

seems also to create a resistance to the oxidation process.

This residue consists of particles of oxide, intermetallics,

silicon and copper, which are insoluble in the alkaline

solution, but still are quite strongly fixed to the surface.

Under appropriate conditions on properly prepared

substrates, an array of nanometer-scale pores can be formed.

An average roughness of the alumina surface was 2 mm.

SEM at larger magnification revealed the presence of pores

with a diameter close to 40 nm (Fig. 5). This data agrees with

the observations of others who have attempted to tune pore

diameter by adjusting the anodization current density

[3,17,18]. Pore size distribution data (not shown) confirmed

the presence of the pores with diameter ca. 40 nm. X-ray
Fig. 5. SEM image of alumi
diffraction analysis of anodized plates (not shown) showed

intense peaks of aluminum substrate at 38.5 and 44.88 2u.

(International Center for Diffraction Data, ICDD 04-0787).

No bands related to alumina were found.

3.3. Development of procedure for catalyst deposition

The typical conditions of the catalyst preparation and

results of the analysis of Cu–Cr-oxide catalysts are listed in

Table 2. The formed copper chromite with spinel structure is

dissolved in g-alumina with a similar structure during

calcination of reference samples P(26)-400, P(26)-500, and

P(26)-700. In the whole temperature range studied, five

peaks are observed in the XRD spectra of reference samples

at 29.60, 31.10, 35.19, 37.72, and 42.358 2u (not shown).

This confirms the formation of a spinel structure (Cu,

Cr)[Cr,Al]2O4 (ICDD 34-0424) with particle size less than

5 nm.

The concentration of copper dichromate solution,

duration of impregnation, and number of impregnation

cycles were varied and different aftertreatments, viz.

washing or removal of impregnating solution by vacuum

cleaning or by wiping, were applied in the experiments with

A-plates. Washing removed most of Cu and Cr from the

support. The mode of removal of excess impregnating

solution (wiping or vacuum cleaning) has no influence on

the catalyst loadings, but when this operation was omitted

(sample A(5.3)-I), the active metals loading in the coatings

was higher. Duration of impregnation has no effect on the

chemical composition, due to weak chemisorption of copper

and chromium from the solution. The absence of

chemisorption was proved in an experiment with sample

A(0.1)-I. An impregnation time of 17 h, followed by a 5 min

washing step, led to trace amounts of copper and chromium
na coating on A-plate.
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Table 2

Condition of preparation and results of chemical analysis for the supported Cu–Cr-oxide catalysts.

Sample Concentration of CuCr2O7

solution (mg/ml)

Impregnation

time (h)

After-treatments Loadinga wt. %,

to mass of Al2O3

CuCr2O4

loadingb wt.%

Color

Washing

with

waterc

Wiping off

the residues

of solution

Cu Cr

P(26)-500 500 0.25 � n/a 7.9 � 0.3 11.2 � 0.3 26 Black

P(26)-700 500 0.25 � n/a 7.9 � 0.3 11.2 � 0.3 26 Black

A(0.1)-I 250 17 + + <0.03 <0.05 <0.1 White

A(0.4)-I 250 0.25 Rinsing + 0.08 � 0.05 0.21 � 0.05 0.4 Yellow

A(2.6)-I 250 0.25 � + 0.8 � 0.2 1.1 � 0.2 2.6 Yellow

A(3.7)-I 500 0.25 � + 1.1+0.2 1.6 � 0.2 3.7 Black

A(5.3)-I 500 1.0 � � 1.6 � 0.2 2.1 � 0.2 5.3 Black

A(3.5)-II 250 0.25d � + 0.8 � 0.2 1.9 � 0.2 3.5 Yellow

M(3.7)-I 250 0.25 � + 1.2 � 0.2 1.4 � 0.2 3.7 Gray

M(5.3)-II 250 0.25d � + 1.6 � 0.2 2.1 � 0.2 5.3 Gray
a The mass of the alumina layer is 3.8 wt.% of the mass of A samples. The mass of the alumina layer is 9.3 wt.% of the mass of M samples for the coating

thickness of 29 mm. In the latter case, volume of a single plate after oxidation, obtained according to the procedure described in Appendix A, is 0.312 cm.

Volume of the alumina layer is 0.043 cm3. Density of the Al51st is 2.7 g/cm3. Apparent density of the alumina layer is 2.0 g/cm3.
b Calculated with apparent density of the alumina layer of 2.0 g/cm3.
c The sample was kept in water for 1 h.
d The sample was dried and calcined after first impregnation.
in the coatings. Therefore, the duration of impregnation was

fixed at 0.25 h in further experiments. On the contrary, the

concentration of the impregnating solution has a large

influence on the chemical composition. The coatings A(0.4)-

I, A(2.6)-I prepared with a diluted solution were yellow,

while coating A(3.7)-I, prepared from a concentrated

solution, was black. The CuCr2O4 loading was higher in

the latter case. Nearly the same loading was achieved after

two consecutive impregnations with the diluted solution in

sample A(3.5)-II. The color of the plate remains yellow in

this case. Thus, the samples with the loadings of Cu up to

1.6 wt.% and Cr up to 2.1 wt.%, based on an apparent

density of alumina of 2.0 g/cm3 (see Section 2.2), were

obtained by changing the impregnation conditions.

Element distribution in the coatings was studied by X-ray

microanalysis. Fig. 6a and b show similar behavior of the
Fig. 6. X-ray microprobe analysis. Intensity of Ka Cr, Ka Cu and Ka Al lin
lines of different elements both along the plate and at its

cross section. In Fig. 6a, the intensity of Cu Ka follows that

of Cr Ka and, in most locations, that of Al Ka indicating

interaction of Cr and Cu with each other and with alumina.

In Fig. 6b, the maxima of Cu Ka and Cr Ka at the both sides

of the plate correspond to the position of alumina layers,

while an Al Ka plateau corresponds to a metal layer.

Oxidation states of Cu and Cr were studied by diffuse

reflectance spectra (Fig. 7a). DRS of pelletted reference

catalysts P(26)-500 and P(26)-700 were also recorded for

comparison (Fig. 7b). The spectra of black samples A(3.7)-I

and A(5.3)-I (the latter is not shown) have low frequency

bands revealed as shoulders at ca 12,500 cm�1 correspond-

ing to d–d transitions in Cu2+ ion [20], and two bands at

higher frequencies of 16,000 and 19,500 cm�1 attributed to

d-d transitions in Cr3+ [20–22], in agreement with DRS of
es for the sample A(3.5)-II: (a) along the plate and (b) across the plate.



I.Z. Ismagilov et al. / Catalysis Today 105 (2005) 516–528524

Table 3

Results of XPS study of samples of Cu–Cr oxide catalysts on flat aluminum

plates

Sample Binding energy (eV)

Al2s O1s C1s C1s(CO3) Cr2p3/2 Cu2p3/2

A(5.3)-I 119.0 531.0 284.8 289.8 576.7 932.9

935.0

A(0.4)-I 119.2 531.2 284.8 290.0 577.3 933.1

A(3.5)-II 118.9 531.0 284.8 289.7 577.0 932.6

934.9

Fig. 7. (a) Diffuse reflectance spectra of catalysts supported on A-plates and

(b) diffuse reflectance spectra of samples M(3.7)-I; reference samples

P(26)-500, P(26)-700 Sample A(0) represents the blank experiment with

a plate without active metals.
the reference samples. Spectrum of A(0.1)-I is close to that

of the alumina support, due to a low CuCr2O4 loading. The

spectra of samples A(2.6)-I and A(3.5)-II reveal the presence

of an intense wide band near 25,000 cm�1, which may be

formed by superposition of two bands at 23,500 and

27,000 cm�1. The position of these bands and their higher

intensity with respect to lower energy bands allow the

assumption that they are due to charge transfer (CT)

transitions in Cr in higher oxidation states: Cr (VI) in

CrO4
2� or CrO3

� type compounds [21,22]. This band is very

strong, and it is characteristic of fresh catalysts calcined in

air. Such catalysts usually contain an admixture of Cr(VI)

[21,22], which is responsible for their high initial catalytic

activity. Indeed, the intensity of the band at 26,800 cm�1

decreases in DRS of P(26)-700 due to partial reduction of

Cr(VI) to Cr(III) at high temperature revealing more clearly

the bands at 16,500 and 22,500 cm�1.

XPS data listed in Table 3, show that the main signal of

copper in all Cu–Cr oxide catalysts studied is Cu2p3/2 with

almost constant BE = 932.9–933.1 eV. This peak may be

assigned to Cu2+ ions in the solid solution of CuCr2O4 [23].

Line deconvolution shows that there are also noticeable

admixtures of surface copper carbonate, characterized by the

BE ca. 935 eV. This is also confirmed by the BE values of

C1s signal for CO3
2� at 290 eV. Some minor amounts of Cu+

ions with BE ca. 932 eV are also present in the samples. The
predominance of Cu2+ is supported by the presence of Cu2+

‘‘shake-up’’ satellites having maxima in the BE range 933–

934 eV for all samples [24,25].

It can be seen, that chromium is present mainly as Cr3+

ions, characterized by Cr2p3/2 BE values in the vicinity of

577 eV, which, similarly to Cu2+ above, may be assigned to

CuCr2O4 [23,24,26]. Line deconvolution and comparison

with the reference spectra of Cr2O3 obtained in the same

spectrometer show that minor amounts of chromium in

higher oxidation states (up to +6) may be present in the

catalysts. Their overall contribution is lowest for the black

sample A(5.3)-I, and higher for yellow samples A(0.4)-I and

A(3.5)-II in agreement with the conclusions of the DRS

studies of the catalysts.

Catalytic activity of the samples in complete oxidation of

butane is presented in Fig. 8. Obviously, sample A(0.4)-I

with the lowest CuCr2O4 loading has the lowest butane

conversion. Increasing the CuCr2O4 loading gives a rise in

catalytic activity. However, despite the highest loading of an

active component, sample A(5.3)-I has still low activity.

This seems to be due to an omitted after-treatment step in

which the residues of the impregnating solution were not

removed before calcination. These residues could partly

block the alumina pores leading to a decrease in activity. It is

interesting to note that A(3.5)-II has twice the activity of

A(3.7)-I which contains the similar amount of active

component. The reason may be due to the presence of

chromium in higher oxidation states as shown by DRS and

XPS studies. Actually, the activity tests for 40 h showed that

the activity of A(3.5)-II is not stable: the butane conversion

was lower in the whole range of temperatures studied for the

used A(3.5)-II sample. The intensity of the band assigned to

Cr in high oxidation states was also decreased in the used

A(3.5)-II sample.

3.4. Preparation and characterization of copper

chromite catalysts on the microstructured plates

The procedure developed on flat alumina substrate was

applied to impregnate the microstructured plates. A diluted

copper dichromate solution with a concentration of 250 mg/

ml was used for impregnation. Impregnation time was fixed

at 0.25 h, calcination for 4 h at 450 8C (see Table 2). The

effect of the number of impregnation cycles (1 or 2) was

studied.
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Fig. 9. Butane conversion as a function of temperature on M-plate sup-

ported catalysts. Samples A(3.5)-II(used) and P(26)-700 are given for

comparison. Reaction conditions are the same as those in Fig. 8.

Fig. 8. Butane conversion as a function of temperature on A-plate sup-

ported catalysts. Reaction mixture: 0.2% butane in air. Flow velocity is

60 cm3/min (STP); GHSV = 120,000 h�1.
In contrast to the catalysts supported on A-plates, both

samples supported on M-plates had a grey color. SEM

images of M-plate supported catalysts revealed that the

pores were not blocked after calcination, demonstrating

applicability of the developed technique for preparation Cu–

Cr oxide catalysts. X-ray diffraction study (not shown) of the

M-plate supported catalysts showed two intense peaks of

aluminum substrate (occurring at 38.5 and 44.78 2u, ICDD

04-0787) and four peaks occurring at 24.51, 33.63, 36.23,

and 41.528 2u, which can be assigned to the a-Cr2O3 phase

(ICDD 38-1479) present in trace amounts. A weak broad

band was observed in the range of 28–348 2u. This band may

be assigned to microcrystalline or X-ray amorphous

alumina.

In contrast to sample A(2.6)-I, a very weak band at ca.

�25,000 cm�1 was observed in the DRS spectrum of sample

M(3.7)-I prepared under similar conditions (see Fig. 7). The

intensity of this band demonstrates the decrease of the Cr

content, present in high oxidation states in catalysts prepared

on M-plates. This effect can be explained by the differences

in structural features and composition of anodic alumina

produced on A- and M-plates, due to different distribution of

alloying elements in M-plates after the EDM process. The

alumina on A-plates seems to stabilize admixtures of Cr in

high oxidation states while alumina on M-plates stabilizes

Cr3+ ions.
Fig. 9 demonstrates that Cu–Cr oxide catalysts prepared

on M-plates have activities close to that of used A(3.5)-II

sample. The activity of M-samples was higher than that of

the reference pelletized catalyst P(26)-700. To quantitatively

evaluate the advantages of the catalytic coatings, it is

necessary to evaluate the influence of internal diffusion on

the reaction rate. The Weisz modulus allows for the

estimation of intra-particle diffusion limitations:

c ¼ h’2; (6)

where h is the effectiveness factor, w is the Thiele modulus.

For a spherical particle:

’p ¼
rp

3

ffiffiffiffiffiffiffiffiffiffi
Rrxn

DeCs

r
(7)

where Rrxn is the effective reaction rate, mol m�3 s�1; De is

the effective diffusivity of limiting reactant (butane) in the

catalyst pores, m2 s�1; rp is the catalyst particle radius, m;

and Cs is the concentration of limiting reactant at the catalyst

surface, mol m�3.

For the coatings

’c ¼ Ox

ffiffiffiffiffiffiffiffiffiffi
Rrxn

DeCs

r
(8)
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Fig. 10. Butane conversion vs. time on stream for catalyst M (5.3)-II.

Temperature: 350 8C. The other conditions are the same as those in Fig. 8.
If we assume h ffi 1, the Weisz modulus equations for a

spherical particle (cp) and the coating (cc) can be written as

follows:

cp ¼
Rrxnr2

p

9DeCs

(9)

cc ¼
RrxnOx2

DeCs

(10)

The Weisz modulus below 0.1 (c < 0.1) indicates that

the catalyst layer (particle) is small enough to prevent

concentration gradients from forming internally. The Weisz

modulus for P(26)-700 is calculated based on the reaction

rate value obtained in [27]. In an excess of oxygen, the

reaction has the first order with respect to butane and the

zero order with respect to oxygen. The reaction rate at

300 8C is equal to 0.115 mol m�3 s�1 and the activation

energy is 75 kJ/mol. The effective diffusivity of butane at

300 and 400 8C is 4.8 � 10�6 and 6.1 � 10�6 m2 s�1,

respectively. These values are obtained using a bed void

fraction of 0.5, and particle tortuosity of 3. The reaction rate

on the M(5.3)-II coating is calculated using the differential

reactor approximation (at conversions below 10%). The

reaction rate at 300 8C is equal to 0.170 mol m�3 s�1, which

is 1.5 times higher than that of P(26)-700. Similar value is

obtained for used A(3.5)-II. The activation energy is

81 � 2 kJ/mol, which is close to the value obtained on

P(26)-700. A void fraction of 0.2 (based on the BET data),

and layer tortuosity of 1.0 (due to the cylindrical geometry of

the pores) were used to calculate the effective diffusivity of

butane in the coatings. The Weisz modulus values for P(26)-

700 and M(5.3)-II are listed in Table 4. Internal diffusion

limitations are observed for P(26)-700 above 370 8C. There

is an increasing difference between the catalytic activity of

coatings and P(26)-700 in the high temperature range due to

the presence of internal diffusion limitations in the latter

case. The effectiveness factor for P(26)-700 at 400 8C is ca.

0.8, while the reaction on the coatings is under kinetic

control in the whole temperature range studied. This clearly

demonstrates the advantages of using catalytic coatings

rather than pelletized catalysts.

The Cu–Cr oxide catalysts prepared on M-plates have

also a high stability. Fig. 10 demonstrates the activity in

butane oxidation for sample M(5.3)-II at 350 8C. One can

see that activity stays at the same level for time on stream for

at least 40 h.
Table 4

Comparison of the reaction rate and the Weisz modulus for P(26)-700 and

M(5.3)-II

Temperature (8C) P(26)-700 M(5.3)-II

Rrxn (mol/m3 s) cp Rrxn (mol/m3 s) cc

300 0.115 0.029 0.170 6.5 � 10�4

400 1.18 0.322 1.60 0.0083
4. Conclusions

The effect of different electro discharge machining

techniques on the geometrical parameters of the micro-

structured plates produced in two different aluminum alloys

has been studied. Al99.5 material can be applied as a

substrate material for machining microchannels with a

length to diameter ratio below 50. An alloy with relatively

high content of alloying elements (Al51st) should be used in

case of microchannels with a high length to diameter ratio of

100. The method with two machining passes has to be

applied to decrease the surface roughness of microchannels

produced in Al51st to ca. 2.0 mm. A procedure of anodic

oxidation of the Al51st alloy has been optimized to produce

an oxide layer of 30 mm thickness in a 0.4 M oxalic acid

solution under current control conditions. The electrolysis

time was optimized to get a maximum anodization current

efficiency with respect to oxide formation. The temperature

of electrolyte was fixed at 1 8C to avoid extensive dissolution

of substrate material. A novel design of the electrolysis cell

was proposed and validated to provide a simultaneous

oxidation of 12 identical substrates. In this design, the

maximum temperature non-uniformity does not exceed

0.2 8C, providing a uniform thickness and uniform pore size

distribution. Alumina coatings with an average pore

diameter of 40 nm are produced.

The synthesis of copper chromite coatings was performed

by impregnation of the alumina coating with an aqueous

solution of copper dichromate followed by drying and

calcination. The preparation method used provides a

uniform metal distribution along the plates. DRS and

XPS studies revealed the predominant formation of Cu2+ and

Cr3+ ions with binding energies close to those found in

CuCr2O4. An admixture of chromium in higher oxidation

states may be responsible for a higher initial activity of the

catalysts in the total oxidation of n-butane. In the course of

the reaction, the reduction of high-valent chromium species

takes place, which reduces the catalytic activity of these

samples by 20–25%. The coatings with only trace amounts
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Fig. 11. Schematic view of a part of M-plate with two adjacent microchannels and a metal space in between. The metal–gas interface before oxidation and

metal–oxide interface after oxidation are drawn in bold line. The situation before and after oxidation is sketched individually in a height-shifted manner in

Fig. 4a and b. The parameter names are the same as those given in Fig. 4. Subindex ‘‘0’’ denotes the initial values of the parameters. Subindex ‘‘1’’ denotes those

after oxidation.
of chromium in higher oxidation states demonstrated high

and stable activity from the beginning. Even at much lower

loadings of active metals, the catalytic activity of the

prepared coatings, related to the volume of the alumina

layer, is superior to that of pelletized catalysts. Micro-

reactors made according to these procedures can be used for

a variety of small-scale total oxidation processes involving

combustion of toxic and hazardous chemicals.
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Appendix A. Change of metal volume after oxidation

Fig. 11 demonstrates a part of the channel with a metal

part in between. The initial metal volume is

V0 ¼
�
ðNð2R0 þ D0Þ � D0 þ 2Ds0ÞH0 �

NpR2
0

2

�
L (11)

The volume after oxidation is

V1 ¼
�
ðNð2ðR1 þ OxÞ þ D1Þ � D1 þ 2Ds1ÞH1

� NpðR1 þ OxÞ2

2
� ðN � 1ÞS1 � 2S2

�
L (12)
Subscript ‘‘0’’ denotes the initial values of the parameters.

Subscript ‘‘1’’ denotes those after oxidation. S1 is the area of

the gray trapezoid (see Fig. 11),

S1 ¼ Ox
D1 þ D2

2
(13)

where

D1 ¼ D0 � 2d (14)

d ¼ R1 þ Ox� R0 (15)

D2 ¼ D1 þ 2ðR1 þ Ox� eÞ (16)

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR1 þ OxÞ2 � Ox2

q
(17)

Inserting the expressions for D1 and D2 into (13), one arrives

at

S1 ¼ OxðD0 þ 2R0 � R1 � Ox�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR1 þ OxÞ2 � Ox2

q
Þ
(18)

Area S2 represents the oxide layer on a flat part of M-plates

(between the edge and the first channel and between the last

channel and the edge). This area can be approximated by the

area of the rectangle:

S2ffiOx Ds1 (19)

where

Ds1 ¼ Ds0 � d (20)

Initial values of parameters are given in Fig. 4a. Values after

oxidation for 23 h are given in Table 1.
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DEVELOPMENT AND OPTIMIZATION OF TOTAL OXIDATION 

CATALYSTS  FOR  MICROSTRUCTURED REACTORS 

E.V. Matus1, L.T. Tsikoza1, I.Z. Ismagilov1, E.M. Michurin1, V.V. Kuznetsov1,  
E.V. Rebrov2, R.P. Ekatpure2, M.A. Kerzhentsev1 

1Boreskov Institute of Catalysis SB RAS, pr. Akademika Lavrentieva, 5, 
Novosibirsk, 630090, Russia 

2Eindhoven University of Technology, P.O. Box 513, 5600 MB 
Eindhoven, The Netherlands 

Е-mail: matus@catalysis.nsk.su 

Microstructured reactor (microreactor) technology creates opportunities for the 
development of miniature chemical devices, in which several unit operations are integrated. 
The microreactors are usually made of microstructured solid materials (stainless steel, 
aluminum and others). They have the reaction channels with diameters of the order of 50–500 
µm, the length of about 1-10 cm, and have an inherently large surface-to-volume ratio 
(10000–50000 m2/m3). These properties offer clear advantages such as high mass and heat 
transfer rates, which are beneficial for attaining the required selectivities and conversions, and 
enable optimum control of temperature and residence time. Microreactors also have a low 
hold-up, resulting in an excellent controllability, small safety risks, and low environmental 
impact. This makes the microreactors specifically suitable for highly exothermic reactions, 
short contact time reactions, and for the on-demand and safe production of toxic and 
hazardous chemicals [1,2].  

The main goal of this work was development and optimization of preparation methods 
for active and stable catalysts of total hydrocarbons oxidation in a microreactor. The 
microstructured plates were made by the spark erosion technique from AlMgSiCu-alloy (94% 
Al) because of its high thermal conductivity, suitable thermal stability and mechanical 
properties [3]. The porous Al2O3 support for catalyst was produced by anodic oxidation of the 
AlMgSiCu-alloy in 3.5 wt.% oxalic acid solution at 1-2oC. The thickness of porous Al2O3 
layer is close to 30 µm [3]. The Cu-Cr oxide and Pt-systems were chosen as suitable catalytic 
coatings on microstructured plates for total oxidation reactions. Preliminary experiments with 
granulated catalysts and flat Al2O3/Al plates also were carried out.  

The synthesis of Cu-Cr oxide coatings was done by impregnation of plates with the aqueous 
solution of copper bichromate. The optimization of concentration of copper bichromate solution, 
duration and number of impregnations was carry out. The impregnation method and deposition by 
sorption were used for platinum catalytic coatings synthesis. The optimal concentration of 
chloroplatinic acid solution, temperature and duration of the calcination, conditions of Pt 
reduction by hydrodgen gas or Na formate were found. The coatings were characterized by 
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chemical analysis, X-ray 
microprobe analysis, CO 
chemisorption, SEM, XPS, ESDR. 
According to the X-ray microprobe 
analysis the preparation method 
provides uniformity of metal (Cu, 
Cr or Pt) distribution along 
Al2O3/Al plates.  

The catalytic activity of 
supported Cu-Cr oxide and Pt 
catalysts was tested in butane 
oxidation as the model reaction. The 
experiments on C4H10 oxidation 
were performed in a flow fixed 
catalyst bed reactor at initial 
concentration 0.2% vol. C4H10 in 
air, GHSV 120000 h-1 calculated on 
a volume of the Al2O3 layer, in the temperature range 200 – 500oC. 

It was shown that the activity of supported Cu-Cr oxide and Pt catalysts on flat Al2O3/Al 

plates was superior to those of granulated catalysts (Fig. 1). 

The activity of supported Cu-Cr oxide and Pt catalysts on microstructured plates is 

similar to activity of supported Cu-Cr oxide and Pt catalysts on flat Al2O3/Al plates, and it 

was stable during 40 hours of continuous run.   

The authors are grateful to Prof. Z.R. Ismagilov, Dr. M.H.J.M. de Croon and Prof. J.C. 
Schouten for the comments and discussions. 

This work was financially supported by project NWO-RFBR «Microstructured Catalytic 
Reactors for Oxidation of Unsymmetrical Dimethylehydrazyne» 03-03-89004-NWO_a 
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Fig. 1. Conversion in butane oxidation on supported Cu-Cr oxide 
and Pt catalysts: 
1 - Pt catalyst on granulated Al2O3 support; 
2 - Cu-Cr oxide catalyst on granulated Al2O3 support; 
3 - Cu-Cr oxide catalyst on flat Al2O3/Al support; 
4 - Pt catalyst on flat Al2O3/Al support. 



Header Design for Flow Equalization in
Microstructured Reactors

Evgeny V. Rebrov, Ilyas Z. Ismagilov, Rahul P. Ekatpure, Mart H.J.M. de Croon, and Jaap C. Schouten
Laboratory of Chemical Reactor Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

DOI 10.1002/aic.11043
Published online November 15, 2006 in Wiley InterScience (www.interscience.wiley.com).

To enhance the uniformity of fluid flow distribution in microreactors, a header con-
figuration consisting of a cone diffuser connected to a thick-walled screen has been
proposed. The thick-walled screen consists of two sections: the upstream section con-
stitutes a set of elongated parallel upstream channels and the downstream section con-
stitutes a set of elongated parallel downstream channels positioned at an angle of 908
with respect to the upstream channels. In this approach the problem of flow equaliza-
tion reduces to that of flow equalization in the first and second downstream channels
of the thick-walled screen. In turn, this requires flow equalization in the corresponding
cross sections of the upstream channels. The computational fluid dynamics analysis of
the fluid flow maldistribution shows that eight parallel upstream channels with a width
of 300–600 mm are required per 1 cm of length for flow equalization. The length to
width ratio of these channels has to be >15. The numerical results suggest that the
proposed header configuration can effectively improve the performance of the down-
stream microstructured devices, decreasing the ratio of the maximum flow velocity to
the mean flow velocity from 2 to 1.005 for a wide range of Reynolds numbers (0.5–
10). � 2006 American Institute of Chemical Engineers AIChE J, 53: 28–38, 2007

Keywords: design, thick-walled screen, flow maldistribution, microreactor, CFD

Introduction

The demand for high-performance microstructured devices
is continuously increasing because of their application in dif-
ferent areas such as high-throughput catalyst testing, kinetic
studies of highly exothermic reactions, synthesis and decom-
position of hazardous chemicals, and portable hydrogen pro-
duction. The nonuniformity of fluid flow distribution in the
microchannels affects the efficiency of the microreactor. The
nonuniformity in the flow distribution is principally attributed
to the finite dimensions of the microreactor units, frequently
making impossible the use of sufficiently smooth transitions
from a cross-sectional shape of the reactor to that of the

upstream and downstream pipes. In large-scale chemical
reactors, an additional resistance is usually created by the
catalyst layer, which may be considered as a part of the flow
distribution system. In microstructured reactors, however, the
overall pressure drop over the set of microchannels seldom
exceeds 5% of the total pressure in the system. Therefore,
uniform distribution of flow can be attained only by special
equalizing and distributing devices positioned upstream of
the reactor unit. Sometimes, it is also necessary to transform
one form of the velocity profile into another.1

There has been considerable attention in recent years
focused on equalizing the fluid flow distribution in microreac-
tor channels. Commenge et al.2 developed an approximate
pressure drop model to investigate the effect of microchannel
geometry parameters on the single-phase fluid flow distribution
in a multiplate microreactor. This approximate model, based
on the resistive network of ducts, can be used to design opti-
mum plate geometries to achieve uniform flow velocity distri-
bution in downstream microchannels. The results of this model
were confirmed by finite-volume calculations. Ajmera et al.3
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developed a novel design of a silicon cross-flow microreactor
for parallel testing of porous supported-catalyst beds. The even
flow distribution in individual catalyst beds was achieved by
bifurcating the inlet channel into 64 parallel microchannels
(tree branching concept). The uniform flow distribution in these
channels was validated by flow visualization experiments. The
flow distribution within the catalysts bed was also analyzed by
2-D computational fluid dynamics (CFD) calculations. Amador
et al.4 studied manifold structures (consecutive and bifurcation)
used for even flow distribution in microchannels. The proposed
analytical model, analogous to electrical resistance networks,
can be effectively used to study the effect of manufacturing
tolerances and channel blockages on the flow distribution in
downstream microchannels. A CFD- and finite-element method
(FEM)–based analysis of the flow distribution in a plate-fin
microdevice was reported in several studies.5,6 It was shown
that the even flow distribution in the branched microchannels
of the microdevices and in plate-fin (micro-) heat exchangers7,8

is profoundly affected by the shape of inlet and outlet mani-
folds.

The geometric parameters and shapes of the reactor units
and of the inlet and the outlet parts are highly varied. There-
fore, the methods of fluid flow equalization are also different.
Meshes (grids) or screens (perforated sheets, etc.) are usually
used for equalizing fluid flow distribution in the reactors. By
selection of the density of meshes and the local patches, the
necessary degree of flow uniformity can be attained.9 A sheet
screen (grid) is the most effective and simple way to distrib-
ute fluid flow equally thorough a whole cross section of the
reactor. Such a grid creates additional fluid flow resistances,
which are equally distributed across the whole cross section
of the reactor. The screen-leveling property depends on its
geometrical parameters such as the effective (open) cross
section and the thickness of the resistance layer (resulting
from screens). The resistance of the grid increases with
decreasing effective cross section or with increasing thick-
ness of the resistance layer. These parameters define the drag
coefficient of the screen, expressed as

zsc ¼
2Dp
r�w2

sc

(1)

where �wsc is the average velocity, r is the fluid density, and
Dp is pressure drop along the screen. A similar expression
can be applied to estimate the resistance of the downstream
equipment (such as a microreactor). It is compulsory to use a
flow distribution system if the drag coefficient of the resist-
ance layer (z) is <1000.10

Importantly, there is a clear difference between planar (or
thin-walled) and three-dimensional (thick-walled) screens.
The former does not have guiding walls, whereas the latter
consists of a number of thick bars, whose thickness in the
direction of the fluid flow equals or exceeds the spacing
between them. In the case of a thin screen (such as gauze),
there is a critical value of zsc (see Eq. 2) beyond which the
degree of fluid flow equalization in a cross section at finite
distance downstream from it may considerably differ from
the degree of flow spreading upstream of the screen:

zcrsc ¼ 3:5
N0Asc

A0

� 1

� �
(2)

In this expression, also known as Idelchik’s correlation,9 N0

is the Coriolis’s coefficient and Asc and A0 are the open cross
sections of the screen and the inlet flow duct, respectively.

The internal (hydraulic) diameter of the inlet flow duct of
the microreactor is typically between 1 and 4 mm and the
inlet duct is sufficiently long, so that at a certain distance
from the inlet region of the duct, a constant parabolic veloc-
ity profile develops, with maximum at the axis and with zero
at the walls:

w

wmax

¼ 1� y2 (3)

It is easy to evaluate the Coriolis coefficient for this case.
Assigning the normalized deviation of velocities from the av-
erage value as D�w ¼ ðDw=�wÞ, it can be derived that

N0 ¼ 1

A0

Z
A0

ð1þ D�wÞ3dA ¼ 1þ 3

A0

Z
A0

D�wdAþ 3

A0

Z
A0

D�w2dA

þ 1

A0

Z
A0

D�w3dA ð4Þ

The second term of this sum equals zero by definition of av-
erage velocity, whereas the fourth term is alternating and
small, so it can be neglected. Therefore, for a parabolic ve-
locity profile

N0 � 1þ 3

A0

Z
F0

D�w2dA ¼ 1:57 (5)

In this way, the critical values of the screen drag coefficient
estimated by Eq. 2 are equal to 7.5, 18.5, and 29.5 for Asc/A0

values of 2, 4, and 6, respectively.
On the other hand, there is an optimum value for the drag

coefficient of the flat screen, which can be calculated for Asc/
A0 � 10 by the following equation:9

zoptsc ¼ N0

Asc

A0

� �2

�1 (6)

It is easy to see that for a planar screen the design criterion
zsc
opt < zsc

cr is satisfied only in a narrow range at Asc/A0 < 2.9;
otherwise, planar screens can even amplify the flow nonuni-
formity downstream of them, giving to the flow profile a dis-
tribution that is directly opposite to that of the distribution
upstream of the screen.10,11 Therefore, a planar screen cannot
ensure a uniform velocity distribution in a typical range of
Asc/A0 > 10 applied in microreaction technology.

This problem does not exist in the case of thick-walled
screens because the degree of velocity equalization is virtu-
ally the same at all cross sections downstream from them. In
this case, the nature of the distribution of the inlet flow under
a given set of flow conditions is a function only of the
shapes and geometric parameters of the downstream reactor
and the inlet flow duct of the screen. If the shape and param-
eters are specified, the problem of velocity distributions can
be solved in a rather general form without taking into
account what chemical or technological process occurs
within the downstream reactor.

Problems of flow equalization over the cross section of
reactors by screens have been investigated for some time.
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Initially, those problems were solved empirically. Riman12

obtained an expression for the value of the drag coefficient,
which ensures the specified degree of flow equalization. An
approximate determination of the stream function, whose
derivatives satisfy the boundary conditions at the channel
walls and at the screen, was performed by Taylor and Batch-
elor.13 Riman and Cherepkova14 proposed a method for cal-
culating the distortion of the velocity profile by bars placed
in a tube. However, these problems are solved for high
Reynolds (Re) numbers, often corresponding to turbulent
flow regime, which is not a case in microstructured reactors.

In this article a study on the performance of the header
consisting of a fluid flow diffuser and a thick-walled screen
with a thickness of parallel bars in the micrometer range is
presented. This type of header can effectively equalize the
fluid flow distribution in the plate-type microreactors in the
laminar flow regime corresponding to Re < 10. The study of
the fluid flow distribution at the header was investigated by
means of the CFD package FLUENT1 6.0.15 This contribu-
tion mainly describes the numerical investigation on the
effect of the screen configuration parameters on the flow dis-
tribution in a downstream microreactor. Results of the exper-
imental validation of the present configuration are presented
elsewhere.16,17

Geometry

Physical model

A schematic view of the header is shown in Figure 1. The
header consists of a cone diffuser and a thick-walled screen
positioned in front of the microreactor. The thick-walled screen
consists of two sections positioned with a 908 turn relative each
other. The upstream section (U) consists of a set of m elongated
parallel upstream channels and the downstream section (D) con-
sists of a set of n elongated parallel downstream channels posi-
tioned at an angle of 908 with respect to the upstream channels.
Depending on the number of upstream and downstream chan-
nels, the screens will be referred to as [m � n] hereafter. The
whole geometry is defined by the following parameters: parame-
ter a is the minimum length between two neighboring down-
stream channels and parameter b is the distance in cross-sec-
tional view between a top wall of the first downstream channel
and a side wall of the upstream channels. In other words, the
value b is the overhang of the cross section of upstream chan-
nels with respect to the cross section of the first downstream
channel. Parameter c is the width of the upstream channels; pa-
rameter d is the height of the downstream channels; parameter h
is the distance between the neighboring upstream channels; pa-
rameters lup and ldwn are the lengths of upstream and down-
stream channels of the screen, respectively; and d1 is the diame-
ter of the channels in the microreactor (R) connected to the
downstream channels of the header. d1 is usually equal to or
slightly lower than parameter d, so the distance in the vertical
direction between the channels in the microreactor (a1) is equal
to or slightly higher than distance a.

In general, the greater the diffuser expansion angle a
(Figure 1), the steeper the velocity drop at the walls of the
diffuser and the more elongated is the velocity profile, that
is, the higher is the ratio of the maximum velocity to the
mean velocity, at the entrance to the upstream channels. At
constant inlet conditions and constant relative length of the

diffuser, there are four principal flow modes, depending on
angle a, of the flow diffuser18 (Table 1). In microreactors it
is desirable to avoid large dead volumes; therefore diffusers
of type IV are usually applied. This means that an elongated
velocity profile is developed with a ratio of the maximum
velocity to the mean velocity > 2 at the entrance to the
upstream channels.18

Computational domain

In this work, the CFD code FLUENT1 6.0 was used to
simulate the fluid flow distribution and pressure drops along
the screens. Physical parameters of air [at standard tempera-
ture and pressure (STP) conditions] were used throughout
this work for definition of the gas-phase properties. The
continuity equation and the momentum equation are discre-
tized using a finite-volume method. The semi-implicit SIM-
PLER algorithm is used in the velocity and pressure conju-
gated problem. Boundary conditions applied are as follows:
inlet fluid Reynolds numbers and outlet pressure are given
and no slip occurs on the wall. The convergence criterion is
specified to residuals smaller than 1 � 10�6. The header has
two symmetry planes; thus, only one fourth of the screen

Figure 1. The header consists of a cone diffuser and a
thick-walled screen positioned in front of the
microreactor.

The thick-walled screen consists of two sections positioned
with a 908 turn relative to each other. The upstream section
(U) consists of a set of m elongated parallel upstream chan-
nels and the downstream section (D) consists of a set of n
elongated parallel downstream channels positioned at an
angle of 908 with respect to the upstream channels. Parame-
ter a is the minimum length between two neighboring
downstream channels; parameter b is the distance in cross-
sectional view between a top wall of the first downstream
channel and a side wall of the upstream channels; parame-
ter c is the width of the upstream channels; parameter d is
the height of the downstream channels; parameter h is the
distance between the neighboring upstream channels; pa-
rameters lup and ldwn are the lengths of upstream and down-
stream channels of the screen, respectively. d1 is the diame-
ter of the channels in the microreactor (R) connected to the
downstream channels of the header. d1 is usually equal to
or slightly lower than distance d, so the distance in the ver-
tical direction between the channels in the microreactor
(a1) is equal to or slightly higher than distance a.
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was modeled. A mesh independency check was performed
on the results of the CFD model. Furthermore, the results of
the CFD simulations were verified by measuring flow distri-
bution at the outlets of the downstream channels by laser
Doppler anemometry (LDA) as described elsewhere.16 The
experimental results showed good agreement with numerical
results for a wide range of Re numbers.

The inlet cone diffuser was not taken into the computa-
tional domain. However, the inlet Reynolds numbers in the
upstream channels of the screen were assigned with three ve-
locity profiles (see Figure 2). In the case of an uneven num-
ber of upstream channels, velocity profiles were determined
as follows:

(1) Elongated profile with a ratio of the maximum veloc-
ity to the mean velocity (�wmax) of 2.0:

wel
i ¼ wel

mþ1�i ¼ 2 sin2
ðcþ hÞði� 1Þ þ c

2

� �
ðcþ hÞ m�1

2
þ c

2

p
2

( )
(7)

where 1 � i � (m þ 1)/2.
(2) Parabolic profile with wmax of 1.5:

wpar
i ¼ wpar

mþ1�i ¼ 1:5 1� ðcþ hÞ mþ1
2

� i
� �

ðcþ hÞ m�1
2

þ c
2

" #2
8<
:

9=
; (8)

where 1 � i � (m þ 1)/2.
(3) Uniform profile with wmax of 1.0:

wun
i ¼ 1 (9)

where 1 � i � m.
In this way, the mean inlet velocity over all upstream chan-

nels is equal in all three cases:

wel ¼ wpar ¼ wun

Similar distributions were used for an even number of
upstream channels.

The velocity profile at the each outlet of the downstream
channels of the screen was characterized by the flow nonuni-
formity index, defined as

d ¼ 100

�n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1

e2j

ðn� 1Þ

vuuut ð%Þ (10)

where ej ¼ nj � �n; nj is the area average velocity in the outlet
channel j and �n is the mean velocity over all outlet channels.
It should be noted that nel ¼ npar ¼ nun. Such a definition of
flow nonuniformity also allows us to compare the results
obtained at different flow velocities.

Flow nonuniformity was calculated for a [45 � 38] screen
at several different values of relative length of the upstream
channels (lup

* ) using a parabolic profile at the entrance. Fig-
ure 3 demonstrates that the flow nonuniformity starts to
increase below lup

* ¼ 7.5. However, the flow development
length is not observed to vary substantially over the range of
average flow velocities applied in this study.

Two parameters are introduced herein to evaluate the dif-
ferences in the flow distribution at the outlet of the down-
stream channels, that is, the relative outlet flow nonuniform-
ity parameter to evaluate the flow differences between the
elongated and uniform inlet profiles, expressed in the follow-
ing equation:

Rel
j ¼ 100

nelj � nunj
�n

ð%Þ (11)

and between the parabolic and the uniform inlet profiles,
expressed as

Rpar
j ¼ 100

nparj � nunj
�n

ð%Þ (12)

Figure 4 presents the numerical results for a [45 � 38]
screen with a ¼ 400 mm, b ¼ 260 mm, c ¼ 400 mm, d ¼
400 mm, h ¼ 400 mm, lup/2c ¼ 7.5, and ldwn/2d ¼ 7.5. One
can see that the largest differences are observed in the outer-
most channels.

Table 1. Principal Flow Modes at the Outlet of the Flow Diffuser, Depending on the Diffuser Expansion Angle a*

Mode Diffuser Angle (8) Flow Description

I Separation free diffusers a � 4 Stable flow
II Diffusers with local flow separation 6 < a � 14 Large unsteady flow detachment
III Diffusers with significant flow separation 14 < a � 40 Fully developed flow separation: a large part of

the diffuser is occupied by a wide recirculation zone
IV Diffusers with total flow detachment a > 40 Jet flow: the main stream is separated

from the diffuser walls over entire perimeter

*From Idelchik and Ginzburg.18

Figure 2. Three different inlet flow profiles (elongated,
parabolic, and uniform) assigned to the inlets
of the upstream channels of the [45 3 38]
screen.

The values are given only for a half of the geometry
because of the symmetry.
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Furthermore, two parameters, referred to as overall outlet
flow nonuniformity parameters, were introduced to compare
the differences between the elongated and the uniform (Eq.
13), as well as between the parabolic and the uniform cases
(Eq. 14) in different screen configurations. These parameters
were evaluated in a wide range of screen parameters:

wel ¼ 100

n�n

Xn
j¼1

jnelj � nunj j ð%Þ (13)

wpar ¼ 100

n�n

Xn
j¼1

jnparj � nunj j ð%Þ (14)

The wel and wpar values are listed in Table 2 for the lowest
and highest values of design parameters. It is clear that the
values of chosen objective functions are <0.02% for a wide
range of applied design parameters. Based on those results it
can be concluded that the outlet flow distribution depends
only on geometry parameters of the thick-walled screen and
does not depend on the inlet distribution at the entrance to
the upstream channels of the screen. Therefore, instead of
complete modeling of the cone diffuser with the thick-walled
screen, a prescribed parabolic flow profile (Eq. 8) was speci-
fied at the inlet of the upstream channels. Uniform static
pressure of 101.3 kPa was specified at all outlets of the
downstream channels. The range of flow velocities studied
corresponds to a Reynolds number of 0.5–10. The pressure
drop across the screen was always <1.0 Pa.

Optimization of the Header Configuration

At low Reynolds number, the flow is laminar. In this re-
gime there is a linear flow resistance relation between the
pressure drop (Dp) along the channel and the volumetric
flow rate (Q) through the channel, expressed as

Q ¼ GDp (15)

where G is a hydraulic conductance. At the interface between
the upstream and downstream channels, flow is split up and
further redistributed in the downstream channels (Figure 5).
To compare the hydraulic resistance of different parts of the
thick-walled screen, the entire geometry of the screen was
decomposed into even portions. In this approach, the topmost
and bottommost portions of upstream channels can be
merged together to form a rectangle with height zV1, whereas
the middle part can be considered as parallel plates with
height zV2. For the screen applied: zV1 ¼ 2(0.5a þ b þ d)
and zV2 ¼ 2(a þ d). Obviously, there is a difference in the
hydraulic conductance for the fluid flow between the side
and the middle portions of upstream channels represented in
the present model by rectangular and parallel plates, respec-
tively. Therefore, to determine the flow rate by the rectangu-
lar- and parallel-plate geometry, it is necessary to calculate
their hydraulic conductances, for which the pressure drops
are identical.

In the present analysis, instead of the actual velocity field
entering each downstream channel from the upstream chan-
nels, an average value has been taken for the entire down-
stream channel (Qdwn). This average value depends on the
mean velocity over a corresponding part of an upstream
channel (Qup) and the b/a ratio of the thick-walled screen.
To provide a uniform flow distribution in all the downstream
channels, volumetric flow rate Qdwn1 has to be equal to
Qdwn2 and so on. Because of the symmetry of the screen
only half of the geometry of the downstream channels has to
be considered. In our previous study, a methodology was
presented for flow equalization by application of a thick-
walled screen in which the b/a ratio was changed from 0 to
1.19 It was observed that the ratio between the flow rate in
the first and the second downstream channels is equal to the
ratio of the volumetric flow rates by corresponding cross sec-
tion of the upstream channel times the height of the corre-
sponding cross sections:

Qdwn1

Qdwn2
¼ Qup1

Qup2

zup1
zup2

(16)

Figure 3. Flow nonuniformity (Eq. 10) as a function of
the relative length of the upstream channels
(lup

* ) at Re of 0.5 and 5.

lup
* is the ratio of the length of the upstream channel (lup) to
the hydraulic diameter of the inlet flow duct of the screen.

Figure 4. Effect of upstream flow profile on the flow
differences at the outlets of the downstream
channels of the [45 3 38] screen.

Parameters values: a ¼ 400 mm, b ¼ 260 mm, c ¼ 400 mm,
d ¼ 400 mm, h ¼ 400 mm, lup

* ¼ 7.5, and ldwn
* ¼ 7.5. Re ¼

5.
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The correction factor counts for the pressure losses when the
fluid moves from the upstream channels to the downstream
channels of the screen. The reason for the correction factor
can be understood if one observes the flow lines near the
interface between the upstream and downstream channels
(Figure 6a). For the case described in Mies et al.,19 when b
¼ 0.5a flow Qup1 is less than Qup2, according to the CFD
results, flow separation in upstream channels occurs above
equidistant plane A12 between the first and second down-
stream channels. As a result, more fluid goes to the second
downstream channel and less to the first one. This arises
from the presence of an external wall, which creates an addi-
tional resistance to the fluid flow. To distribute flow equally,
an additional room for flow distribution has to be created by
increasing the area of the rectangle comparing to the area of
the parallel plates or, in other words, increasing the b/a ratio
to a certain value that is always >0.5.19

If the flow is equally distributed between the first and sec-
ond downstream channels, flow separation between all subse-
quent downstream channels would always occur in corre-
sponding equidistant planes (A23, A34, etc.) between the
adjacent downstream channels (see Figure 6b) as a result of the
symmetry of the thick-walled screen geometry. Therefore,
the problem of flow equalization in a thick-walled screen at
low Re numbers reduces to that of flow equalization in the

first and second downstream channels. In other words, the
flow by the rectangular- and parallel-plate parts of the
upstream channels times their height ratio has to be identical:

0:5aþ bþ d

aþ d

Qup1

Qup2
¼ 1 (17)

For isothermal, steady, incompressible flow of a Newto-
nian fluid through a duct of the arbitrary cross section, the
product of the Fanning friction factor fF and the Reynolds
number is a constant—the Poiseuille number, Po:

Po ¼ fF Re (18)

where fF ¼ 2tw=r�n,
13 and �n ¼ 1

A

R
A ndA, �n is the cross-sec-

tional average velocity, and r is the density. The mean wall
shear stress tw is defined as

tw ¼ Dh

4

dp

dl
(19)

where Dh ¼ 4A/P (A is channel cross-sectional area of the
upstream channel and P is the upstream channel perimeter).

Figure 6. Streamlines for the topmost (bottommost) and
middle sections.

A front view of the elementary units of the upstream screen is
shown on the left. A cross-sectional view through the center-
line of the screen near the interface between the upstream and
downstream units is shown on the right.

Table 2. Flow Nonuniformity Parameters vel and vpar as a Function of Screen Design Parameters a, c, and h*

Average Reynolds
Number in the

Upstream Channels

Design Parameters (mm) Objective Functions (%)

a c h wel wpar

0.5 125 400 400 0.012 0.011
0.5 750 400 400 0.014 0.012
5 125 400 400 0.012 0.011
5 750 400 400 0.014 0.012
0.5 400 300 400 0.010 0.010
0.5 400 800 400 0.012 0.012
5 400 300 400 0.015 0.015
5 400 800 400 0.015 0.015
0.5 400 400 800 0.012 0.010
5 400 400 800 0.014 0.011

*See Eqs. 13 and 14. Screen geometry: [22] � [8]. The following parameters were kept constant: d ¼ 400 mm; lup
* ¼ 7.5; ldwn

* ¼ 7.5; Re ¼ 5.

Figure 5. Decomposition of the upstream channel ge-
ometry into regular pieces.

(A) Two half rectangles merged together and (B) parallel
plates.

AIChE Journal January 2007 Vol. 53, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 33



By combining Eqs. 18 and 19 we can write the Poiseuille
number in terms of experimental quantities:

Po ¼ AD2
hDp

2ZlupQ
(20)

where Dh is the hydraulic radius of an individual upstream
channel, Dp is the pressure drop over the upstream channel
length lup, Z is the viscosity of the fluid, and Q ¼ �nA. By
comparing Eqs. 15 and 20, one may conclude

G ¼ AD2
h

2lupZPo
(21)

The Poiseuille number for developing flow is defined as20

Poðt; xþÞ ¼ 3:44ffiffiffiffiffi
xþ

p

þ
0:674þ 1:3061tþ 0:1222t2 � 0:6718t3

4xþ
þ 24PðtÞ � 3:44ffiffiffiffiffi

xþ
p

1þ 2:9� 10�5 þ 7:0� 10�5tþ 9:7� 10�4t2 � 7:8� 10�4t3

ðxþÞ2
ð22Þ

where P(t) ¼ 1 � 1.3553t þ 1.9467t2 � 1.7012t3 þ 0.9564t4

� 0.2537t5; t is the aspect ratio, t ¼ c/[a þ 2(b þ d)]; and
xþ is the dimensionless length. The Po number depends on
both the channel aspect ratio and the dimensionless length of
the upstream channels. By combining Eqs. 15 and 21, and
assuming that viscosity of the fluid is identical in both chan-
nels, Eq. 17 can be rewritten as

0:5aþ bþ d

aþ d
� Aup1D

2
h�up1

Aup2D2
h�up2

Poup2

Poup1
¼ 1 (23)

where

Aup1 ¼ ð0:5aþ bþ dÞ2c Aup2 ¼ ðaþ dÞ2c

Dh�up1 ¼ ðaþ 2bþ 2dÞ2c
aþ 2bþ cþ 2d

and Dh–up2 ¼ 2c. Substituting the values for the cross-sec-
tional areas and the hydraulic diameters into Eq. 23 yields,
for flow equalization,

ðaþ 2bþ 2dÞ4
ðaþ 2bþ cþ 2dÞ2ð2aþ 2dÞ2

Poup2

Poup1
¼ 1 (24)

Therefore, at fixed values of design parameters a, c, d, and
xþ the b/a ratio has to be found for which the value of the
response function (f) is equal to unity:

f ¼ Qdwn1

Qdwn2
¼ ðaþ 2bþ 2dÞ4

ðaþ 2bþ cþ 2dÞ2ð2aþ 2dÞ2
Poup2

Poup1
(25)

Validation of the Approach for the Design
of a Thick-Walled Screen

To assess the validity of the thick-walled screen mathe-
matical model, the design results obtained by using this

model are compared with CFD simulation results, carried out
by use of FLUENT1 6.0. The model predictions obtained at
a ¼ 250 mm, c ¼ 300 mm, d ¼ 2000 mm, and xup

þ ¼ 0.9
were compared with the CFD results reported in Mies et al.,19

where the geometry of the diffuser module was similar to
that of a thick-walled screen. Figure 7 shows the f-values as
a function of parameter a for three different b/a ratios of 0.0,
0.8, and 1.0 applied in Mies et al.19 Symbols represent the
f-values calculated based on the CFD results for the flow dis-
tribution between downstream channels 1 and 2. One can
observe the rather good agreement between the CFD results
and model predictions for all three cases. Furthermore, it can
be seen from Figure 7 that the optimum b/a ratio becomes
lower at larger distances between downstream channels and
vice versa. One can conclude that increasing the separation
between the downstream channels shifts the optimum b/a ra-
tio to lower values. Figure 8a demonstrates that, as the b/a
ratio increases, more flow goes by the topmost and the bot-
tommost downstream channels. There is a minimum in flow
nonuniformity (d ¼ 0.120%) at a b/a ratio of 0.75 (Figure
8b). Both lower b/a of 0.73 and higher b/a of 0.77 ratios
gave larger values of flow nonuniformity of 0.160 and
0.435%, respectively. CFD simulations give optimum b/a
ratios of 0.75 and 0.62 for a ¼ 250 and 500 mm, respec-
tively, whereas other design parameters are fixed at the fol-
lowing values: c ¼ 300 mm, d ¼ 400 mm, and xup

þ ¼ 0.4. Pre-
dictions made by the present model give optimum values of
0.759 and 0.628, respectively. Thus, there is hardly any dif-
ference between results of both designs. The proposed model
can be applied for the design of a screen in a wide range of
design parameters.

Effect of Design Parameters on
Flow Nonuniformity

Effect of the number of the upstream channels (m)

The effect of the number of upstream channels was inves-
tigated over a cross section of 12.9 mm (width) � 16 mm
(height) by comparing the d-values obtained in the [22 � 8]
screen with those obtained in the [11 � 8] and [8 � 8] geo-

Figure 7. Response function f as a function of distance
between the downstream channels for three
different b/a ratios: 0.5, 0.8, and 1.0.

Symbols represent corresponding CFD data.
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metries (Figure 9). In the latter cases, parameter h was
increased from 300 to 960 and 1500 mm, respectively, other
parameters being identical to those mentioned in the begin-
ning of this section. The cross section represents a quarter of
the geometry arising from the symmetry. The results were
found to be independent of the flow rate with respect to Re
numbers ranging from 0.5 to 10.

Increasing the number of upstream channels (m) from 8 to
11 decreases the flow nonuniformity while the optimum b/a
ratio remains the same. Further increase of the number of the
upstream channels from 11 to 22 does not improve the flow
distribution at the outlets of the downstream channels of the
screen. This leads to the conclusion that there is an optimum
number of upstream channels per unit width of a thick-
walled screen beyond which flow nonuniformity remains vir-
tually constant. This number corresponds to one upstream
channel per a length of 1260 mm in the y-direction (see Fig-
ure 1). In other words, eight upstream channels are required
per 1 cm of width of a thick-walled screen to provide a flow
nonuniformity < 0.2%. A larger number of channels would
considerably hamper the manufacturing of the device, and
therefore must be avoided. It should be noted that increasing
parameter a from 250 to 500 mm shifts the optimum b/a ratio
to the lower values (Figure 9). However, it does not change
either the optimum number of upstream channels or the opti-
mum value of the flow nonuniformity parameter (d). The
effect of the b/a ratio on the flow distribution at the down-
stream channels becomes less important for a screen consist-
ing of a large number of downstream channels (n > 100);
however, it plays an important role for the screens with a
medium (10 < n < 100) and it is more dominant for small
number of downstream channels (n < 10).

Effect of the wall thickness between two neighboring
downstream channels (a)

From the discussion in the previous section, it becomes
clear that as parameter a increases, the b/a ratio has to be
reduced to obtain flow equalization in the whole range of
values of parameter a. Therefore, the problem can be formu-

lated as finding an optimum function that minimizes the flow
nonuniformity index O, defined as

O ¼ 1

a2 � a1

Z a2

a1

ðaþ 2bþ 2dÞ4
ðaþ 2bþ cþ 2dÞ2ð2aþ 2dÞ2

Poup2

Poup1
da

" #
� 1

(26)

The index O is the average value of the response function f
on the interval of values a between a1 ¼ 100 mm and a2 ¼
1000 mm, which are within interest for microreactor applica-
tions. Several functions with two fitting parameters can be
used to describe the ensemble of data points generated by
the screen model. In their discrimination, the following crite-
ria were applied:

O � 1� 10�5 (27)��f ða; b; c; d; xþupÞ � 1
�� � 0:005 for

100 � a � 1000 ðmmÞ ð28Þ

The first criterion is set to minimize the flow nonuniformity
in the whole range of values of parameter a. The second cri-
terion states that at any given value of parameter a, the flow
nonuniformity should not exceed 0.5%. To satisfy the con-
straints given by Eqs. 27 and 28, a function for the b/a ratio
can be found in the form

b

a
¼ P1þ P2

a
(29)

Figure 10 demonstrates two sets of f-function (see Eq. 25)
plots: one at constant b/a ratio of 0.5 and one when the fit-
ting function given by Eq. 29 was applied. It can be seen
that the flow equipartition is achieved in the whole range of
a-values for different values of parameters c and d if the b/a
ratio is a function of the parameter a, and the fitting parame-

Figure 8. (a) Flow difference in the downstream chan-
nels relative to the mean flow in all down-
stream channels of the [22 3 8] screen as a
function of the b/a ratio; (b) flow nonuniform-
ity (d) as a function of the b/a ratio.

Parameters values: a ¼ 250 mm, c ¼ 300 mm, h ¼ 300 mm,
d ¼ 2 mm, lup

* ¼ 7.5, and ldwn
* ¼ 7.5. Re ¼ 5.

Figure 9. Effect of the number of the upstream chan-
nels (m) on the flow nonuniformity at a ¼ 250
and 500 lm and different b/a ratios.

Screen geometries of [22 � 8], [11 � 8], and [8 � 8] were
applied over a cross section of 12.9 mm (width) � 16 mm
(height), corresponding to parameter h of 300 to 960 and
1500 mm, respectively. Other screen parameters were the
same as those in Figure 7.
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ters P1 and P2 are properly chosen (see Table 3). It can be
seen from Table 3 that the parameter P1 is always 0.5,
whereas parameter P2 depends on parameter c and, to a
lesser extent, on parameter d. Therefore, the fitting function
can be rewritten as follows:

b ¼ 0:5aþ P2 (30)

Equation 30 shows that parameter P2 can be neglected if
a � 2P2. If the value of parameter a exceeds the P2 value
by 20-fold, the contribution of the latter parameter is <10%.
Therefore, P2 can be neglected if a > 2.3 mm because maxi-
mum values of parameter P2 are found to be about 115 mm
(see Table 3). This is a typical situation for monolith reac-
tors. However, microreactors have a typical separation
between the adjacent sets of channels (a) of <1 mm, at
which the contribution of P2 is rather substantial. A com-
plete analysis of the dependency of parameter P2 on the
design parameters of the screen is beyond the scope of the
present study and is reported elsewhere.21

Effect of the width of the upstream channels (c)

The width of the upstream channels (c) was varied over a
cross section of 12.9 mm (width) � 17.2 mm (height) in the
[11 � 8] geometry in the range between 300 and 600 mm to
investigate its effect on the flow nonuniformity. In this study,
lup
* ¼ 7.5, a ¼ 400 mm, d ¼ 2 mm, and the sum of parame-

ters c and h was kept constant at 1260 mm. When the width
of the upstream channel increases from 300 to 600 mm, a
minimum flow nonuniformity doubles from 0.155 to 0.31%,
whereas the optimum b/a ratio shifts to the higher values
(Figure 11). The range of b/a ratios satisfying the design cri-
teria, acceptable in most studies (d < 0.5%), becomes more
narrow at c ¼ 600 mm. A typical precision of micromachin-
ing is 10 mm, which can prompt a shift in the b/a ratio of
60.02. For example, at c ¼ 600 mm, the optimum b/a ratio
equals 0.82 (b ¼ 328 mm) corresponding to the flow nonuni-
formity of 0.31%. When the screen is not properly assembled
(such as b ¼ 338 mm), the d-value would be 0.33%, generat-
ing an increase in the flow nonuniformity of 0.02%. There-
fore, the width of upstream channels (c) can be safely set at
600 mm unless very low values of flow nonuniformity (d <
0.15%) are desired. The values > 600 mm can also be
applied. This, in turn, would require a longer length of the
screens to satisfy the criterion: lup

* ¼ 7.5.

Conclusions

An original design of a flow distribution header, consisting
of a cone diffuser and a thick-walled screen, is proposed for
equalizing flow distribution in microstructured reactors hav-
ing constraints related to flow uniformity and pressure drop.
In this design, the degree of flow nonuniformity does not
depend on the flow distribution entering the thick-walled
screen and is defined by the geometry of the thick-walled
screen itself. The diffuser expansion angle plays no role in

Figure 11. Flow nonuniformity (d) as a function of b/a
ratio at different values of parameter c: 300,
400, and 600 lm.

Screen geometry of [11 � 8] was applied over a cross
section of 12.9 mm (width) � 17.2 mm (height). Parame-
ters values: a ¼ 400 mm, d ¼ 2 mm, and the sum of pa-
rameters c and h was kept constant at 1260 mm. Other
screen parameters were the same as those in Figure 7.

Table 3. Fitting Parameters P1 and P2 for the Parameter
b: b(a) = P1a + P2*

c mm d mm P1 P2 mm

300 400 0.500 57.00
300 2000 0.500 56.65
600 400 0.500 115.8
600 2000 0.500 113.4

*The dimensionless length of the upstream channels equals 0.9.

Figure 10. Response function f as a function of dis-
tance between the downstream channels.

Curves 1–4 are obtained at b/a ¼ 0.5. Curves 1a–4a are
obtained with the fitting function given by Eq. 29. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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equalizing the fluid flow. Therefore, it is recommended to
use the diffusers with expansion angle close to 1808 (sudden
expansion) to minimize the dead volume of the header. The
problem of flow equalization in a thick-walled screen at low
Reynolds numbers reduces to that of flow equalization in the
first (topmost) and second downstream channels of the thick-
walled screen. In turn, this requires flow equalization in the
corresponding cross sections of upstream channels, which
can be modeled by rectangular- and parallel-plate geometries.
The influence of different design parameters of a thick-
walled screen on the flow nonuniformity has been analyzed
by performing a CFD study. At least eight upstream channels
with a width of 300 mm are required per 1 cm of width of a
thick-walled screen to provide a flow nonuniformity < 0.2%.
The width of the upstream channels can be increased to 600
mm. However, this will double the flow nonuniformity and
will shift the optimum distance between a top wall of the
topmost downstream channel and a side wall of the upstream
channel to higher values. The proposed screen configuration
can minimize the ratio of the maximum flow velocity to the
minimum flow velocity from 2 to 1.005 for a wide range of
Reynolds numbers, which in turn can improve the perform-
ance of a downstream microreactor.
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Notation

A ¼ cross-sectional area of a fluid channel, m2

a ¼ distance between two neighboring downstream channels, m
b ¼ distance in cross-sectional view between a top wall of the first

downstream channel and a side wall of the upstream channel, m
c ¼ width of the upstream channels, m
d ¼ height of the downstream channels, m

Dh ¼ hydraulic diameter (¼4A/P), m
fF ¼ fanning friction factor (¼2tw/rn

2)
F ¼ open cross section, m2

G ¼ hydraulic conductance (¼ADh
2/2lupZPo), m

4 s kg�1

h ¼ distance between two neighboring upstream channels, m
l ¼ channel length, m
l* ¼ relative length (the length to hydraulic diameter ratio) (¼l/Dh)
m ¼ number of the upstream channels
N0 ¼ Coriolis’s coefficient (a ratio of true kinetic energy to kinetic

energy calculated based on average flow velocity) (¼$A0
w3dA/

w0
3A0)

n ¼ number of the downstream channels
P ¼ perimeter of the channel, m

Dp ¼ pressure drop, kg m�1 s�2

Po ¼ Poiseuille number (¼ADh
2Dp/2ZlupQ)

Rj
* ¼ relative flow difference parameter, % ([(vj

* � vj
un)/�v] � 100). It

compares the flow difference in the downstream channels when a
prescribed flow profile (* ¼ par, el) was applied in the upstream
channels instead of the uniform profile.

Re ¼ Reynolds number (¼�vrDh/Z)
Q ¼ volumetric flow rate (¼�vA), m3 s�1

t ¼ aspect ratio
vj ¼ area-averaged velocity at the outlet of downstream channels j, m/s
�v ¼ mean velocity over all outlets of the downstream channels, m/s
w ¼ velocity in the upstream channels, m/s
�w ¼ mean inlet velocity over all upstream channels, m/s

xþ ¼ dimensionless length of the channel (¼l/DhRe)
z ¼ height of a upstream channel, m

Greek letters

a ¼ expansion angle of the flow diffuser, 8
d ¼ flow nonuniformity index (¼(100/�v) � [Sj¼1

n(nj � �v)2]/(n � 1)),
%

w* ¼ overall outlet flow difference parameter [¼(100/n �v) � Sj¼1
n |nj

*

� nj
un|], %. It compares the flow difference in the downstream

channels when a prescribed flow profile (* ¼ par, el) was
applied in the upstream channels instead of the uniform profile.

ej ¼ flow difference in channel j relative to the mean flow in all
downstream channels (¼nj � �v)

Z ¼ fluid viscosity, kg m�1 s�1

n ¼ cross-sectional average velocity [¼(1/A) $A vdA], m s�1

r ¼ fluid density, kg/m3

O ¼ flow nonuniformity index h¼([1/(a2 � a1)] $a1
a2 f da) � 1i

z ¼ drag coefficient of the screen
tw ¼ mean wall shear stress [¼(Dh/4)(dp/dl)], kg m�1 s�2

Superscripts

cr ¼ critical
opt ¼ optimal
el ¼ elongated

par ¼ parabolic
un ¼ uniform

Subscripts

d ¼ diffuser chamber
dwn ¼ downstream channels

i ¼ upstream channel number
j ¼ downstream channel number
o ¼ inlet flow duct

rel ¼ relative
max ¼ maximum
sc ¼ screen
up ¼ upstream channel
1 ¼ above the A12 plane
2 ¼ between the A12 and A23 planes
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Oxidation of organic compounds in a microstructured catalytic reactor
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bstract

A microstructured catalytic reactor for the oxidation of organic compounds has been fabricated from aluminum alloy AlMgSiCu1 (6082 series,
l51st). The catalyst section was assembled of 63 microstructured plates with catalytic coating. In each plate of 416 �m thickness, 45 semi-

ylindrical microchannels of 208 �m in radius with a distance in between of 150 �m were electrodischarge machined. A porous alumina layer of
9 ± 1 �m thickness was produced on the plates by anodic oxidation. The resulting coatings were impregnated with an aqueous solution of copper
ichromate followed by drying and calcination at 450 ◦C to produce active catalysts. Kinetics of deep oxidation of organic compounds n-butane,
thanol, and isopropanol was studied in the reactor at 150–360 ◦C and of 1,1-dimethylhydrazine (unsymmetrical dimethylhydrazine, UDMH) at
00–375 ◦C. Intermediate reaction products in the reactions of alcohols and UDMH oxidation were identified. For UDMH, these are methane,

imethylamine, formaldehyde 1,1-dimethylhydrazone, and 1,2-dimethyldiazene. Nitrogen atoms from the UDMH and N-containing intermediates
ere shown to convert mainly to N2. Kinetic parameters of the reactions of n-butane and alcohols (rate constants and apparent activation energies)
ere calculated using kinetic modeling based on a modified method of quickest descent.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Since their first appearance in the 1990s, microstructured
eactors (microreactors) have found the numerous areas of appli-
ation in chemical research, development and production due
o a number of their advantages compared to conventional reac-
ors, such as miniature dimensions, more precise process control
ptions, higher efficiency and safety [1,2]. One of the examples
f processes successfully realized in catalytic microreactors is
as phase oxidation of various compounds, both partial and deep,
ith such goals as thermal energy production [3,4], generation
f H2 to be further used in the fuel cells and other types of
ower systems [5,6], purification of air from hazardous volatile
rganic compounds (VOCs) [7,8], synthesis of valuable chemi-
als [9,10], etc., as well as kinetic studies of the relevant reaction
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

echanisms [11–13]. In the latter case, one can rely upon such
nique features of microreactors as high uniformity of tempera-
ure and concentration profiles among the microchannels, as well

∗ Corresponding author. Tel.: +7 383 330 62 19; fax: +7 383 339 73 52.
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−
d
h
T
f
U
a

385-8947/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2007.07.036
n; Copper chromite; Catalytic combustion; n-Butane; Ethanol; Isopropanol;

s possibility to function in the kinetic rate-controlling regime
n wide temperature range [1,2]. Though the mechanisms of
as phase oxidation of several types of compounds in catalytic
icroreactors have been extensively studied, including hydro-

en [11], ammonia [12], carbon monoxide [13], there is still very
imited information about the oxidation of organic compounds
14,15].

In this paper, we present results on kinetic testing of a
icrostructured catalytic reactor with Cu–Cr oxide catalyst

upported on anodized aluminum plates, developed for the
tudy of total catalytic oxidation of organic compounds.

odel compounds with high heat of combustion, such as
-butane (�Hc,gas = −2877.5 kJ/mol), ethanol (�Hc,liq =
1367.6 kJ/mol), isopropanol (�Hc,liq = −2006.9 kJ/mol),

nd unsymmetrical dimethylhydrazine (UDMH, �Hc,liq =
1978.7 kJ/mol) were selected for the study, representing

ifferent classes of organic compounds—alkanes, alcohols, and
ydrazine derivatives. Special attention was paid to UDMH.
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

his compound is a component of the high-energy propellant
or liquid-fueled rockets used in Russia, China, and the U.S.
DMH is a highly toxic compound, close to chemical warfare

gents according to its effect on biological objects. The

dx.doi.org/10.1016/j.cej.2007.07.036
mailto:zri@catalysis.ru
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aximum allowable concentration for UDMH is 0.1 ppm. The
.S. National Institute for Occupational Safety and Health

ecommends an exposure limit of 0.06 ppm (0.15 mg/m3)
s a ceiling concentration [16]. In Russia the maximum
llowable concentration is 0.1 mg/m3 for working areas and
.001 mg/m3 for populated areas [17]. At the moment, there
re no specialized industrial facilities for UDMH treatment,
s well as no reliable treatment technologies for UDMH, its
apors, and waste containing it, that meet economical and envi-
onmental requirements [18]. We believe that for the treatment
f hazardous organic compounds microreactor technology
sing catalytic oxidation is superior to others because of the
ossibilities, first, to prevent the onset of explosive reaction
egimes in microchannels with large surface-to-volume ratios
9,11] and, second, to minimize the occurrence of “hot spots”
y using high heat and mass transfer rates and short contact
imes characteristic for microreactors [12,13]. Furthermore,
ven if the microreactor fails, small quantity of chemicals
eleased accidentally could be easily contained [1,2].

Microreactor was developed at the Eindhoven University of
echnology in several steps using the methods of computational
uid dynamics (CFD) in order to obtain its overall dimensions,
rst, with the minimal pressure and temperature gradients and,
econd, with the maximally uniform flow distribution over the
nlets of microchannels. The first task was accomplished by
sing the initially estimated kinetics of n-butane oxidation on
ndividual microstructured plates [19]. For the second task, an
riginal type of inlet flow diffuser was developed using the
AMBIT 2.0 and FLUENT 6.1 software [20], also account-

ng for some earlier diffuser developments [21]. The goal of
his paper is to study oxidation kinetics of the above-mentioned
rganic compounds in the microreactor, with variation of initial
oncentrations of oxidized compounds and oxygen, gas hourly
pace velocity (GHSV) and catalyst temperature, and to apply
inetic modeling for the calculation of reaction rate parameters.

. Experimental

.1. Microstructured plates

The aluminum alloy AlMgSiCu1 (6082 series, Al51st) was
elected as base microreactor material due to its high heat
onductivity and the possibility to prepare a strong porous
lumina layer by anodic oxidation. For the microreactor fab-
ication, Al51st plates with a length of 40 mm and a width
f 26.62 mm were taken. These plates, being electrodischarge
achined (EDM) by the method of “two incisions”, provided
surface roughness of microchannel walls (Ra) below 2.0 �m,
hich was impossible to obtain with pure aluminum. In each
late of 416 �m thickness, 45 semi-cylindrical microchannels
f 208 �m in radius with a distance in between of 150 �m were
achined [19].
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

.2. Coating development

Porous alumina layer was produced by anodic oxidation of
he microstructured Al51st alloy plates in 3.5 wt.% oxalic acid

b
i
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olution at 1.0 ± 0.1 ◦C for 23 h under current-controlled condi-
ions. The produced alumina layer has cylindrical pores with an
verage diameter of ca. 40 ± 5 nm and a uniform thickness of
9 ± 1 �m. The used method of anodic oxidation is described
n detail in [19].

.3. Catalyst preparation

Method of catalyst preparation was developed and optimized
n [19]. Microstructured Al51st alloy plates with the anodic alu-

ina layer were degreased with acetone and calcined at 300 ◦C.
atalysts were prepared by impregnation of these plates by an
queous solution of copper dichromate (410 mg/ml) for 20 min.
hen, the excess solution was wiped off with filter paper, fol-

owed by drying under an IR lamp for 1 h and calcination at
50 ◦C for 4 h. Characterization of the catalytic coatings by X-
ay photoelectron spectroscopy (XPS), electron spectroscopy
f diffuse reflectance (ESDR), chemical analysis, and X-ray
icroprobe analysis showed that the catalyst contains uniformly

istributed Cu(II) and Cr(III) oxides having total content of
wt.% with respect to the mass of alumina layer [19].

.4. Microreactor assembling

Microreactor catalyst section is assembled from 63
icrostructured plates with catalytic coatings. This section has
size of ca. 27 mm × 34 mm × 40 mm and contains 2835 semi-
ylindrical microchannels. Microreactor has inlet section with a
pecially designed flow diffuser to achieve maximally uniform
eaction mixture velocity distribution at the entrance of each
icrochannel [20,22] and an outlet quench section cooled by
ater and ethylene glycol to decrease the temperature of gases

eaving catalyst section, thus preventing subsequent homoge-
eous gas phase reactions (Fig. 1).

.5. Experimental setup

Microreactor is connected to an automatic PC-interfaced
xperimental setup equipped with the digital mass-flow con-
rollers (Bronkhorst Hi-Tec) for preparation and supply of
eaction mixtures and with the temperature controllers. Supply
f liquid vapors was performed using saturator with helium as
carrier gas. All the gas lines are placed inside air thermostat
eated to 60 ◦C, where temperature control of all the principal
nits is provided by a controller “Varta TP 403” and registra-
or “Oven UKT 38” using chromel–alumel thermocouples with
n accuracy of 0.1 ◦C. Temperature control in the resistively
eated microreactor is performed by a controller “West 6100+”
nd registrator “Voltcraft K204 Datalogger” via another group of
hromel–alumel thermocouples, also with an accuracy of 0.1 ◦C.
rior to each daily experiment, catalyst in the microreactor has
ndergone oxidative pretreatment cycle for 1 h using approxi-
ately the same mixture composition of O2 and inert gas (N2 for
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

utane, ethanol, and isopropanol; He for UDMH) as afterwards
n the experiment with addition of organic compound to be oxi-
ized, and at the maximal value of temperature to be reached in
xperiment.

dx.doi.org/10.1016/j.cej.2007.07.036
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n-butane conversion on GHSV (Fig. 2), temperatures (Fig. 3)
and initial concentration of oxygen were found to be in agree-
ment with the first and almost zeroth reaction rate orders
of n-butane and oxygen, respectively, and the rate constants
ig. 1. Cross-section of the catalytic microstructured reactor with photos of its
nlet region of microstructured catalytic plates assembled in the housing, quenc

Analysis of the reaction mixtures before and after reactor
as performed with a gas chromatograph “Kristall-2000M”

quipped with simultaneously operating thermal conductivity
etector (TCD) and flame ionization detector (FID).

On the TCD, a stainless steel chromatographic column with
iameter of 3 mm and length of 2 m (3 mm × 2 m) with active
arbon “SKT” was used for separation and analysis of CO2 and
2O. Similar column with NaX molecular sieves was used for

he analysis of O2, N2, and CO.
For analysis of n-butane and alcohols with FID, a stainless

teel chromatographic column of 3 mm × 1 m with the sorbent
HayeSep Q-S” was used. Analysis of unsymmetrical dimethyl-
ydrazine and products of its oxidation was performed using a
tainless steel column of 2 mm × 3 m with a “Tenax” sorbent.

. Results and discussions

.1. n-Butane oxidation

Oxidation of n-butane with air was studied at initial concen-
ration of 0.2 mmol/l, GHSV in the range of 1600–10,700 h−1,
emperature 150–360 ◦C. The dependencies of n-butane conver-
ion on space velocities and temperatures are shown in Fig. 2.
omparison of curves 2 and 3 in Fig. 2 shows that presence of

he inlet flow diffuser improves n-butane conversion by sev-
ral % in the whole studied temperature range (example at
HSV = 5360 h−1). This is in qualitative accordance with what

s expected based on modeling of such diffuser [20,22] and
lready tested experimentally in the similar types of microre-
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

ctors [21]. Oxidation of n-butane proceeds with the formation
f deep oxidation products CO2 and H2O in the whole tem-
erature range (Fig. 3). No products of partial oxidation were
etected.

F
m
v
1

dual parts: vertical and horizontal microchannel sections of inlet flow diffuser,
ion with coolant inlet and outlet.

It is known from literature that the Langmuir–Hinshelwood
L–H) type of mechanism is often assumed for the reactions
f heterogeneous catalytic oxidation of gaseous organic com-
ounds, such as alkanes, alcohols, and nitrogen-containing ones
see for example [19] and references therein). By applying the
–H approach, the reaction rate order of n-butane for its deep
atalytic oxidation in the excess of oxygen is close to unity,
hile for the oxygen this order is close to zero [23,24]. In

he case of our microreactor, the observed dependencies of
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

ig. 2. n-Butane conversion vs. temperature upon oxidation with air in the
icroreactor at initial n-butane concentration 0.2 mmol/l and different GHSV

alues: (1) 1600 h−1, (2) 5360 h−1, (3) 5360 h−1 without inlet flow diffuser, (4)
0,700 h−1; GHSV calculated with respect to the volume of catalyst coating.

dx.doi.org/10.1016/j.cej.2007.07.036
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ig. 3. n-Butane concentration (1), CO2 concentration (2), and n-butane con-
ersion (3) vs. temperature upon oxidation in the microreactor with air at initial
-butane concentration 0.2 mmol/l and GHSV = 5360 h−1.

were accordingly calculated using the plug flow approxi-
ation.
The Arrhenius plots of calculated dependencies of ln k versus

/T for different values of GHSV in the microreactor are shown
n Fig. 4 and compared to the one of reference pelletted catalyst
7 wt.%CuCr2O4/Al2O3 with a granule size of 1.0–1.6 mm. The
esults show that at low temperatures (below 280 ◦C, on the right-
and side from respective projection on 1/T axis) activity of the
elletted catalyst is 1.5–2 times more than that of the microstruc-
ured catalyst containing 5 wt.% active component. At higher
emperatures the microstructured catalyst exhibits higher effi-
iency probably due to the absence of diffusion limitations (this
s commented further), while the presence of such limitations
internal and external) may affect the reaction rate in case of pel-
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

etted catalyst at temperatures above 280 ◦C. This can be seen
n Fig. 4 from the decrease of slope of curve 4 by a factor of

on the left-hand side from respective projection on 1/T axis.
he upper temperature limit for the pelletted catalyst shown in

ig. 4. Temperature dependencies of ln k upon n-butane oxidation with air at ini-
ial n-butane concentration 0.2 mmol/l: (1) microreactor, GHSV = 10,700 h−1,
2) microreactor, GHSV = 5360 h−1, (3) microreactor, GHSV = 1600 h−1, (4)
elletted catalyst 17 wt.%CuCr2O4/�-Al2O3, GHSV = 1000 h−1. Projections on
/T axis by dotted lines: temperatures of 280 ◦C (0.0018 K−1), 325 ◦C and
75 ◦C.
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ig. 4 is 375 ◦C, and for the microstructured catalyst it is 325 ◦C.
he latter temperature is shown as the limiting one only for the
raphical simplicity reasons because, in fact, curves 1–3 hold
lmost constant slopes (which, in turn, can be interpreted as the
ontinuing absence of diffusion limitations) up to the highest
emperature used for n-butane oxidation experiments in microre-
ctor, 360 ◦C (Fig. 3). For the experimental safety reasons, this
emperature is approximately 200 ◦C less than the melting point
f Al51st alloy (555 ◦C) used for microreactor fabrication.

Actually, we have shown previously [19] that for the reaction
f butane oxidation over pelletted catalyst the Weisz modulusψ
s below 0.1 at 300 ◦C, indicating the absence of concentration
radients inside granule, but at higher temperatures 350–400 ◦C
his value is over 0.1, which is the evidence that internal dif-
usion has inhibiting effect on the reaction rate. Calculations
how that the value of Weisz modulus remains below 0.1 for the
icrostructured catalyst at temperatures up to 500 ◦C, proving

hat microstructured reactors of this type allow to study intrinsic
inetics in a wide temperature range.

Calculated apparent activation energies of n-butane oxida-
ion are within the range of 71–84 kJ/mol, which is close to the
iterature data [23,24].

.2. Ethanol oxidation

Ethanol oxidation in the microreactor was studied at ethanol
nitial concentration in the proximity of 0.45 mmol/l (1 vol.%),
xygen initial concentrations in the range of 4.5–31.2 mmol/l
10–70 vol.%), GHSV in the range of 1600–10,700 h−1, tem-
erature 150–325 ◦C.

Results of the experiments are shown in Figs. 5–7. At tem-
eratures below 300 ◦C, the reaction products contain CO2 and
lso the products of partial oxidation—acetaldehyde and CO. At
igher temperature (325 ◦C) mainly CO2 is formed, with con-
entrations corresponding to the stoichiometry of ethanol deep
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

xidation. No products of partial oxidation were detected at this
emperature (Fig. 5). To verify the results of GC analysis for the
eaction mixture of ethanol and its oxidation products, carbon
alance data are also included in Fig. 5 for all the temperatures

ig. 5. Temperature dependencies of product concentrations upon ethanol oxi-
ation in the microreactor. Initial concentrations: ethanol 0.45 mmol/l, O2

.9 mmol/l (20 vol.%); GHSV = 5360 h−1.

dx.doi.org/10.1016/j.cej.2007.07.036
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Fig. 6. Temperature dependencies of ethanol conversion upon its oxidation in
the microreactor. Initial concentration of ethanol approximately 0.45 mmol/l
(1 vol.%). Initial O2 concentration variable: (1) 4.5 mmol/l (10 vol.%) (ethanol
1
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.3 vol.%), (2) 8.9 mmol/l (20 vol.%) (ethanol 1.1 vol.%), (3) 22.3 mmol/l
50 vol.%) (ethanol 1.3 vol.%), (4) 31.2 mmol/l (70 vol.%) (ethanol 1.1 vol.%);
HSV = 5360 h−1.

here measurements were made, showing comparison of car-
on atom concentrations (mmol/l) in the reacted C2H5OH versus
otal in the products formed (CO2, CO, and CH3CHO). Carbon
alance appears in overall satisfactory, within relative 10% for
ll the temperatures except for those around 200 ◦C. The latter
argest deviation can be explained by the uncertainties in GC
nalysis of products at low concentrations.

Experiments with variation of initial oxygen concentra-
ion showed that ethanol conversion increases with oxygen
oncentration in the medium- and high-temperature range of
00–325 ◦C (Fig. 6). Some deviations from this general trend are
bserved in the low-temperature range (150–175 ◦C), which will
e explained further by referring to variations (1.1–1.3 vol.%) in
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

he initial ethanol concentration. Thus, by contrast to n-butane,
he reaction rate of ethanol oxidation depends both on the con-
entrations of ethanol and oxygen.

ig. 7. Composition of reaction products vs. temperature upon ethanol oxidation
n the microreactor. Initial concentrations: ethanol 0.45 mmol/l, O2 8.9 mmol/l
20 vol.%); GHSV = 5360 h−1; (1) ethanol, (2) acetaldehyde, (3) carbon dioxide.
he points refer to the experimental data and the lines refer to the results of
odeling.
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Formation of acetaldehyde as the intermediate reaction prod-
ct during ethanol oxidation over conventional noble metal and
xide catalysts was as reported previously [25–28]. On the noble
etal catalysts Pt/Al2O3 [25], Pd/CeO2–TiO2 [28], in addition

o acetaldehyde, the formation of acetic acid and traces of ethyl
cetate and ethylene was observed.

The authors of [26,28] used consecutive reaction schemes for
he interpretation of observed results. According to literature,
eaction includes the following steps:

2H5OH + 1
2 O2 → CH3CHO + H2O (1)

H3CHO + 5
2 O2 → 2CO2 + 2H2O (2)

To obtain formal kinetic equations for the reactions (1) and
2) which would agree with the experimental data, we used soft-
are developed at the Boreskov Institute of Catalysis [29], based
n a modified method of quickest descent. The quality of exper-
mental data fit for every tested hypothetic kinetic model was
stimated by two parameters—the mean absolute deviation of
oncentrations and the relative confidence interval for model
arameters. Criterion of the correctness of obtained results is
he invariability of values of the reaction constants for different
xperimental series.

Based on the analysis of experimental data and on the assump-
ion of consecutive mechanism ((1) and (2)), we suggest the
ollowing kinetic model:

1 = k1CC2H5OHC
N
O2

(3)

2 = k2CCH3CHOC
M
O2

(4)

here Wi (i = 1, 2) are the reaction rates, ki the apparent rate
onstants including the product of pre-exponent and activation
nergy terms ki = k0,i exp(−Ei/RT), Cj the steady-state concen-
ration of reagent j in the gas phase, M and N are the reaction
ate orders by oxygen.

Our calculations showed that the reaction rate orders with
espect to ethanol and acetaldehyde were close to unity. As the
rst step, model with the first orders with respect to oxygen (M
nd N) was proposed (Model 1 in Table 1), but the data fit quality
ppeared to be only moderately good.

Much better results were obtained with Model 2, where reac-
ion orders with respect to oxygen were set as model parameters
o be defined. It was shown that the best fit with experimental
esults was found for Model 2 at values N = 0.4 and M = 0.8.
owever, we also tried Model 3 with fixed orders of 0.5 and 1,

espectively. Fitting quality in this case was only slightly worse
han that for Model 2, but Model 3 seems to be more physically
ound because it is more suited to the logic of mass action law
nd therefore it should be preferred. No special analysis of inter-
orrelation between kinetic constants was performed, though, to
ur experience, in case of good quality of solution (low values
f relative confidence interval, as it is seen in Table 1) the role
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

f such inter-correlation is not dramatic anyway. All available
ata points were used simultaneously for the parameter fit. In
he given case, when all experimental data belong to similar type
f experiments, such approach is reasonable.

dx.doi.org/10.1016/j.cej.2007.07.036
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Table 1
Kinetic parameters for reaction of ethanol oxidation

Model k0,1 (s−1) k0,2 (s−1) E1 (kJ/mol) E2 (kJ/mol)

1 (9.64 ± 1.8) × 109 (1.48 ± 0.19) × 1014 92.2 ± 1.6 143.5 ± 1.1
2 (8.56 ± 0.06) × 107 (9.61 ± 0.69) × 1013 75.8 ± 0.6 142.3 ± 0.8
3 (2.06 ± 0.2) × 108 (3.33 ± 0.4) × 1015 79.1 ± 0.8 157.7 ± 1.0

Model NO2 MO2 Mean absolute deviation of concentrations (%) Mean relative confidence interval for model parameters (%)
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we assume that isopropanol is consumed in the parallel reac-
tion of formation of two intermediates—acetone and propylene,
which are further oxidized to CO2 and water. Based on the
approach similar to one used above for modeling ethanol oxida-
1 1 0.064
0.41 ± 0.04 0.82 ± 0.03 0.044
0.5 1 0.047

The earlier mentioned behavior of ethanol conversion curves
n the low-temperature range of Fig. 6 can be explained by the
ominating effect of reaction step (1) described by Eq. (3) where,
ue to the low conversion, steady-state concentration of ethanol
s high, close to initial one in the proximity of 1 vol.% (compare
ith Fig. 5). For the curves 1 and 3, initial concentration of

thanol is 1.3 vol.%, while for the curves 2 and 4, it is 1.1 vol.%,
nd thus curves 1 and 3 show higher conversion than curves
and 4 because of the higher reaction rates for curves 1 and

, according to the mass action law principle in Eq. (3). Also,
ased on Eq. (3) applied in the low-temperature range, variation
f the initial oxygen concentration seems to make only minor
ontribution to the ethanol conversion, which can be explained
y lower reaction rate order of oxygen compared to ethanol,
s well as by low activity of the catalyst at these temperatures.
ollowing the same logic, in the medium- and high-temperature
ange of Fig. 6, where the steady-state concentration of ethanol
s decreasing and the one of acetaldehyde is increasing with

maximum at 275 ◦C (Fig. 5), conversion of ethanol shows
orrelation with initial oxygen concentration, according to step
2) described by Eq. (4), where the reaction rate order of oxygen
s close to the one of acetaldehyde.

Fig. 7 illustrates good correspondence of the experimental
nd above outlined Model 3 data which can be used for engineer-
ng design of the microreactor. It should be noted that this model
epresents only a simplified reaction scheme and not the detailed
as-surface mechanism, which will require more experimental
ata.

.3. Isopropanol oxidation

Isopropanol oxidation in the microreactor was studied
t isopropanol initial concentration of 0.45 mmol/l, oxy-
en initial concentration in the range of 4.5–31.2 mmol/l
10–70 vol.%), GHSV in the range of 1600–10,700 h−1, tem-
erature 175–325 ◦C.

Oxidation of isopropanol at T < 325 ◦C proceeds also
ith formation of the intermediate products of partial
xidation—acetone and CO. In addition, a parallel reaction
f isopropanol dehydration with propylene formation takes
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

lace (Fig. 8). At T > 325 ◦C mainly the products of deep
xidation—CO2 and H2O are formed.

These results agree with literature data [30,31]. The authors
f [30] studied chemisorption, decomposition, and oxidation of

F
o
O

1.25
5.07
0.83

sopropanol on pure metal oxide catalysts. It was shown that
ll the catalysts with the exception of Fe2O3 and TiO2 exhibited
xtremely high selectivity at low temperatures (200 ◦C) to either
edOx or acidic reaction route products. Redox surface sites
ield acetone and acidic surface sites yield propylene. Accord-
ng to [30], Cu(II) and Cr(III) oxides in the microstructured
atalyst should be responsible for the acetone formation and
cidic sites on the alumina support should catalyze the reaction
f isopropanol dehydration with the formation of propylene.
t higher temperatures, these products are oxidized with the

ormation of CO2 and water.
Literature data and our experimental results allow to propose

he following overall simplified reaction scheme for isopropanol
xidation:

3H7OH → C3H6 + H2O (5)

3H7OH + 1
2 O2 → C3H6O + H2O (6)

3H6 + 9
2 O2 → 3CO2 + 3H2O (7)

3H6O + 4O2 → 3CO2 + 3H2O (8)

In this scheme, neglecting the small amounts of CO formed,
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

ig. 8. Temperature dependencies of product concentrations upon isopropanol
xidation in the microreactor. Initial concentrations: isopropanol 0.35 mmol/l,

2 8.9 mmol/l (20 vol.%); GHSV = 5360 h−1.
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Table 2
Kinetic parameters for reaction of isopropanol oxidation

k0,1 (×107 s−1) 8.32 ± 1.35
k0,2 (×107 s−1) 4.58 ± 0.07
k0,3 (×109 s−1) 6.75 ± 1.47
k0,4 (×1020 s−1) 1.39 ± 0.32
E1 (kJ/mol) 81.1 ± 1.4
E (kJ/mol) 71.6 ± 1.4
E
E

t

W

W

W

W

w
c
e
c
b

o
o
(
e
p
t
o
t

3

t

F
d
8
d

Table 3
Concentrations of products of UDMH oxidation (Cj) and total concentrations
of carbon (C�C) and nitrogen (C�N) (mmol/l) at different temperatures

T (◦C) CCH4 CDMA CDDA CMDMH CCO2 CN2 C�C C�N

200 0.0039 0.12 0.03 0.16 0.028 0.11 0.652 0.720
240 0.002 0.156 0.03 0.09 0.045 0.12 0.599 0.636
260 0.002 0.014 0.12 0.10 0.063 0.14 0.533 0.734

I
G

t
t
o
w
w
m
t

c
8
t
c
r
p
1
h
m
g
o
c
w
o
s

2

3 (kJ/mol) 95.7 ± 1.8

4 (kJ/mol) 210.3 ± 2.1

ion, the following rate equations are proposed:

1 = k1CC3H7OH (9)

2 = k2CC3H7OHC
0.5
O2

(10)

3 = k3CC3H6CO2 (11)

4 = k4CC3H6OCO2 (12)

here Wi (i = 1, 2, 3, 4) are the reaction rates, ki the apparent rate
onstants including the product of pre-exponent and activation
nergy terms ki = k0,i exp(−Ei/RT), Cj is the steady-state con-
entration of reagent j in the gas phase, the reaction rate orders
y oxygen are either 0, 0.5 or 1.

The calculated kinetic parameters for one of the isopropanol
xidation models are given in Table 2. Good correspondence
f the modeling and experimental data is illustrated by Fig. 9
mean deviation of calculated and experimental data was
qual to 0.065%, relative confidence interval for the model
arameters—1.6%). As in the case of ethanol, it should be noted
hat these results can be used for the calculation of concentrations
f isopropanol oxidation products under different conditions in
he microreactor with Cu–Cr oxide catalyst.
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
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.4. Unsymmetrical dimethylhydrazine oxidation

Unsymmetrical dimethylhydrazine (UDMH) oxidation in
he microreactor was studied at an UDMH initial concen-

ig. 9. Composition of reaction products vs. temperature upon isopropanol oxi-
ation in the microreactor. Initial concentrations: isopropanol 0.35 mmol/l, O2

.9 mmol/l (20 vol.%); GHSV = 5360 h−1. The points refer to the experimental
ata and the lines refer to the results of modeling.

t
y
r
t
w

c
c
t
r

d
N
a
b
a
t
i
o
w

i
o

300 0.0005 0.0007 0.16 0.02 0.18 0.17 0.541 0.701

nitial concentrations: UDMH 0.4 mmol/l, O2 8.9 mmol/l (20 vol.%);
HSV = 5360 h−1.

ration of 0.16–0.4 mmol/l, oxygen initial concentration in
he range 8.9–31.2 mmol/l (20–70 vol.%), GHSV in the range
f 5360–10,700 h−1, temperature 200–375 ◦C. UDMH vapors
ere supplied from the saturator with a helium flow and diluted
ith helium and oxygen in the mixer to form initial reaction
ixtures. Helium was chosen for the reason to measure concen-

rations of nitrogen formed from UDMH.
First experiments which were performed at UDMH initial

oncentration of 0.4 mmol/l, oxygen initial concentration
.9 mmol/l (20 vol.%), GHSV = 5360 h−1, and temperature in
he range of 200–300 ◦C, showed that UDMH is completely
onverted to oxidation products already at 200 ◦C, where its
esidual concentration was below 0.001 mmol/l. Oxidation
roducts contain CH4, dimethylamine (CH3)2NH—DMA,
,2-dimethyldiazene CH3–N N–CH3—DDA, formalde-
yde dimethylhydrazone (CH3)2N–N CH2 (alias
ethylenedimethylhydrazine—MDMH), CO2 and nitro-

en. Composition of the reaction products is similar to that
bserved in [32–34] for UDMH oxidation by air over pelletted
atalysts. At the temperature of 300 ◦C only 23% of UDMH
as converted to CO2. Mass balance shows that about 20–30%
f carbon and 10–20% of nitrogen should be in the form of
ome unidentified products (Table 3). Actually, it was found
hat in addition to the above-listed products, formation of the
ellow resinous matter took place, which was deposited in the
eactor outlet section and in the outlet tube, eventually blocking
he gas passage. This resin could be easily removed by washing
ith ethanol.
Further experiments were performed at lower UDMH initial

oncentration (0.16 and 0.3 mmol/l), at higher oxygen initial
oncentration (9.7 and 34.8 mmol/l (21.7 and 78 vol.%)) and in
emperature range extended to 375 ◦C to reduce formation of the
esin. Results of the experiments are given in Figs. 10 and 11.

Results show that at higher temperatures (350–375 ◦C) the
ominating products formed from UDMH are CO2, N2 and
2O (corresponding amounts of H2O were not analyzed). Small

mounts of methane (ca. 0.01 mmol/l) were also detected. Mass
alance of carbon and nitrogen is within the accuracy of GC
nalysis and corresponds to practically total oxidation of UDMH
o CO2. The formed methane is a rather stable compound and
ts complete oxidation is expected to take place at temperatures
ver 400 ◦C. Nitrogen in UDMH is transformed mainly to N2
nic compounds in a microstructured catalytic reactor, Chem. Eng. J.

ith a selectivity of 90% and to N2O with a selectivity of 10%.
These results generally agree with those previously obtained

n experiments performed with a pelletted catalyst of an anal-
gous composition 20 wt.%CuxMg1−xCr2O4/�-Al2O3 [32–34].
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ig. 10. Temperature dependencies of concentrations of UDMH oxidation prod-
cts in the microreactor. Initial concentrations: UDMH 0.16 mmol/l in He–O2

ixture, O2 9.7 mmol/l (21.7 vol.%); GHSV = 11570 h−1.

imilarly, practically complete UDMH conversion to CO2 and
2 was attained over the pelletted catalyst at temperatures over
00 ◦C and comparable amounts of N2O and CH4 were found
n the reaction products.

Methane, MDMH, DMA, and DDA are present in the reaction
roducts in wide temperature range. They are already formed
n significant quantities at 200 ◦C. Based on the presence of
hese compounds at the reactor outlet, and the previous results
32–34], it is possible to suggest a probable L–H type reaction
cheme of UDMH heterogeneous catalytic oxidation, proceed-
ng via the following steps:

CH3)2N–NH2 + [] → [(CH3)2N–NH2]ads (13)

(CH3)2N–NH2]ads + [O]ads → [(CH3)2N N]ads + [H2O]ads

(14)

[(CH3)2N N]ads + [(CH3)2N N]ads
Please cite this article in press as: I.Z. Ismagilov, et al., Oxidation of orga
(2007), doi:10.1016/j.cej.2007.07.036

→ [(CH3)2N–N CH2]ads + [CH3N NH]ads (15)

(CH3)2N–N CH2]ads → CH3–N N–CH3 + [CH2]ads (16)

ig. 11. Temperature dependencies of concentrations of UDMH oxidation prod-
cts in the microreactor. Initial concentrations: UDMH 0.3 mmol/l in He–O2

ixture, O2 34.8 mmol/l (78 vol.%); GHSV = 5360 h−1.
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(CH3)2N–N CH2]ads → (CH3)2N–N CH2 + [] (17)

[(CH3)2N–N CH2]ads + 11[O]ads

→ 4(CH3)2NH + 4CO2 + 2H2O + N2 + N2O + 15[]

(18)

CH3N NH]ads → CH4 + N2 + [] (19)

[CH3N NH]ads + 9[O]ads

→ 2CO2 + 4H2O + N2 + N2O + 11[] (20)

here [ ] denotes the active site of catalyst.
The proof of this mechanism and its elucidation still requires

dditional research.

. Conclusions

Kinetics of deep oxidation of organic compounds (n-butane,
thanol, and isopropanol) was studied in a microstructured
eactor with Cu–Cr oxide catalyst in the temperature range of
50–360 ◦C. Intermediate reaction products in the reactions of
lcohols oxidation were identified and reaction schemes were
roposed. Kinetic parameters of the reactions (rate constants
nd apparent activation energies) were estimated using kinetic
odeling based on a modified method of quickest descent.
Kinetic studies of oxidation of unsymmetrical dimethyl-

ydrazine (UDMH) were performed in the temperature
ange of 200–375 ◦C. Intermediate reaction products were
dentified (methane, dimethylamine, formaldehyde 1,1-
imethylhydrazone, and 1,2-dimethyldiazene) and a probable
eaction scheme was proposed. UDMH was shown to convert
ainly to N-containing organic compounds at temperatures

elow 300 ◦C, but mainly to CO2, H2O, and N2 at higher
emperatures of 350–375 ◦C. In summary, this work provides
ne of illustrative examples how the microreactors can be
uccessfully used for catalytic oxidation of organic compounds,
hich can be applied for energy production, safe and efficient

batement of hazardous VOCs, as well as for kinetic studies of
hese reactions.
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Ethanol adsorption–desorption isotherms on well-organized mesoporous silica and titania films with
hexagonal pores structure were studied by ellipsometric porosimetry. The mesopore volume was calcu-
lated from the change of the effective refractive index at the end points of the isotherm. An improved
Derjaguin–Broekhoff–de Boer (IDBdB) model for cylindrical pores is proposed for the determination of
the pore size. In this model, the disjoining pressure isotherms were obtained by measuring the thickness
of the ethanol film on a non-porous film with the same chemical composition. This approach eliminates
uncertainties related to the application of the statistical film thickness determined via t-plots in previous
versions of the DBdB model. The deviation in the surface tension of ethanol in the mesopores from that of
a flat interface was described by the Tolman parameter in the Gibbs–Tolman–Koening–Buff equation. A
positive value of the Tolman parameter of 0.2 nm was found from the fitting of the desorption branch of
the isotherms to the experimental data obtained by Low Angle X-ray Diffraction (LA-XRD) and Transmis-
sion Electron Microscopy (TEM) measurements in the range of pore diameters between 2.1 and 8.3 nm.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Ellipsometric porosimetry

One of the main challenges in using microstructured reactors
for heterogeneously catalyzed gas-phase and multiphase reactions
is the characterization of the catalytic active phase. The specific
surface area in microstructured reactors is generally increased by
applying thin porous coatings on the channel walls [1]. Then, the
porous layer can be made catalytically active. However, the perfor-
mance of such catalysts is extremely dependent on the character-
istics of the pore volume such as the total porosity, pore size
distribution, and porous structure before and after catalysts depo-
sition. The properties of catalytic thin films deposited onto a sub-
strate surface sharply differ from the bulk properties of the
material [2,3], therefore characterization of similar pelletized
materials cannot provide reliable information.

Consequently, much development has recently taken place for
mesoporous film characterization through techniques as Positron
Annihilation Lifetime Spectroscopy [4,5] (PALS), Small Angle Neu-
tron and X-ray Scattering (SANS, SAXS), X-ray reflectance, and
Rutherford backscattering spectroscopy [6–9]. Most of these tech-
ll rights reserved.

fax: +31 (0) 40 244 6653.
).
niques can yield precise information on the porosity and pore size
distribution, but the interpretation of the ratio of the open/closed
pores in a film, which is a fundamental parameter, is not always
straightforward. On the other hand, the potential in using optical
methods, such as ellipsometric porosimetry [10], for resolving
microstructural and dynamic information has not fully been
exploited yet. In most cases when ellipsometry is applied in mate-
rial science, it has been used for determination of the film thick-
ness. The potential in using ellipsometry data for resolving
microstructural information has not fully been exploited in the lit-
erature so far.

The principle of ellipsometric porosimetry is based on the eval-
uation of the optical characteristics of a porous film during the va-
por adsorption in the pores. Ellipsometric porosimetry is more
informative in comparison to classical adsorption porosimetry,
and is much simpler than, for example, SANS or positron annihila-
tion methods [11]. In addition to structural characteristics, the heat
of adsorption of volatile adsorbates on different surfaces can also
be determined via the measurement of the optical characteristics
at different temperatures [12–14].

1.2. Data processing

The Kelvin condensation model is widely used for the character-
ization of porous structures, especially for mesoporous solids,

mailto:J.C.Schouten@tue.nl
http://www.sciencedirect.com/science/journal/13871811
http://www.elsevier.com/locate/micromeso
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while a few authors have reported its underestimation of the pore
size in the nanometer region [11,15–18]. Despite that, the Kelvin
model was often applied with ellipsometric porosimetry, when
methanol, ethanol, or water were used as adsorbates due to the
lack of another appropriate model that is accurate enough for mes-
opores as well as handy enough for widespread use [11,19,20].
Dependence of the relative pressure p/p0 on the meniscus curva-
ture is described by the Kelvin equation:

RT ln
p
p0
¼ 2mLc cos h

RP
; ð1Þ

mL is the molar volume of the liquid, c is the surface tension at the
solid/liquid interface, R is the universal gas constant, and T is the
temperature [21].

At the same time, the pore size can be calculated from the
adsorption (or desorption) isotherms in terms of the conventional
capillary condensation methods. For example, the methods sug-
gested by Barrett, Joyner, and Halenda (BJH) [22] and by Derjaguin,
Broekhoff, and de Boer (DBdB) [21] for estimating the mesopore
size, were implemented in various studies. A considerable
improvement in the pore range between 2 and 6 nm was achieved
by the Kruk–Jaroniec–Sayari (KJS) approach [23]. These authors ap-
plied a modified form of the Kelvin equation which incorporates
the statistical film thickness (t, adsorbed film on the pore walls)
via the Harkins–Jura equation of the following form:

t
p
p0

� �
¼ 0:1 � 60:65

0:03071� log p
p0

" #0:3968

; ð2Þ

where t is the thickness in nm measured on a macroporous support.
Neimark et al. demonstrated that the modification of the classi-

cal DBdB theory for capillary condensation/evaporation in meso-
porous systems, by taking into account the dependence of the
surface tension and the disjoining pressure on the pore wall curva-
ture, results in a much better agreement between theory and
experiment for a wide range of mesopores [24,25]. According to
the classical DBdB theory, the desorption from an open-ended
cylindrical pore with a radius RP and a thickness of the adsorbed
film h is determined by the balance of the capillary and disjoining
pressures [26,27]:

PðhÞmL þ
cmL

RP � h
¼ �RT ln

p
p0
: ð3Þ

Eq. (3) contains the disjoining pressure isotherm, P(h), on a flat
(non-porous) film with the same thickness h as in the pore. By
assuming the complete wetting of the surface, Churaev et al.
[28,29] proposed the following form for the disjoining pressure iso-
therm of the liquid film at the surface of a solid:

P1 exp
�h
k1

� �
¼ �RT

mL
ln

p
p0
; ð4Þ

where P1 is the strength of the surface force field (which depends
on the surface hydrophilicity, or in other words on the number of
hydroxyl groups per unit of surface area) and k1 is the decay length
(k1 characterizes the range of structural forces action). This form of
isotherm can be used for surfaces characterized by weak interaction
with the adsorbed medium, e.g. for adsorption of toluene on meso-
porous silicas [30]. Then, the disjoining pressure isotherm P(h) for
the liquid absorbate film in a pore is given as follows:

P1 exp
�h
k1

� �
þ c

RP � h
¼ �RT

mL
ln

p
p0
: ð5Þ

Currently, it is generally accepted that the surface tension for a
curved surface of radius q c(q), on a liquid–vapor interface de-
pends essentially on the radius of the curvature, q, for all sizes
within the mesopore range [31]. The change in the surface tension
in cylindrical mesopores as compared to that on a flat surface is
described by the Gibbs–Tolman–Koening–Buff (GTKB) equation
[32–34]:

cðqÞ
c1
¼ 1� d

q
; ð6Þ

where c1 is the surface tension for the bulk fluid on a plane surface,
and d is the Tolman length, which is defined as a curvature-correc-
tion coefficient in the surface tension of a liquid droplet or a film (in
other words, the Tolman length describes the separation between
the equimolar surface and the surface of tension). This approach
is widely adopted in literature and remains today a commonly-used
method for treating adsorption phenomena.

1.3. The Tolman length

In agreement with recent density functional theory (DFT) and
molecular simulations, it is generally accepted that the Tolman
length is positive for a gas bubble surrounded by a liquid [35–
38]. However, in several studies, d was predicted to be negative
(it means that the surface tension of a large droplet is greater than
that of the planar one) [39–41]. Miyata et al. [33] suggested that d
has a negative value for a liquid film on a curved solid wall. Using
density functional theory, Stecki and co-workers [42,43] investi-
gated the effect of the wall curvature on the surface tension at
the liquid–solid interface. They showed that for a fluid in contact
with a hard wall, the Tolman parameter can be either positive or
negative depending on the bulk density of the fluid and the tem-
perature. For a fluid near a hard wall, Bryk et al. obtained a nega-
tive Tolman length [44]. While the sign of d is still controversial
due to a lack of experimental data [45], the magnitude of d was
predicted to be on the order of the molecular size of the adsorbate
or the liquid-phase intermolecular distances, i.e. 0.2–0.4 nm for
small (mono- and di- and tri-atomic) molecules [32]. This predic-
tion was recently confirmed by various quasi-thermodynamic
and statistical–mechanical approaches. A Tolman length of
0.3 ± 0.1 nm was reported for argon and nitrogen [34,46,47]. A con-
stant value of d of 0.16 nm was reported for water by Gurkov et al.
[48]. For water at a water/gas interface, the Tolman length in-
creases from 0.12 to 0.28 nm [49] as the temperature increases
from 372 to 615 K. A Tolman length of 0.46 nm at a saturated
hydrocarbon/gas interface was found to be almost constant for
all paraffins from n-C5H12 to n-C17H36 [48]. The latter means that
the ratio of the Tolman length to the molecular diameter decreases
as the range of interaction between molecules becomes larger. This
conclusion was recently confirmed by means of large-scale molec-
ular dynamics simulations [50]. The strength of intermolecular
interactions can significantly affect the magnitude of the Tolman
length. When the range of interaction is longer than five molecular
diameters (e.g. for non-polar fluids), the Tolman length is on the
order of a few hundredths of the molecular diameter, which is
much smaller than previously reported.

An improved Derjaguin–Broekhoff–de Boer model (IDBdB) with
cylindrical pores was applied in earlier studies to describe the
adsorption equilibrium [33,47]. This model takes into account both
the thickness of the liquid adsorbate film and the deviation in surface
tension of the liquid adsorbate in the mesopores from that on a flat
interface. However, previous studies rely on the assumptions made
either on the Tolman length [33] or adsorbate film thickness [47].

The main purpose of this work is to demonstrate the applicabil-
ity of an improved Derjaguin–Broekhoff–de Boer model for deter-
mination of the pore size distribution of different mesoporous
thin films in a wide range of pore diameters. Recent progress in
the synthesis of silica and titania mesoporous thin films [51–54],
with monosized cylindrical pores ranging between 2 and 9 nm, al-
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lows us to make a major improvement in the IDBdB model. In this
study, the film thickness was directly measured by ellipsometry on
non-porous films with the same chemical composition. This ap-
proach eliminates uncertainties related to the application of the
statistical film thickness determined via t-plots in previous ver-
sions of the IDBdB model, which in turns allows considerably in-
crease of the accuracy in the determination of the Tolman length.

2. Description of adsorption and desorption models

2.1. Adsorption model

The relation between the critical film thickness during sponta-
neous condensation and the capillary radius as a function of the
relative pressure for an open-ended cylindrical pore is determined
by a system of algebraic Eq. (7) [47]:

c1ðRP�h�2dÞ
ðRP�hÞ3

� P1
k1

expð�h
k1
Þ ¼ 0;

c1ðRP�h�dÞ
ðRP�hÞ2

þP1 expð�h
k1
Þ ¼ � RT

mL
ln p

p0

8<
: : ð7Þ

The solution of the system of Eq. (7) requires the parameters for
the disjoining pressure isotherms: the strength of the surface force
field (P1) and the decay length (k1). These parameters have been
obtained on non-porous flat films with the same chemical compo-
sition. In other words, the curvature effects of the solid–fluid po-
tential are not considered in these isotherms. In an earlier study,
Kowalczyk et al. [47] reported that for mesoporous materials such
approach seems to be correct, as they did not observe any differ-
ences between the data obtained by this approach and those sim-
ulated via DFT methods.

2.2. Desorption model

The desorption of an adsorbate from a cylindrical pore is deter-
mined by the Derjaguin equation (Eq. (8)) [55]:

�RT ln
p
p0
¼

2mLc1 1� 2d
RP�h

� �
þ 2mL

RP�h

R RP
h ðRP � hÞPðhÞdh

RP � h
: ð8Þ

Following the approach of Miyahara et al. [34], we applied the GTKB
equation for the spherical interface in Eq. (8). The thickness of the
adsorbate film (h) on the pore walls is given by Eq. (9) [34]:

�RT ln
p
p0
¼ PðhÞmL þ

mLc1 1� d
RP�h

� �
RP � h

: ð9Þ

Combination of Eqs. (8) and (9) gives a relation between the critical
film thickness and the critical capillary radius during desorption as
a function of p/p0.

The only unknown parameter is, therefore, the Tolman length.
From the preceding section, it can be concluded that this parame-
ter can be either positive or negative depending on the bulk den-
sity of the fluid and its magnitude for small molecules varies
between 0.15 and 0.4 nm. In this paper, we calculated the conden-
sation and evaporation curves for ethanol adsorption on mesopor-
ous thin films with several values of the Tolman parameter d to
obtain the best agreement with experimental XRD, TEM, and
porosity data, the latter being obtained by ellipsometric
porosimetry.
3. Experimental

Usually, high vacuum systems are used for ellipsometric poros-
imetry measurements. The necessity to provide a smooth change
of the pressure in the mbar range considerably increases the stabil-
ization time required to reach the intended pressure set-points.
Furthermore, heat transfer from the sample holder to the substrate
containing the thin film is extremely slow at low pressures. This re-
quires that the substrate material be polished from its back side
before the measurements, which increases the costs and the time
on sample preparation. In this work, we present a novel design
of a flow cell for in situ ellipsometric measurements at ambient
pressure. Furthermore, there is a possibility to measure the kinet-
ics of the adsorption process when a surface comes into contact
with an adsorbent and a new steady state coverage is reached.

3.1. The optical flow cell

Fig. 1 shows the experimental set-up which consists of a gas
mixture preparation section, a flow cell with the sample holder,
and an analysis system.

The temperature of the measurements was fixed at 287 ± 0.2 K,
unless mentioned otherwise. This temperature was easily main-
tained with a high precision by a continuous flow of cooling gas
(air) and an electrical heater positioned inside the sample table.
Ethanol (99.99%) was chosen as the liquid adsorbate because its
saturated vapor pressure at 287 K can provide a similar number
of data points on the adsorption (and desorption) isotherms as that
obtained in nitrogen adsorption studies. The temperature of the
outer shell of the flow cell was kept at 303 K. To cover the whole
range of the required liquid flow rates, two liquid flow controllers
l-FLOW L01 (Bronkhorst B.V.) for the 25–500 mg h�1 range and LI-
QUI-FLOW� L13 (Bronkhorst B.V.) for the 0.5–10 g h�1 range were
used (see Fig. 1). Both controllers were with a turndown of 1:20
and a setting time of 4 and 2 s, respectively. A gas flow controller
provided flow rates for He between 0.1 and 2.0 L min�1 (STP) with
a turndown of 1:20 and a setting time of 2 s. The ethanol and He
flows were mixed in a CEM system (Controlled Evaporation and
Mixing, Bronkhorst B.V.) maintained at 343 K. As a result, ethanol
was evaporated and mixed with the He flow. The lowest partial
pressure of ethanol was 0.10 mbar corresponding to a p/p0 ratio
of 0.0025 and the highest one, calculated from Antoine’s equation
[56], was 39 mbar corresponding to a p/p0 ratio of 0.95. A gas flow
rate in excess of 0.4 L min�1 (STP) was required for stable opera-
tion, far too large to maintain the temperature of the flow cell with
high accuracy. Therefore, the flow was split up into two streams
and the flow to the cell was controlled at 150 mL min�1 (STP) by
an additional mass flow controller. The pressure in the cell was
maintained at 1.05 bar (just above the highest possible atmo-
spheric pressure) by a back pressure controller. To condense etha-
nol from the outlet streams, a temperature of 243 K was
maintained in the condensing loops by a Lauda thermostat.

3.2. Sample pretreatment and optical measurements

Two samples of mesoporous titania films with different pore
sizes (referred to as samples MT1 and MT2) and one with a meso-
porous silica film (referred to as sample MS1) deposited on silicon
substrates of 10 � 10 mm2, were investigated. The samples were
obtained using non-ionic surfactant Pluronic F127 as a template,
Ti(O-iPr)4 and TEOS as Ti- and Si-source, respectively, and ethanol
as a solvent. The detailed procedure of the sample preparation is
described elsewhere [53,54]. Similar non-porous titania and silica
films were prepared by the same method without addition of the
surfactant (referred to as NT and NS for titania and silica films,
respectively). Those were used to determine the thickness of the li-
quid ethanol film as a function of its relative pressure.

Prior to adsorption, all samples were pretreated following the
procedure shown in Fig. 2a and b. The dynamics of the ellipsomet-
ric signal (W/D) during the pretreatment steps are shown in Fig. 2c.

At first, the samples were evacuated (pressure profile is shown
in Fig. 2a), then heated to 573 K with a heating rate of 10 K/min fol-



Fig. 1. Schematic view of the ellipsometric porosimetry flow cell set-up: (1) and (5) gas mass flow controllers, (2) and (3) liquid flow controllers, (4) ethanol evaporator, (6)
light source of the ellipsometer, (7) detector, (8) back pressure controller, (9) vacuum pump, (10) flow cell, (11) sample table. (T1)–(T5) temperature sensors. An enlarged
view of the sample holder is shown in the frame.

Fig. 2. The sample pretreatment procedure: (a) pressure, (b) temperature, and (c)
ellipsometric signal (W/D) as a function of the pretreatment time.
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lowed by a dwelling interval of 30 min (temperature profile is
shown in Fig. 2b). The residual pressure was maintained in the
range of 0.08–0.10 mbar during the pretreatment step. To improve
the heat exchange between the substrate and the sample holder, a
He flow of 1 mL min�1 was released into the cell just below the
sample. Then, the sample was cooled down to 287 K with a cooling
rate of 10 K min�1 and the cell was filled with helium till 1.05 bar.
After pressure equalization, the cell was closed and the ethanol
flow was set at the lowest set-point. After an equalization time
of 20 s, a flow of 150 mL min�1 was directed to the cell and the
adsorption kinetics was monitored by a Woollam M-2000F, EC-
400 ellipsometer with a polarised He–Ne laser beam with a wave-
length of 633.5 nm incident at an angle of 68.00 ± 0.01� in relation
to a plane normal to the surface.

The need to measure the thickness of very thin films, and to
characterize thin interlayers requires to take into account all pos-
sible uncertainties in the parameters that can affect the accuracy
of an ellipsometric measurement. The accuracy depends on the
measured angles D and W, the angle of incidence /, the refractive
index of the substrate, and the wavelength of the light. In this
study, the accuracy of the effective refractive index was 0.001,
while the uncertainties of the measured angles D and W were be-
low 0.01�. The thickness uncertainty at a film thickness in the
range 0.1–1.0 nm was 3% at a wavelength of 633.5 nm [57].

Optical measurements were carried out after stabilization of the
W/D signal, usually in 2–3 min. A typical diffusion time for the
achievement of the steady state is sD � L2

De
, where L is the thickness

of the film of 10�7 m, De is the effective diffusivity of ethanol in the
porous film, which depends on the porosity and tortuosity. In this
study, the minimum porosity was 0.2. The tortuosity in a cubic
structure can be modeled with a value of 3. This value is even low-
er in straight pores of a hexagonal structure. Therefore, the effec-
tive diffusivity of ethanol can be estimated as De ¼ 0:2

3 Dm, where
Dm is the binary molecular diffusion coefficient of ethanol in He
determined from the kinetic gas theory. Thus, the diffusion time
to reach the steady-state in the pores is ca. 10�6 s (1 ls). The flush
time of the optical cell is the limiting factor which determines sta-
bilization of the signal. This time is determined by the diffusion of



Table 1
Comparison of different models for pore size determination.

Model Adsorbate Correction for the adsorbate
layer thickness

Correction for the surface
tension (Tolman parameter, nm)

Geometrical
correction

Ref.

Kelvin + t Toluene, heptane Isotherm – – [11]
Kelvin + t + c N2 t-plot – Geometrical factor [23]
DBdB N2 t-plot – – [26]
IDBdB N2, Ar Isotherm – – [47]
IDBdB N2 t-plot �0.3 – [33]
Kelvin + IICa Water t-plot – Geometrical factor [59]
IDBdB Ethanol Isotherm +0.2 – Present work

a Isotropic inorganic contraction.

Table 2
Fitting parameters of Eq. (9).

Sample P1 (MPa) k1 (nm)

Titania (1.92 ± 0.09) � 108 0.144 ± 0.005
Silica (2.73 ± 0.05) � 108 0.134 ± 0.001

Fig. 3. Ethanol layer thickness as a function of ethanol partial pressure on non-
porous films deposited on a silicon substrate. Lines: statistical film thickness curves
obtained from Eq. (4). Symbols: adsorption–desorption isotherms at 287 K for
samples NS and NT.

Fig. 4. Prediction of the capillary condensation curves for ethanol adsorption (Panel I) a
Kelvin, Improved Kelvin [11], DBdB, and improved DBdB.
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ethanol into the stagnant zones of the cell where there is no mass
transfer by convection.

After taking the measurement, the flow to the cell was stopped
and the ethanol partial pressure was set at a different value. This
procedure was repeated until the complete adsorption–desorption
curve was recorded.

3.3. Optical data modeling and volumetric pore size determination

The applied optical model consisted of three layers for the por-
ous samples: the silicon substrate layer, the native SiO2 layer of
3 nm, and a layer of either titania or silica. For the non-porous sam-
ples, a layer of ethanol was added to the model. In the latter case,
the thickness (t) of the ethanol layer adsorbed onto a non-porous
surface and the effective refractive index (n) were found by fitting
of the W and D values [58]. The thickness of the mesoporous films
was changed by less than 1% during the adsorption/desorption pro-
cess, therefore it was kept constant during the fitting of the exper-
imental data. The refractive index dispersion of the film was
modeled using Cauchy’s equation (Eq. (10), [58]):

n ¼ n0 þ
n1

k2 þ
n2

k4 ; ð10Þ

where k is the wavelength, and n0, n1 and n2 are fitted parameters.
The pore volume was determined from the change in the effective
refractive index in the range of 400–1200 nm. The refractive index
of the dry (without ethanol) mesoporous film (nM) and the total
non-porous fraction (fM) were calculated from the change in the
effective refraction index (nef) at the end points of the isotherm
using the Bruggeman effective medium approximation (BEMA, Eq.
nd desorption (Panel II) on titania at 287 K computed via four adsorption models:



Table 3
Pore sizes of mesoporous films determined by different methods.

Sample Ethanol wetting
angle (�)

Porosity (�) Mean pore size (nm)

TEM Vp � d100 model
(Eq. (14))

P � d100 model
(Eq. (17))

EP using desorption models

Kelvin Improved Kelvin DBdB IDBdB, d = 0.2 nm

MT1 40 0.35 2.1 n.d. n.d. 2.0 2.6 3.0 2.1
MT2 40 0.26 3.5 3.6 3.8 3.0 4.5 4.7 3.6
MS1 30 0.22 8.0 8.3 8.4 6.9 8.3 9.1 8.3

n.d. – not determined.
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(11) [59]) and the refractive indexes of air and ethanol (nm = 1.0 and
1.361 at 633 nm, respectively):

fM

n2
M � n2

ef

n2
M þ 2n2

ef

þ ð1� fMÞ
n2

m � n2
ef

n2
m þ 2n2

ef

¼ 0: ð11Þ

The porous fraction (1 � fM) was determined from nef with the
BEMA model at zero ethanol pressure by fitting the volumetric
fraction of the inorganic framework with the air refraction index
for the second material (np = 1).

Then, the effective refractive index (nef) as a function of the eth-
anol partial pressure (p/p0), was determined by ellipsometry. The
isotherm was determined by fitting the volumetric fractions of
the inorganic component (fM), ethanol (fET), and air with the BEMA
model at each relative pressure (Eq. (12)):

fM

n2
M � n2

ef

n2
M þ 2n2

ef

þ fET

1:3612 � n2
ef

1:3612 þ 2n2
ef

þ ð1� fET � fMÞ
1:00� n2

ef

1:00þ 2n2
ef

¼ 0: ð12Þ

Then, the adsorbed ethanol volume (VET) is related to the prod-
uct of the total film volume (VF), the pore fraction (1 � fM), and the
volumetric fraction of the ethanol saturated film (fET):

VET ¼ VFð1� fMÞfET : ð13Þ

The total mesoporous surface area was calculated from the
average pore diameter, the total pore volume, and the pore fraction
assuming cylindrical pore geometry.

3.4. Low-angle X-ray diffraction and transmission electron microscopy

LA-XRD spectra were recorded on a Rigaku Geigerflex device
with CuKa radiation (40 kV, 40 mA), 0.01�–0.02� 2h step size, with
a counting time of 4.0 s. The TEM images were obtained on a JEM-
2010 microscope at 200 kV with a resolution of 0.14 nm. Samples
for TEM were prepared by placing a slice of the film removed from
the substrate on a copper grid coated with a carbon film and dried
under vacuum.
Fig. 5. Experimental ethanol adsorption–desorption isotherms at 287 K for sam-
ples: (a) MS1, (b) MT2, (c) MT1. Lines represent a guide for the eye.
4. Modeling of adsorption–desorption isotherms

Recently, Neimark et al. [60,61] reported that in cylindrical
pores desorption takes place at the equilibrium. Their conclusion
is based on the arbitrary assignment of the DFT equilibrium transi-
tion to the desorption branch of an experimental isotherm. In dif-
ferent studies, Kruk et al. [23] and Morishige and Nakamura [62]
proposed to use the adsorption branch of the isotherm for pore size
analysis. One of the purposes of this study was to examine a pos-
sibility to use the desorption branch in cylindrical pores, if the Tol-
man parameter as well as the parameters for the disjoining
pressure isotherm, P(h) (see Eq. (3)), are known.

Table 1 summarizes the main models used for calculation of the
pore size distribution in mesoporous materials. An improved Kel-
vin model was applied in [11]. According to this model, the pore
radius was calculated as the radius of a cylindrical pore with a cor-
rection term (t) accounting for the thickness of the layer already
adsorbed on the pore walls. Values of t were obtained from the
data for the adsorption of the same adsorptive on a non-porous
sample having a similar surface and was fitted by the BET equation.
This model still overestimates the pore size below 6 nm. A constant
correction factor (Kelvin + t + c) in the BJH method was proposed in
[23]. However, even with this correction, the pore size of the mes-
oporous materials above 6 nm was overestimated. For mesoporous
films, the unidirectional pore shrinkage associated to the drying
and treatment lead to nonsymmetrical models. The spherical to
ellipsoidal pore contraction of the inorganic network was taken
into account in the Kelvin model modified by a geometric factor
(Isotropic Inorganic Contraction (IIC) model) [59]. Calculating the
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pore anisotropy and introducing the liquid–solid contact angle in a
modified Kelvin equation allowed the authors to obtain better
matching of the mean pore size derived from ellipsometry with
that obtained by independent methods. In the IDBdB model ap-
plied in this study, the experimental adsorption film thickness of
ethanol on the non-porous thin films was directly calculated from
the experimental isotherm data by Eq. (4). The obtained parame-
ters for the non-porous silica and titania thin films are listed in Ta-
ble 2.

Fig. 3 shows the predicted statistical film thickness curves for
the silica and titania non-porous thin films. It can be seen that
the calculated curves are in a good agreement with the experimen-
tal curves but exhibit gradually increasing deviations as the capil-
lary condensation pressures are approached.

A sharp increase of the adsorbed film thickness at a high relative
pressure indicates that capillary condensation has occurred on the
surface. The silica surface is known to be more hydrophilic than the
titania one. As a result, at a given relative pressure, the thickness of
the adsorbed ethanol film is higher on the silica surface.

The theoretical adsorption and desorption curves obtained by
Kelvin, improved Kelvin [11], DBdB and IDBdB with a Tolman
parameter of 0.2 nm models are presented in Fig. 4 Panel I and II,
respectively. Since wettability is a crucial factor of the capillary
condensation, the liquid–solid contact angle, characterizing the
surface energy, is needed to give a correct interpretation of the eth-
anol adsorption isotherms. The liquid–solid contact angle was
experimentally determined for the Kelvin and improved Kelvin
adsorption models (Table 3). The adsorption and desorption iso-
therms on the porous samples calculated from the effective refrac-
Fig. 6. Pore size distribution (PSD) plots. Panel I: PSD was calculated from the ethanol a
Kelvin (solid symbols) and Improved Kelvin [11] (open symbols) models (h = 40� for MT1 a
ethanol desorption isotherms via: (a) IDBdB desorption model with a Tolman paramet
models; (c) DBdB model. Symbols represent data obtained from the adsorption/desorptio
pore size determined by XRD and TEM.
tive index values are shown in Fig. 5 and the pore size distributions
obtained from the theoretical models are shown in Fig. 6.

The pore size was also determined from TEM analysis (Fig. 7)
and from the XRD curves (Table 3). In a Vp � d100 model, we as-
sumed that the pore diameter (dpore) corresponds to the equivalent
cylindrical pore having the same volume as the actual pore with
the hexagonal cross section [63]. Taking this into account, the rela-
tion between the pore diameter dpore, the pore volume obtained by
Eq. (13) at a relative pressure corresponding to complete pore fill-
ing, Vp = VF(1 � fM), and the d100 interplanar spacing can be written
as

dpore ¼ Cd100
qðsÞ0 � Vp

1þ qðsÞ0 � Vp

 !1=2

; ð14Þ

where qðsÞ0 is the density of the solid framework (2.20 g/cm3 [63]
and 4.23 g/cm3 [64] for silica and titania with amorphous pore
walls, respectively); C is a constant characteristic of the pore geom-
etry (equal to 1.2125 for circular and hexagonal pores).

In a P � d100 model, we assumed that the ratio of the pore cross
section to that of the hexagonal unit cell cross section equals to the
film porosity (P). Porosity values of the films are listed in Table 3.
Then, the pore diameter of a hexagonal pore can be determined
by Eq. (15) from the unit cell parameter (a0), and the film porosity
(see Appendix 1 for further details):

dpore ¼ 2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ffiffiffi
3
p
� a0

2

� �2 � P
p

s
: ð15Þ
dsorption isotherms via: (a) IDBdB model with a Tolman parameter of 0.2 nm; (b)
nd MT2, and h = 30� for MS1); (c) DBdB model. Panel II: PSD was calculated from the

er of 0.2 nm; (b) Kelvin (solid symbols) and Improved Kelvin [11] (open symbols)
n isotherms measured by ellipsometric porosimetry. The vertical bars represent the



Fig. 7. TEM images of the samples MT1, MT2, and MS1.

Table 4
Deviation of the mean pore sizes determined by EP using different desorption models
from that obtained with XRD and TEM.

Sample Mean pore
sizea (nm)

Deviation from the mean pore size (%)

Kelvin Improved
Kelvin [11]

DBdB IDBdB,
d = 0.2 nm

MT1 2.1 �5 +24 +43 0
MT2 3.6 �17 +25 +31 0
MS1 8.2 �16 +1 +11 +1

a Determined from XRD and TEM.

Fig. 8. The ethanol layer thickness as a function of the ethanol relative pressure on
a non-porous titania thin film (sample NT) at 287, 303, and 323 K.

250 L.N. Protasova et al. / Microporous and Mesoporous Materials 123 (2009) 243–252
The unit cell parameter (a0) is determined from

a0 ¼
2ffiffiffi
3
p d100: ð16Þ

The pore diameter can be then determined from the film porosity as
follows:

dpore ¼ 2RP ¼ C � d100

ffiffiffi
P
p

: ð17Þ

All adsorption models fail to predict the true pore size. The
IDBdB model with a Tolman parameter of 0.2 nm underestimates
the pore size below 3 nm and overestimates it above 6 nm (Fig. 6
(Panel Ia)). Both Kelvin and improved Kelvin [11] adsorption mod-
els considerably overestimate the pore size above 6 nm (Fig. 6 (Pa-
nel Ib)). However, the improved Kelvin model provides a rather
good matching with the pore size obtained by other methods in
the range below 4 nm. The DBdB adsorption model overestimates
the pore size in the whole range of mesopores (Fig. 6 (Panel Ic)).

It appears that the desorption branches of the isotherms are
more straightforward for characterization of the film porosity. As
reported in literature, the Kelvin desorption model underestimates
while the DBdB model overestimates the mean pore size in the
whole range of mesopores (Fig. 6 (Panel IIb and c, respectively)
and Table 4). The improved Kelvin desorption model [11] satisfac-
tory describes the pore sizes only in a narrow range between 7 and
10 nm. The IDBdB model with a Tolman parameter of 0.2 nm ade-
quately describes the pore size in the whole range of mesopores.
The deviation of the mean pore size obtained by EP using the IDBdB
model from that obtained by TEM and XRD does not exceed 1%.
Different values of the Tolman parameter were taken in the range
between 0.10 and 0.40 nm to achieve the least difference between
the predictions of the IDBdB model and the true pore size. The best
agreement between the theoretical and experimental curves is ob-
served at a value of the Tolman parameter of 0.20 nm (see Fig. 6
(IIa)). It should be noted that positive values of the Tolman param-
eter mean a thinner film thickness in the pores as compared to that
on a flat surface. In these cases, the Tolman correction of the DBdB
equation allowed corrections of the pore size values as high as 43%
in the range of small pore diameters.
The type of disjoining pressure isotherm proposed in this study
can be applied for a weak adsorption of an adsorbate on the sub-
strate surface. The value of the energy constant of the BET equation
describes the difference between the heat of adsorption for the first
layer (E1) and the subsequent layers (EL) (Eq. (18)). The latter is
equal to the heat of condensation of ethanol of 42.2 kJ/mol [65]:

CBET ¼ exp
E1 � EL

R � T

� �
: ð18Þ

The dependence of the ethanol layer thickness on the ethanol
relative pressure was studied on a non-porous titania thin film at
287, 303, and 323 K (Fig. 8). The constant CBET can be found from
the linearization of the BET equation in the range of relative pres-
sures of 0.05–0.35. The values of 9.7, 8.4 and 6.5 were obtained for
CBET at 287, 303 and 323 K, respectively. The heat of ethanol
adsorption on a non-porous titania film was found to be 47.8 ±
0.3 kJ/mol. A small difference of 5.6 kJ/mol between the heat of
adsorption of the first and subsequent layers justifies the choice
of Eq. (4) for the disjoining pressure isotherm.

5. Conclusions

A new approach for predicting the pore size distribution of mes-
oporous thin films using ellipsometric porosimetry has been devel-
oped taking into account multilayer adsorption and capillary
condensation phenomena. The improved Derjaguin, Broekhoff,
and de Boer model was applied for estimating the mesopore size
on titania and silica thin films deposited on a silicon substrate.
An empirical expression for the disjoining pressure isotherm was
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applied to represent the interaction between the adsorbate and the
adsorbent in the Broekhoff and de Boer adsorption theory. The
parameters in the empirical expression were obtained by fitting
the multilayer region of an experimental isotherm on the titania
and silica films. Using these parameters, the desorption isotherms
of ethanol were predicted and adjusted to the experimental data
by fitting the Tolman parameter of the IDBdB model, characterizing
the surface tension for a curved surface. The IDBdB desorption
model with a positive value of the Tolman parameter of 0.2 nm
was found to describe accurately the pore diameter in a wide range
of mesopores from 2.1 to 8.3 nm. The results obtained by TEM and
XRD were used to validate the IDBdB model. The heat of ethanol
adsorption on a non-porous titania film was found to be
47.8 ± 0.3 kJ/mol.
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Appendix 1

The porosity (P) is calculated as a ratio of the area of the void-
space to that of the unit cell:

P ¼ Ap

Ac
: ðA1Þ

The cross section of the unit cell (Ac) and that of a pore (Ap) in a
hexagonal structure is calculated as follows (see Fig. A1):

Ac ¼
ffiffiffi
3
p

2
� a2

0; ðA2Þ

Ap ¼ 2
ffiffiffiffiffi
3�
p

R2
p ; ðA3Þ

where a0 is the unit cell parameter and Rp is the pore radius.
Fig. A1. Schematic representation of a hexagonal porous structure.
Taking into account that dpore ¼ 2 � Rp ¼
ffiffiffiffiffiffiffi
4�Ap

p

q
, one can obtain:

dpore ¼ 2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ffiffiffi
3
p
� a0

2

� �2 � P
p

s
: ðA4Þ

The porosity of a mesoporous thin film can be determined from
the change of the effective refractive index at the end point of the
isotherm:

P ¼
n2

sat�1
n2

satþ2
� n2

M�1

n2
Mþ2

n2
ET�1

n2
ET
þ2

; ðA5Þ

where nsat is the effective refractive index after pore filling, nM is the
effective refractive index of the empty film, and nET is the refractive
index of ethanol.
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A B S T R A C T

A new generation of nanostructured Pt–Sn/TiO2 catalytic thin films has been developed by deposition of

Pt–Sn mixed-metal precursors from organic solvents on mesoporous TiO2/Ti films with a thickness of

200–300 nm. The titania sol was obtained by templating a TiO2 precursor with Pluronic F127 surfactant.

The films were prepared on Ti substrates by spin-coating. The influence of the F127/Ti ratio in the range

between 0.006 and 0.050, the pH of the titania sol between 1.5 and 2.0, and the aging time between 8 and

240 h on the morphology and porous structure of titania films was investigated. A TiO2 film with the

highest degree of the long-order structure was obtained at a surfactant/Ti molar ratio of 0.009, a pH of

1.5, and an aging time of 24 h. This film has a hexagonal pore structure with a mean pore size of 3.5 nm

and a porosity of 25%. A powder titania support with a similar chemical composition and morphology

was also produced and used for optimization of an active component deposition. The Pt–Sn carbonyl

[Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n
�2n clusters were synthesized separately from monometallic precursors.

They were loaded onto the TiO2 supports by impregnation or adsorption. The adsorption of the Pt–Sn

precursor for 24 h from an ethanol solution with concentrations of Pt and Sn of 2.0 and 1.2 mg/ml,

respectively, followed by a vacuum treatment at 463 K, resulted in Pt–Sn nanoparticles embedded in the

mesoporous titania network. An average size of bimetallic nanoparticles was 1.5–2 nm with a narrow

particle size distribution. A reaction rate in terms of TOF between 0.2 and 3.3 min�1 was observed in the

hydrogenation of citral over the Pt–Sn/TiO2 catalysts. The selectivity to the unsaturated alcohols was as

high as 90% at a citral conversion above 95%.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Multiphase reactions can be performed in structured reactors,
which improve heat and mass transfer, allow isothermal operation
and provide narrow residence time distribution [1]. There are
several application areas, where catalytic microreactors have
evident advantages over traditional reactors, among which small-
scale energy generation, fuel processing [1,2], and synthesis of fine
chemicals [3]. The efficient use of catalytic reactors requires
shaping of the catalyst by deposition of thin catalytic films on the
inner walls of the reactor channels. Inorganic mesoporous thin
films have attracted considerable attention because of their large
surface areas and narrow pore size distribution, which make them
attractive candidates for catalyst supports [4–6].
* Corresponding author at: Boreskov Institute of Catalysis SB RAS, Prospekt

Akademika Lavrentieva, 5, 630090 Novosibirsk, Russian Federation.

Tel./Fax: +7 383 330 62 19.

E-mail address: zri@catalysis.ru (Z.R. Ismagilov).

0920-5861/$ – see front matter � 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2009.07.046
The efficiency of catalytic microreactors strongly depends on
deposition of uniform catalytic coatings with good adhesion, high
surface area, good dispersion of the active component, and high
stability. Depending on the geometry of the channel and substrate
type, different methods for deposition of thin catalytic porous
layers with uniform thickness have been developed, among others,
anodic oxidation [7], vapor deposition techniques (ALD, CVD) [8]
and sol–gel methods (spin-coating, dip-coating) [4,9].

This study is devoted to the development of mesoporous titania
supported novel Pt–Sn bimetallic nanostructured catalysts derived
from mixed-metal precursors with desirable stoichiometry
between the metals. The unique characteristics of mesostructured
titania, namely high surface area, high concentration of hydroxyl
groups combined with narrow pore size distribution prevent metal
sintering after catalyst deposition. This approach allows a control
both of the metal ratio and the loading of the support with the
bimetallic nanoparticles. These nanoparticles demonstrate a
superior performance in the selective hydrogenation of unsatu-
rated aldehydes to the corresponding unsaturated alcohols (UA) as
compared to the ‘‘crude’’ catalysts fabricated via impregnation-
reduction methods.

mailto:zri@catalysis.ru
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2009.07.046
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2. Experimental

2.1. Synthesis of Pt–Sn mixed-metal cluster precursor

The Pt–Sn bimetallic clusters were synthesized by a procedure
adopted from Ref. [10]. An aqueous H2PtCl6�6H2O (37.5 wt.% Pt,
Aurat) solution with a Pt concentration of 2–10 mg/ml was
carbonylated at 297 K for 16 h to yield the H2[Pt3(CO)6]10 cluster,
which converts under CO atmosphere in an organic solvent
giving the Chini anion: [Pt3(CO)6]n

2�, where n = 5 or 6. In this
study, acetone, ethanol, or tetrahydrofuran (THF) were used as a
solvent. In the next step, a desired amount of HCl and SnCl2�2H2O
(98 wt.%, Soyuzkhimprom) was added to the Chini anion solution
under CO atmosphere. After a reaction time of 2 h,
[Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n

�2n mixed-metal clusters were
formed. They were isolated by addition of a tetraethyl
ammonium chloride solution.

2.2. Preparation of mesoporous titania supports

Titanium substrates (99.99+ wt.% Ti) of 10 � 10 mm2 with a
thickness of 500 mm were cleaned and pretreated as described
elsewhere [4]. Immediately prior to the synthesis, the titania layer
formed during pretreatment procedures was made super hydro-
philic (concentration of surface OH groups >15/nm2) by UV
treatment for 2 h to encourage better adhesion of the titania film to
the substrate.

A titania precursor sol of composition 1 Ti(O-iPr)4:0.006–0.050
F127:40 ethanol:1.3 H2O:0.1 trifluoroacetic acid was synthesized.
The solution was prepared by dissolving the templating agent
(Pluronic F127, EOxPOyEOx, EO = ethylene oxide, PO = propylene
oxide, x = 100, y = 65, BASF) in absolute ethanol, followed by the
addition of water and trifluoroacetic acid. Titanium (IV) isoprop-
oxide (Ti(O-iPr)4, 99.99%, Fluka) was added dropwise to the
rapidly stirred solution, and the resulting mixture was left to age
under stirring for different time intervals (8–240 h) at room
temperature.

Then, a desired amount of the solution was added onto the
surface of a titanium substrate and the solvent was evaporated by
spin-coating at 1500 rpm for 30 s at a relative humidity of 80%. The
samples were dried at room temperature and then calcined at
573 K for 4 h under a residual pressure of 10 mbar with a heating
rate of 1 K/min to remove the surfactant [11].

The mesoporous titania powders were prepared by sol–gel
method using the same precursors and aging protocol with the
only difference that nitric acid was used instead of trifluoroacetic
acid. The pH during hydrolysis was varied between 1.5 and 2.0, and
the Pluronic F127/(Ti(O-iPr)4 molar ratio between 0.005 and 0.009.
The resulting solution was stirred for 24 h. The solvent was
evaporated under an IR-lamp for 3 h, followed by a treatment in a
desiccator at 373 K for 1 h and calcination at 823 K for 4 h. The
samples represent a white powder.

2.3. Preparation of supported Pt–Sn/TiO2 catalysts

The [Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n
�2n solution was deposited

onto the titania support by impregnation or adsorption for time
intervals between 24 and 96 h.

For the powder TiO2, the loading from 20 and 100 ml of solution
of the Pt–Sn precursor for 1 g of TiO2 was used. For the preparation
of Pt–Sn catalysts on titania films, 50 titanium plates with TiO2

films were fixed in a holder and then immersed in 150 ml of an
ethanol solution of the Pt–Sn mixed-metal cluster for time
intervals between 24 and 96 h. After adsorption, the impregnated
TiO2 materials were washed by a solvent, dried in vacuum and
subsequently heated in vacuum at 463 K.
For comparison, the Pt–Sn/TiO2 powered samples were also
prepared by co-impregnation using H2PtCl6�6H2O and SnCl2�2H2O
as metals precursors.

The samples are referred to according to their synthesis
procedure: the first letter denotes loading mode: ‘‘A’’ and ‘‘I’’
stand for adsorption and impregnation, respectively. The second
letter corresponds to the solvent used: ‘‘A’’, ‘‘E’’, and ‘‘T’’ stand for
acetone, ethanol, and THF, respectively. The combination of letters
at the third place denotes the type of activation treatment: ‘‘V’’
means heated under vacuum at 463 K, ‘‘OR’’ means oxidized
(calcined) in O2 at 673 K and subsequently reduced in a 30 vol.%
H2/Ar flow at 673 K. The number at the end stands for the platinum
concentration in the initial solution (mg/ml).

2.4. Characterization of mesoporous titania and Pt–Sn/TiO2 catalysts

The chemical composition of the prepared catalysts was
determined by X-ray fluorescence spectroscopy using a VRA-30
analyzer with a Cr anode of an X-ray tube. The phase composition
was determined by X-ray diffraction in the range of 0.5–48 2-theta.

The morphology of the TiO2, the average Pt–Sn nanoparticle size
and particle size distribution (PSD) were determined with a high-
resolution JEOL JEM-2010 transition electron microscope operat-
ing at 200 kV with a structural resolution of 0.14 nm. The samples
were deposited on perforated carbon supports attached to the
copper grids. The local elemental analysis of the samples was
carried out by an Energy Dispersive X-ray Analysis (EDX) method
using an EDAX spectrometer equipped with a Si (Li) detector with a
resolution of 130 eV.

The BET surface area and the porosity of the powder supports
and catalysts were determined on a Micromeritics ASAP 2400
instrument using nitrogen adsorption at 77 K. The mesopore
volume, mesopore surface area, and the pore size distribution, of
the TiO2 films were determined by ellipsometric porosimetry. The
details of the method are described elsewhere [12].

2.5. Catalytic activity test

Two types of catalytic tests were performed: (i) either fifty Pt–
Sn/TiO2/Ti plates were inserted in a holder at a 2 mm separation, or
(ii) catalyst pellets with a particle size of 100–200 mm were fixed
in a basket. The holder with the catalyst was placed in an autoclave
reactor with a total volume of 270 ml. The catalysts were reduced
at 523 K under 12 bar of H2 pressure for 12 h. Then the reactor was
cooled to room temperature. The hydrogenation of a 0.01 M citral
solution in 2-propanol was performed at 343 K and 12 bar H2 with
the plate holder rotating at 1500 rpm. Analysis was performed by
introducing aliquots at established time intervals into a Varian CP-
3800 GC equipped with a CP-Sil 5 CB capillary column via an
automatic rapid on-line sampler-injector system (ROLSITM). The
main reaction products were nerol, geraniol, citrononellal,
citronellol and 3,7-dimethyl-1-octanol. The carbon balance was
closed within 99% in all experiments.

3. Results and discussion

3.1. Synthesis of mesoporous TiO2 materials

The samples of TiO2 powder were prepared via sol–gel route at
several different surfactant to titanium ratios 0.005–0.009 and pH
of 1.5, 1.8, 2.0. The samples exhibit a IV type isoterms with a
hysteresis loop at a N2 partial pressure of 0.8 which is associated
with textural mesoporosity [6,7]. The average pore size is 3.5–
6.8 nm and the total pore volume is 0.04–0.16 cm3/g. The specific
surface area increases from 20 to 90 m2/g with rising F127/Ti molar
ratio from 0.005 to 0.008 at a given pH. These data are close to



Fig. 1. The ethanol adsorption–desorption isotherms at 287 K and the pore size

distribution for the mesoporous titania film. Synthesis conditions: F127/Ti ratio:

0.009, pH: 1.5, aging time: 24 h.

Fig. 2. TEM image of the mesoporous titania film taken after storage in air at room

temperature for 2 months. Synthesis conditions are the same as those in Fig. 1.
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those reported in literature [13,14]. It seems that the low porosity
of the prepared TiO2 is connected with a high calcination
temperature and a long duration of the calcination required for
the surfactant removal. Anatase was the only phase in the samples
based on the XRD analysis data.

The TiO2 coatings were synthesized on titania substrates by
evaporation-induced self assembly (EISA) assisted sol–gel method
at variation of surfactant to titanium ratios, pH and aging time.
Typical ethanol adsorption–desorption isoterms are shown in
Fig. 1. The type IV isotherm with a H1 hysteresis loop at ethanol
partial pressure of 0.3–0.5 indicates to the framework-confined
mesopores [13,15]. The increase of the aging time leads to
increasing of the sol viscosity, thereby enlarging the thickness of
the resulting film. For the titanium films, hexagonal mesostructure
was confirmed by LA-XRD and TEM in the whole range of the
compositions studied. A typical example of the mesoporous
structure is shown in Fig. 2. As the F127/Ti molar ratio increases
from 6 � 10�3 to 9 � 10�3, the unit cell size decreases from 9.3 to
7.0 nm with the substantial increase in open porosity from 14 to
25%.

The surfactant was completely removed even at mild condi-
tions as confirmed by the absence of the absorption bands at 1110,
2850 and 2930 cm�1 in the FTIR spectra of the mesoporous titania
films. After calcination, the film thickness was reduced to 200 nm,
which is almost a half of that in the as-synthesized samples.
Table 1
Synthesis conditions and properties of powered Pt–Sn/TiO2 catalysts.

Sample name Synthesis conditions

Concentration in

solution, mg/ml

Duration of

loading, h

Thermal

treatmenta

Pt Sn

Mixed-metal cluster precursor

AA-OR-2 2 1.2 24 OR

AE-OR-2 2 1.2 24 OR

AT-OR-2 2 1.2 24 OR

AE-OR-10 10 6 24 OR

IE-OR-2 2 1.2 72 OR

AE-V-2 2 1.2 24 V

IT-OR-2 2 1.2 72 OR

Inorganic metal salt precursor

IE-OR-33 33 20 0.25 OR

IA-OR-33 33 20 0.25 OR

n.d.—not determined.
a OR—oxidized (calcined) in O2 at 673 K for 4 h and subsequently reduced in a 30 vo
3.2. Preparation of Pt–Sn/TiO2 supported catalysts

To optimize the conditions of Pt–Sn cluster loading onto TiO2,
several synthesis parameters have been systematically varied,
among them (i) solvent type (acetone, ethanol, or THF), (ii)
concentration of the precursor solution (2.0, 10 mgPt/ml; 1.2,
6.0 mgSn/ml), (iii) the metal precursor to support ratio (20, 100 ml/
g), (iv) duration of adsorption (2, 24 h), and (v) type of the
activation treatment (calcined in O2 at 673 K for 4 h and
subsequently reduced in a 30 vol.% H2/Ar flow at 673 K for 2 h,
or in vacuum at 463 K for 2 h). In addition, the influence of the
nature of the bimetallic precursor (carbonyl mixed-metal cluster
or inorganic metal salts) was studied. Table 1 presents the effect of
synthesis conditions on the properties of Pt–Sn/TiO2 powder
catalysts.

The metal loading in supported bimetallic catalysts prepared by
adsorption of the bimetallic carbonyl precursor depends on the
solvent type and increases in a sequence: aceto-
ne < ethanol < THF. This seems to be related to a difference in
solubility of the precursor in these solvents. Fig. 3 reports TEM
images of AE-OR-2 and AT-OR-2 catalysts showing numerous
particles 1–3 nm of size. Fig. 4 shows the image of one of these
Catalyst composition Average particle

size, nm
Pt, wt.% Sn, wt.% Pt/Sn molar ratio

0.05 0.04 1.2 0.7

0.61 0.25 1.5 1.1

4.04 1.75 1.5 2.2

3.55 2.80 0.8 3.2

3.46 1.33 1.6 n.d.

0.61 0.25 1.5 1.5

3.67 2.29 1.0 1.6

2.16 0.95 1.4 1.8

2.16 1.05 1.3 1.7

l.% H2/Ar flow at 673 K for 2 h; V—heated under vacuum at 463 K for 2 h.



Fig. 3. TEM images of Pt–Sn/TiO2 catalysts with different metal loadings: (a)

0.61 wt.% Pt, 0.25 wt.% Sn (AE-OR-2, Table 1); (b) 4.04 wt.% Pt, 1.75 wt.% Sn (AT-OR-

2, Table 1).

Fig. 4. TEM image of AT-OR-2 sample. Inset: Fourier pattern and lattice spacings.
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metal particles. According to the Fourier pattern, this particle has a
crystalline structure with lattice spacings of 2.14, 2.32, 4.29 Å. This
structure can be assigned to a Pt3Sn alloy with lattice spacings of
d2 0 0 = 2.0015 Å, d1 1 1 = 2.3107 Å, and d1 0 0 = 4.001 Å. The
increase of metals content from 0.1 to 0.6 to ca. 4 wt.% Pt resulted
in an increase of the average particle size from 1 to 2 nm. At the
same time, the PSD pattern changed from mono- to bi-modal
(Fig. 5).
Fig. 5. Size distribution of Pt–Sn particles in the Pt–Sn/TiO2 catalysts with different metal

Sn (AT-OR-2, Table 1).
The increase of the mixed-metal cluster concentration in the
solution (from 2 to 10 mgPt/ml) leads to a proportional rise of the
metal loading (from 0.6 to 3.5 wt.% Pt), average particle size (from
1.5 to 3.2 nm) and to a wider PSD in the Pt–Sn/TiO2 samples. For
the both samples, PSD has a monomodal type. It is necessary to
note that an increase of the metal precursor to support ratio and
the duration of adsorption step also leads to higher metal loadings
in the catalysts. When a mixed-metal cluster precursor is
deposited by impregnation it allows increasing the metal loading
in the catalysts (sample IE-OR-2 and IT-OR-2, Table 1).

The crystalline structure of particles was not significantly
affected by the mode of thermal treatment. The Pt3Sn nanopar-
ticles were observed in the sample after treatment in vacuum
(Fig. 6). A vacuum catalyst activation procedure also resulted in a
narrow PSD in comparison with that after reduction by hydrogen
(compare Figs. 7 and 5a). The range of obtained particle sizes is 0.5–
5.1 and 0.5–2.9 nm, respectively for oxidative and vacuum
treatments.

The mixed-metal cluster precursor provided a more uniform
metal particle size distribution as compared with inorganic metal
salt precursors at the practically same average particle size. In
particular, for catalysts prepared by co-impregnation from H2PtCl6

and SnCl2 precursors, large nanoparticles of 20 nm were also
obtained while the average particle size was ca. 2 nm. In these
catalysts in addition to Pt3Sn nanoparticles the Pt and Pt2Sn3

particles were observed.
loading: (a) 0.61 wt.% Pt, 0.25 wt.% Sn (AE-OR-2, Table 1); (b) 4.04 wt.% Pt, 1.75 wt.%



Fig. 6. TEM image of AE-V-2 sample after vacuum treatment at 463 K.

Fig. 7. Size distribution of Pt–Sn particles in the Pt–Sn/TiO2 catalyst after vacuum

treatment at 463 K (AE-V-2, Table 1).

Fig. 8. Size distribution of Pt–Sn particles in the Pt–Sn/TiO2 catalytic film prepared

by adsorption of Pt–Sn–CO anion complex onto TiO2 film during 24 h.

Fig. 9. TEM image of Pt–Sn/TiO2 catalytic film prepared by adsorption of Pt–Sn–CO

anion complex onto TiO2 film during 24 h.

Z.R. Ismagilov et al. / Catalysis Today 147S (2009) S81–S86 S85
The prolonged adsorption (96 h) of the mixed-metal cluster
precursor from the ethanol solution onto TiO2 films leads to a
decrease of the porosity from 25 to 8% and the average pore size from
3.5 to 1.8 nm. The Pt–Sn/TiO2 film had a smaller mean pore size as
compared to the pure titania support due to a partial pore blockage
Table 2
Activity and selectivity of powered Pt–Sn/TiO2 catalysts.

Sample Initial TOF, min�1 Product selectivity at the 9

Nerol and Geraniol

Mixed-metal cluster precursor

Pt/TiO2 5.6 3

AA-OR-2 n.d. n.d.

AE-OR-2 0.06 65

AT-OR-2 0.20 82

AE-OR-10 0.54 90

IE-OR-2 0.35 80

AE-V-2 0.18 39

IT-OR-2 0.14 90

Inorganic metal salt precursor

IE-OR-33 3.3 85

IA-OR-33 0.32 70

n.d.—not determined.
by the metal nanoparticles. Using TEM, the average Pt–Sn particle
size was found to be 9.1 nm. Hence the pore size of the titania film
(about 2 nm) is smaller than the average Pt–Sn particle size.

As noted above, for powdered Pt–Sn/TiO2 catalysts the average
particle size is about 1–3 nm. The larger particle size for Pt–Sn/TiO2
6–98% citral conversion, %

Citronellal Citronellol 3,7-Dimethyl-1-octanol

11 21 65

n.d. n.d. n.d.

28 6 1

7 10 1

6 4 0

4 16 0

35 26 0

4 6 0

0 15 0

4 17 9
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film is probably connected with a long time of adsorption step
(96 h) during its preparation. Actually the reduction of the duration
of the adsorption of carbonyl complex anion onto the TiO2 film
from 96 to 24 h leads to the decrease of an average particle size
from 9.1 to 2.3 nm (Fig. 8). Fig. 9 shows the TEM image of Pt–Sn/
TiO2 catalytic coatings prepared by adsorption for 24 h. The lattice
spacing of the observed nanoparticles is indicative of the bimetallic
composition of particles.

3.3. Activity of Pt–Sn/TiO2 catalysts

The catalytic activity of the Pt–Sn/TiO2 catalysts was deter-
mined in the hydrogenation of citral employing a 0.01 M solution
of citral in 2-propanol at 343 K and 12 bar H2 (Table 2). The activity
of a reference Pt/TiO2 sample characterized by the initial TOF was
found to be 5.6 min�1 with the selectivity to unsaturated alcohols
of 3%. The addition of tin to the Pt/TiO2 catalysts resulted in TOF
lowering and an increase of the selectivity to UA, which is in
agreement with previously reported literature data [16,17].

The Pt–Sn/TiO2 catalysts prepared using Pt–Sn mixed-metal
cluster precursor and oxidation–reduction thermal treatment
showed a TOF of 0.1–0.5 min�1 and a selectivity to UA of 65–
90%. In the beginning of the reaction the selectivity to UA is
growing with the increase of citral conversion and then stay at the
plateau. Most of the citral was converted into UA, while citronellal,
citronellol were formed in small amounts. The fully saturated
product (3,7-dimethyl-1-octanol) was only observed at high
conversion of citral. The samples after vacuum thermal treatment
exhibited a lower selectivity to UA at the same TOF in comparison
with the samples after OR thermal treatment. The sample obtained
using high concentration of Pt in initial solution (10 mg/ml)
showed a very high selectivity to UA (90%) and TOF of 0.54 min�1. A
higher activity was demonstrated by Pt–Sn/TiO2 catalyst (IE-OR-
33) prepared using combined impregnation of the inorganic salts
as metal precursors. This sample showed a TOF of 3.3 min�1 and a
selectivity to UA of 85%. It can be supposed that such high TOF
value is connected with the peculiarity of the composition of
bimetallic particles and electronic state of metals. A similar effect
was observed over Rh–Sn/SiO2 catalysts in citral hydrogenation in
[18]. The activity of catalysts prepared by co-impregnation was
three-folds higher than that of the catalysts prepared via
organometallic route and successive impregnation. This could be
attributed to an intimate contact between the metals. A metal–
metal interaction plays an essential role in the reaction over
bimetallic catalytic systems.

4. Conclusions

Mesoporous titania films with hexagonal pore structure and a
thickness of 200–300 nm were successfully prepared on Ti
substrates by the sol–gel method using the Pluronic F127 as a
template. The morphology and porous structure of titania films
were regulated by the variation of the F127/Ti ratio in the range
between 0.006 and 0.050, the pH of the titania sol between 1.5 and
2.0, and the aging time between 8 and 240 h. Powder titania
supports were also produced by the same manner and used for the
optimization of catalyst preparation.

Pt–Sn/TiO2 catalyst films on the Ti plates and powdered Pt–Sn/
TiO2 catalysts were obtained by loading Pt–Sn carbonyl complex
anionic species [Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n

�2n onto TiO2

supports. It was shown that the metal content, mean particle
size and mode of PSD in the Pt–Sn/TiO2 catalysts can be varied by
changing conditions of the Pt–Sn carbonyl complex adsorption
and the thermal treatment of Pt–Sn/TiO2 catalysts. The mean
diameter of anchored bimetallic nanoparticles decrease from 9.1
to 2.3 nm with a reduction of the adsorption duration from 96 to
24 h.

A reaction rate in terms of TOF between 0.2 and 3.3 min�1 was
observed in the hydrogenation of citral over the Pt–Sn/TiO2

catalysts with a selectivity to the UA as high as 90% at a citral
conversion above 95%.
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A new method of sol–gel polymer template synthesis of mesoporous catalytic thin films has been pro-
posed which allows controlling the chemical nature of the film, the porosity, thickness and loading with
an active species. The mesoporous films with a long-order structure can be obtained in a narrow range of
surfactant-to-metal precursor molar ratios from 0.006 to 0.009. The catalytic film thickness was varied
from 300 to 1000 nm while providing a uniform catalyst distribution with a desired catalyst loading
(1 wt. % Au nanoparticles) throughout the film. The films were characterized by TEM, SEM, ethanol
adsorption and contact angle measurements. The calcination of the as-synthesized films at 573 K reduced
Ti4+ sites to Ti3+. A 300 nm thick Au-containing film showed an initial TOF of 1.4 s�1 and a selectivity
towards unsaturated alcohols as high as 90% in the hydrogenation of citral. Thicker films demonstrated
a high selectivity towards the saturated aldehyde (above 55%) and a lower intrinsic catalytic activity (ini-
tial TOF of 0.7–0.9 s�1) in the absence of internal diffusion limitations.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic microstructured reactors are becoming widely recog-
nized for their unique properties and potential applications in
chemical industry [1,2]. Their efficient use requires shaping of
the catalyst usually by deposition of catalytic thin films on micro-
channel walls. Catalytic thin films can be produced on a substrate
by different methods such as hydrothermal synthesis [3–7], anodic
oxidation [8,9] and evaporation-induced self-assembly (EISA)
[10,11]. The latter is a variant of sol–gel synthesis [12–14], where
either spin-coating or dip-coating is applied for destabilization of
the initial sol. This method enables the formation of highly ordered
mesoporous films with various porous hierarchies.

Recently, mesoporous titania thin films have attracted consider-
able attention in catalysis due to their large surface areas, narrow
pore size distribution and favourable surface properties [11,15,16].
The films obtained by either spin-coating or dip-coating have a
narrow pore size distribution in the mesopore range but their
thickness is limited to 300 nm, which prevents their efficient use
in microstructured reactors as the catalyst occupies less than
0.5% of the reactor volume. There are several options to increase
ll rights reserved.

ten).
the film thickness, such as lowering the rotation speed during
spin-coating (or increasing the solvent withdrawal speed during
dip-coating) or increasing the viscosity of the initial sol. However,
there is a narrow range of conditions leading to the formation of
mesoporous structures rather than disordered macroporous films.
For the synthesis of sol–gel derived mesoporous titania thin films,
the precursors need to be partially hydrolyzed under controlled
conditions, so that subsequent polycondensation reactions yield a
weakly branched polymeric metal oxide sol [15,17–22]. The rates
of hydrolysis and polycondensation reactions are controlled by
the surfactant-to-metal precursor ratio, temperature, solution dilu-
tion level and pH [15].

The thickness of the mesoporous films can be increased by
repeating the spin-coating, aging and calcination steps. Recently
the layer-by-layer deposition method of Ag doped silica and titania
films has been reported [23]. It is well known that the specific sur-
face area and the mesopore volume can be markedly reduced dur-
ing calcination, which may also lead to shrinkage of the internal
layers in a multilayer film if the surfactant is not completely re-
moved [21]. Therefore it is important to develop a calcination pro-
tocol which allows removal of the surfactant at the lowest possible
temperature.

In order to assess the feasibility of the proposed deposition
method, the catalytic performance of the single and multilayer

http://dx.doi.org/10.1016/j.jcat.2009.07.013
mailto:j.c.schouten@tue.nl
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat
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coatings should be compared in a catalytic reaction. This has to be
fast enough for application in microstructured reactors and should
include several subsequent steps to evaluate the performance in
terms of both activity and selectivity. Citral hydrogenation has
been chosen as a test reaction as this is a multi-step reaction and
the presence of internal diffusion limitations substantially de-
creases the selectivity towards the semihydrogenated products.
Gold nanoparticles have been chosen as an active metal to test
the performance of structured Au/TiO2 catalysts in the hydrogena-
tion of citral.

Classical ways of deposition of Au nanoparticles, such as
impregnation and deposition–precipitation could provide a uni-
form distribution with the active metal with a high metal disper-
sion. Nevertheless, the low reproducibility of these methods
severely limits their applicability when applied to manufacturing
of structured catalysts. Furthermore, obtaining the desired loading
with an active component in a single step is not straightforward
[24]. On the other hand, the direct addition of metal nanoparticles
into the Ti sol with subsequent aging and evaporation-induced
self-assembly provides a good alternative to the post synthesis
loading of the active component. The initial size and the chemical
composition of the metal nanoparticles can be well controlled in a
reduction by solvent method [24].

In view of the tailoring that is possible with microreactors, it is
increasingly being recognized that major improvements in the
selectivity of reactions can be achieved by changes in the catalyst
and/or support structure rather than in process conditions. In this
work a method is proposed to increase the thickness of catalytic
mesoporous films while maintaining their morphology, long-range
order and mesoporous structure. The particle size in a nanostruc-
tured catalyst, the pore size and the thickness of the mesoporous
support can be independently controlled via a one-pot EISA syn-
thesis. Prior to multi-step synthesis, the surfactant-to-metal pre-
cursor ratio should be optimized to obtain stable films with a
long-order structure.

Calcination conditions suitable for complete surfactant removal
have been investigated by FTIR to obtain crack-free films of known
thickness which required complete stabilization of the inorganic
framework before the next deposition cycle. The morphology of
the films was studied by LA-XRD, TEM and ethanol adsorption–
desorption isotherms. The film thickness was determined by ellips-
ometry and SEM. The strength of the different acid sites was stud-
ied by FTIR spectroscopy of adsorbed CO at 77 K. The activity of the
resulting Au/TiO2 catalysts was studied in the hydrogenation of
citral.
Surfactant  re

Titania precursor (A) 

Aging

Titania sol (C)

Surfactant s

Ti(OiPr)4 H+ C2H5OH

 Aging
Drying

MMeessooppoorroouuss AAuu//TTiiOO22
FFiillmm

F12

Substrate 

Metal 
nanoparticles 

Fig. 1. Sol–gel synthesis of Au/TiO2
2. Experimental

2.1. Preparation of mesoporous titania films

Silicon and titanium substrates with a cross-section of
9.8 � 9.8 mm2 and a thickness of 0.5 mm were used. Prior to film
deposition, the surface roughness of the silicon and glass sub-
strates was increased to 500 nm as described elsewhere [13]. Solu-
tion A was prepared by mixing titanium isopropoxide (99.99 wt.%,
Fluka) and an aqueous HNO3 solution (65 wt.%, Fluka) under vigor-
ous stirring. Solution B was prepared by dissolving Pluronic F127
(EO100–PO65–EO100, BASF) in ethanol (99.99 wt.%, Aldrich). After
stirring for 1 h, solution B was added to solution A. The resulting
solution with a molar composition of 1 Ti(O–iC3H7)4: 0.005–
0.009 Pluronic F127: 40 Ethanol: 1.3 H2O: 0.13 HNO3 was stirred
for either 8, 15, 25 or 240 hours at 298 K (Fig. 1). After an aging per-
iod of 25 h, the solution was deposited on the substrates. The films
were produced by spin-coating at 1500 rpm at a relative humidity
(RH) of 80%. The as-deposited films were kept at a RH of 80% for
48 h and then were calcined at 573 K for 4 h under a residual pres-
sure of 10 mbar with a heating rate of 1 K min�1.

2.2. Preparation of Au/TiO2 catalytic mesoporous films

A PVP-stabilized Au colloid solution in ethanol was prepared as
shown in Fig. 2 and described elsewhere in detail [25,26].

Poly-n-vinyl pyrrolidone (1.14 g) was added to anhydrous eth-
ylene glycol to make solution 1. For solution 2, 0.39 g of HAuCl4

was dissolved in water. Then solution 2 was poured into solution
1 under stirring. The pH of the resulting mixture was adjusted to
9–10 by adding a NaOH solution. The resulting solution was heated
at 373 K for 2 h after which it was cooled to room temperature. The
prepared nanoparticles were purified as follows: an aliquot con-
taining the desired amount of nanoparticles was treated with a
large excess of acetone. This treatment produced the extraction
of the protecting polymer to the acetone phase, provoking floccu-
lation of the metallic nanoparticles. After removal of the acetone
phase, the purified colloids were redispersed in ethanol [26]. The
average size of the Au nanoparticles was obtained by taking several
TEM pictures and measuring 100 individual nanoparticles in the
colloid solution was found to be 4 nm [24].

A certain amount of the Au colloidal solution, calculated to ob-
tain a 1 wt.% Au loading in the resulting mesoporous film, was
mixed with Pluronic F127 at 323 K. Solution A (see Section 2.1)
was added and the resulting mixture (solution C) was aged for
10 mbar, 573K 

1500 rpm, 1250 rpm/s,  
30 s, RH: 80% 

Source of H+: HNO3

pH: 1.5 

F127/Ti molar ratio: 0.006-0.009 

Aging time: 25 hours 

moval

Aging time: 48 hours,  
RH: 80%  

ol (B) 

7

multilayer catalytic coatings.
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Fig. 2. A schematic view of the reduction by solvent method for the synthesis of Au nanoparticles.
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2 h. The precursor/surfactant ratio was chosen to be 0.009, and the
pH value was 1.5. The films were deposited on the titanium sub-
strates as described in Section 2.1. Thicker films were prepared
from solution C by consecutive repetition of spin-coating, aging
and calcinations steps after every deposition (see Fig. 1).

All films are referred to as TiO2(or Au/TiO2)-i-a. The roman
numerals (I, II or V) in the first index (i) denote the number of
deposition cycles. The second index (a) stands for the surfactant-
to-precursor molar ratio multiplied by 103. For example, a catalytic
mesoporous film after 2 deposition cycles performed with a surfac-
tant to precursor ratio of 0.009 will be referred as Au/TiO2-II-9
hereafter.

2.3. Characterization

Low-angle XRD spectra were recorded on a Rigaku Geigerflex
device with Cu Ka radiation (40 kV, 40 mA), 0.01–0.02� 2 theta step
size, with a counting time of 4.0 s. 2D SAXS was performed with a
rotating anode X-ray generator (copper anode operated at 50 kV,
30 mA; small focus) equipped with two adjustable optical systems.
The Scanning Electron Micrographs (SEMs) were obtained on a
Quanta 3D FEG microscope at 30 kV with a resolution of 1.2 nm.
The Transmission Electron Micrographs (TEMs) were obtained on
a JEM-2010 microscope at 200 kV with a resolution of 0.14 nm.
Samples for TEM were prepared by placing a slice of the film re-
moved from the substrate on a copper grid coated with a carbon
film and dried under vacuum.

Surfactant removal was studied by FTIR on a BOMEM MB 102
spectrometer in the 200–4000 cm�1 range with a resolution of
4 cm�1. CO adsorption at 77 K and 0.13 and 13 mbar was studied
on a Shimadzu FTIR-8300 spectrometer in the region of 400–
6000 cm�1 with a resolution of 4 cm�1 and accumulation of 100
scans. All FTIR studies were performed in a transmission mode
on supported films without any destruction of the samples. Each
experiment required one sample. Prior to CO adsorption, the sam-
ple was pretreated in an IR cell at 673 K for 2 h under a residual
pressure of 0.01 mbar to remove adsorbed surface species. The
strength of the Brønsted acidic sites is referred to as proton affinity
(PA) determined from IR-spectra by Eq. (1):

PAOH ¼ PA0 �
1

0:00226
logðDmOH=DmSiOHÞ; ð1Þ

where a PA0 of 1390 kJ mol�1 is the proton affinity of aerosil hydro-
xyl groups which is used as standard, a DtSiOH of 90 cm�1 is the fre-
quency shift of the Si–OH vibration, and DtOH is the frequency shift
of the OH vibration. The DtOH values were obtained from the FTIR
differential spectra. The latter were obtained by subtraction of the
spectrum of the pretreated sample from the spectrum taken at
the maximum saturation value [27].

The mesopore volume of the films and pore size distribution
were determined by Ellipsometric Porosimetry (EP) from the
desorption branch of the ethanol isotherms at 287 K using the
Bruggerman effective media approximation and the improved Der-
iaguin–Broekhoff–de Boer model. The film porosity was calculated
with an accuracy of ±3% based on the change of the effective refrac-
tive index between the empty film and the film filled with ethanol
[28]. The thickness of the mesoporous films was determined on an
M-2000F EC-400 Spectroscopic Ellipsometer (J.A. Woollam Co.,
Inc.). The applied optical model consisted of three layers: a silicon
substrate layer, a native silicon oxide layer of 3 nm and the meso-
porous titania layer [28]. The contact angle of a water droplet of
2 ll on the substrates was measured on a Dataphysics OCA 30 de-
vice at 293 K and a RH of 40%.
2.4. Catalytic activity

Fifty Au/TiO2 films were clamped between two concentric rings
at a distance of 1 mm from each other. These two rings were con-
nected to a central shaft which was used for stirring. This holder
was placed in an autoclave reactor with a total volume of 270 ml.
Prior to activity measurements, the catalytic films were reduced
in situ at 523 K at a H2 pressure of 12 bar for 12 h to remove the
surface oxygen. Then, the reactor was cooled to room temperature.
The hydrogenation reaction was performed with 130 ml of a
0.01 M deoxygenated solution of citral in 2-propanol at 343 K
and 12 bar H2 pressure. The stirring speed of the holder equipped
with the plates was 1500 rpm. Analysis of the reaction mixture
was performed off-line with a Varian CP-3800 gas chromatograph
equipped with a CP-Sil 5 CB capillary column (diameter: 1 mm,
length: 30 m) and a FID detector. The carbon balance was closed
within 99%. The turnover frequency (TOF) was calculated as fol-
lows: TOF = X � nC10H16O/(t � a � D � nTiO2), where X is the citral con-
version, nC10H16O is the initial amount of citral in the reactor,
nTiO2 is the amount of the titania support in the reactor, a and D
are the Au loading and dispersion, respectively, and t is the reac-
tion time. The Au dispersion was estimated as D � 0.9/dTEM [29],
where dTEM is the average particle size as recorded using TEM (nm).



Table 1
Vibration frequencies of different groups.

Vibration Frequency (cm�1) Reference

C–O–C stretching 1110 [46]
CH2 rocking 1060 [47]
C–H stretching 2850 and 2923 [48]
CO2 in gas phase stretching 2350 [49]
H–O–H bending 1600 [50]
Ti–O–Ti 430–860 [51]
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3. Results and discussion

3.1. Single layer mesoporous titania films

3.1.1. Influence of calcination temperature on the surfactant removal
and film thickness

To identify the range of conditions under which stable meso-
porous titania films with a long-order structure can be obtained,
a series of single layer films were studied by several physical meth-
ods immediately after the synthesis as well as after storage in air
for 2 months.

Surfactant removal and dehydroxylation during calcination
were studied over the sample TiO2-I-6 by FTIR. The most intense
absorption bands of Pluronic F127 were observed in the FTIR
spectra of the as-synthesized film at 1110 cm�1 and in the 2850–
2930 cm�1 range (Fig. 3a). These bands were assigned to the
C–O–C stretching, CH2 bending and C–H stretching vibrations
(see Table 1). They were used to monitor the surfactant removal
during calcination. The formation of the Ti–O–Ti bridges during
dehydroxylation of the terminal hydroxyl groups in the amorphous
titania walls can be seen after calcination at 473 K (Fig. 3b). The
complete removal of surfactant was achieved after calcination at
573 K for 4 h (Fig. 3c). It should be mentioned that film thickness
decreases from 350 to 177 nm after calcination at 573 K due to a
contraction of the titania framework in the direction perpendicular
to the substrate. Therefore it is of importance to obtain complete
surfactant removal and stabilization of the inorganic network be-
fore deposition of the next layer.
Fig. 4. LA-XRD patterns of mesoporous titania films: (a) TiO2-I-6, (b) TiO2-I-7, (c)
TiO2-I-9 as-synthesized, (d) TiO2-I-6, (e) TiO2-I-7, and (f) TiO2-I-9 after storage in air
for 2 months. A 2D SAXS image of TiO2-I-9 is shown in the frame.
3.1.2. Influence of surfactant content in the sol on film porosity and
stability

Fig. 4a–c shows the XRD patterns of the as-synthesized titania
films TiO2-I-6, TiO2-I-7, (c) TiO2-I-9, while Fig. 4d–f shows patterns
of the same films after storage in air for 2 months (spent films). The
average film thickness after calcination was 175 ± 5 nm. The unit
cell parameter was calculated from the position of the (200) peak
of a P6 mm hexagonal structure. The unit cell decreases from
10.8 nm in TiO2-I-6 to 8.1 nm in TiO2-I-9. No long-order structure
was observed at a surfactant-to-precursor molar ratios below
6 � 10�3 and above 9 � 10�3 (not shown). All films have a 2D hex-
agonal structure (see 2D SAXS image in Fig. 4, frame). The pattern
consists of well-defined diffraction spots [30], which are distrib-
uted along an ellipse rather than a circle. This confirms an aniso-
tropic contraction of the films during calcination [15].

A long-order hexagonal structure was preserved in spent (after
storage in air for 2 months) TiO2-I-9 (Fig. 4f), while at a lower sur-
factant content (TiO2-I-a, a = 6 and 7) it disappeared in the spent
Fig. 3. FTIR spectra of (a) Pluronic F127 surfactant, and TiO2-I-6 film calcined at (b)
473 K, (c) at 573 K.
films (Fig. 4d and e). The XRD results were confirmed by the TEM
image analysis of spent TiO2-I-9 and TiO2-I-7 (Fig. 5a and b, respec-
tively). A highly ordered mesoporous domain was observed in the
TEM of TiO2-I-9. The average size of a unit cell, which includes one
pore and one pore wall, is 9.0 nm (22 unit cells over 200 nm). This
value is close to that obtained from the XRD results.

Typical adsorption–desorption isotherms of ethanol are shown
in Fig. 6. Type IV adsorption isotherm with a hysteresis loop and
a narrow PSD was observed, indicating a strong support–adsorbate
interaction [31]. The mean pore size increased from 2.5 nm at a = 5
to 3.2 nm at a = 7 and finally to 3.5 nm at a = 9. These values are
still lower as compared to 5 nm reported elsewhere [15]. The pore
size distribution is narrow with a deviation of ±0.5 nm from the
average value. Comparing the XRD, TEM and EP results it can be
concluded that the thickness of the pore wall decreases with
increasing surfactant content in the sol. The thickness of the pore
wall can be calculated by subtracting the unit cell size from the
pore size. As the unit cell size decreases, the pore wall thickness
also decreases from 8.0 nm in TiO2-I-6 to 4.5 nm in TiO2-I-9. At
the same time, the film porosity increases from 14% to 25%
(Fig. 7). These data yield evidence that increasing the surfactant
content increases the mean pore size and the mesopore volume
due to a larger micelle size at higher surfactant concentrations in
the sol [11].

Thus, a stable hexagonal mesoporous structure was obtained
only at a F127/Ti molar ratio of 0.009. This ratio was used for the
synthesis of supported titania catalysts with embedded
nanoparticles.

3.1.3. Investigation of Lewis and Brønsted acidity by FTIR of adsorbed
CO

Both Lewis and Brønsted acidities of the titania surface were
determined by CO adsorption. The effect of different surfactant



Fig. 5. TEM images of the mesoporous titania films taken after storage in air for 2 months: (a) TiO2-I-9, and (b) TiO2-I-7.

Fig. 6. Ethanol adsorption–desorption isotherms at 287 K and the pore size
distribution for the film TiO2-I-9.

Fig. 7. Dependence of the porosity, pore and unit cell sizes, pore wall thickness of
mesoporous titania films on surfactant-to-precursor molar ratio: (a) unit cell size,
(b) pore wall thickness, (c) pore size, and (d) porosity.

Fig. 8. FTIR spectra of CO adsorbed on: (a) TiO2-I-9, (b) TiO2-I-5. Experimental
conditions: temperature 77 K, CO pressure 13 mbar. The sample was pretreated in
an IR cell at 673 K for 2 h under a residual pressure of 0.01 mbar to remove
adsorbed surface species.

Fig. 9. Differential FTIR spectra of mesoporous titania films: (a) TiO2-I-9, (b) TiO2-I-
5. Experimental conditions are the same as those in Fig. 8.
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content was studied over TiO2-I-5 and TiO2-I-9 by FTIR of adsorbed
CO (Fig. 8). The adsorption bands at 2153 and 2156 cm�1 are as-
signed to CO adsorbed on the Ti–OH groups. The bands at 2141
and 2145 cm�1 are related to CO condensed in the mesopores
(CO in gas phase) [27], while those at 2123 and 2129 cm�1 are
characteristic for CO adsorbed on the Ti3+ species [32]. In both
cases no adsorption band at 2180 cm�1 was observed, demonstrat-
ing the absence of unsaturated Ti4+ sites on the surface [33]. The
reduction of the Ti4+ sites at 773 K gives the Ti3+ sites [34–37]. This
effect was observed already at 573 K in [37]. However, further
heating to 773 K significantly increased the amount of the reduced



Table 2
Acidic properties of titania films determined by IR of adsorbed CO.

Sample t1CO

(cm�1)
t2CO

(cm�1)
tOH

(cm�1)
DtOH

(cm�1)
PAa

(kJ mol)

TiO2-I-5 2123 2156 3570, 3674, 3725 168 1270
TiO2-I-9 2129 2153 3570 98 1373

a PA – proton affinity.

Table 3
Characteristics of mesoporous films Au/TiO2-i-9.

Number of
deposition cycles

Thickness
(nm)

Weighta

(mg)
Apparent
densityb (g cm�3)

Initial
TOF (s�1)

1 300 0.6 0.40 1.4
2 590 1.1 0.37 0.7
3 660 1.3 0.39 n.d.
5 1000 2.0 0.40 0.9c

n.d. – not determined.
a Weight is given for fifty films on substrates of 9.8 � 9.8 mm2.
b Apparent density is given as weight divided by the coating volume.
c TOF decreased to 0.26 s�1 in 16 min.
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sites. In this study, the Ti3+ sites were formed after calcination of
the mesoporous films at 573 K.

The frequency shift of the OH vibration (DtOH) was obtained
from the FTIR differential spectra (Fig. 9, Table 2). The hydroxyl
groups in both the films possess strong acidic properties.

Thus, pretreatment at 573 K at low pressure creates reduced
Ti3+ sites in the mesoporous films.
Fig. 10. SEM image of Au/TiO2-V-9.
3.1.4. Influence of porosity on hydrophilic properties
Surface hydrophilicity of films is an important parameter when

they are applied in multiphase catalysis. In order to improve the
interactions between a heterogeneous catalyst and the reactants
flowing in the liquid film, it is of prime importance to ensure good
wetting of the surface. High surface hydrophilicity provides stabil-
ization of the liquid flow around the catalyst, which can substan-
tially reduce the pressure drop in the microreactor. The surface
concentration of hydroxyl groups was studied before and after
UV-treatment by measuring the contact angle of a water droplet
on the films obtained with different surfactant-to-precursor ratios
(series TiO2-I-a, where a = 5, 6 and 7). The initial contact angle was
35, 32 and 30 ± 1� over TiO2-I-5, TiO2-I-6 and TiO2-I-7, respectively.
After a UV-treatment for 2 h, the water contact angle decreased to
14 ± 1� over TiO2-I-5. Samples TiO2-I-6 and TiO2-I-7 were more
hydrophilic with contact angles of 9 ± 1� and 8 ± 1�, respectively.
The film surface became superhydrophilic on all samples after
5 h of UV irradiation. In this state, the highest concentration of sur-
face hydroxyl groups (>15 OH per nm2) was created on the surface
[22]. The difference of hydrophilicizing rate of films is related to
their different mesoporosities. The films with a higher mesopore
volume and larger surface areas enhance their hydrophilicity ow-
ing to the so-called two-dimensional capillary phenomenon
[38,39].

Based on the results described above, it can be concluded that
there exists a narrow range of the surfactant-to-metal precursor
ratios between 0.006 and 0.009 leading to formation of mesopor-
ous titania films with a high degree of long-order structure. The
thickness of the pore wall decreases while the porosity and the
long-term stability increase with increasing the surfactant content
in the initial sol. A higher porosity is beneficial to rapid diffusion of
the reactants and products, especially in thicker films. The tem-
plating agent can be completely removed from the film by calcina-
tion at 573 K at a residual pressure of 10 mbar for 4 h. Under these
conditions Ti4+ sites are reduced to Ti3+. A F127/Ti molar ratio of
0.009 and optimized calcination conditions were chosen for the
synthesis of multilayer films.
3.2. Multilayer mesoporous catalytic titania films

After optimization of synthesis parameters for a single layer,
Au-containing catalytic films with two, three and five consequent
layers were synthesized and analyzed as described in Section 2.2
(Table 3). The thickness gain was almost the same in the first
and second deposition cycles. The similarity of the deposition pro-
cess indicates that the UV-induced superhydrophilic state of the
surface has a minor influence on the thickness of the film layer.
However, in the third and fifth deposition runs less material was
deposited per deposition cycle. This might be related to an in-
creased surface roughness of the films after multiple depositions.
On the surface of spin-coated films derived from alkoxide solutions
is often observed the so-called ‘‘radiative striation”, i.e. circumfer-
ential unevenness in thickness or radially extended ridges. Stria-
tions can scatter the solution from the next deposition cycle
resulting in a smaller growth rate. It can be seen from a cross-sec-
tional view of the film in Fig. 10 that a significantly heterogeneous
thickness profile is obtained after five deposition cycles. The mean
film thickness is 1 lm; however, the film contains thicker and thin-
ner areas with an on-scale difference of several tens of microme-
tres. In spite of non-uniform growth rate, a proportional weight
gain confirms uniform porosity throughout the film.

A narrow pore size distribution with a mean pore size of
3.1 ± 0.2 nm was observed on the Au/TiO2-I-9 and Au/TiO2-II-9
samples according to both TEM and EP analysis (not shown). Both
samples had a smaller mean pore size as compared to that of the
titania support (3.5 ± 0.2 nm) due to a partial pore blockage by
the Au nanoparticles.

3.3. Catalytic tests in the hydrogenation of citral

Citral hydrogenation has been chosen as a test reaction as this is
a multi-step reaction and the presence of internal diffusion limita-
tions substantially decreases the selectivity towards the semihy-
drogenated products (unsaturated alcohols, nerol and geraniol
(UCOL) and/or saturated aldehyde citronellal (CAL), Scheme 1). Cit-
ral conversion linearly increased with time from the beginning of
the reaction, demonstrating the zero reaction order for citral
(Fig. 11). A citral conversion of 81.2% was achieved after a reaction
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Scheme 1. Main products in citral hydrogenation.

Fig. 11. Citral conversion and products selectivity on Au/TiO2-I-9 as a function of
the reaction time. Reaction conditions: temperature 343 K, 12 bar H2, 0.01 M citral
solution in 2-propanol, stirring speed 1500 rpm, catalyst mass 0.6 mg.

Table 4
Characteristics of the Au/TiO2-i-9 thin films.

Parameter Value

Apparent density (kg m�3) 400
Metal dispersion (–) 0.2
Au loading (wt.%) 1.0
Volumetric reaction rate ðm3

L m�3
cat s�1Þ 1.4

Film porosity (–) 0.3

Fig. 12. Selectivity as a function of the citral conversion over (a) Au/TiO2-I-9; (b)
Au/TiO2-II-9; (c) Au/TiO2-V-9. Reaction conditions are the same as those in Fig. 11.
The weights of the catalytic coatings are 0.6, 1.3 and 2.0 mg for (a), (b) and (c),
respectively.
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time of 40 hours over Au/TiO2-I-9. In the beginning of hydrogena-
tion, UCOL was the main product with a selectivity as high as 90%
while the hydrogenation of the C@C double bond was completely
suppressed. Further hydrogenation of unsaturated alcohols re-
sulted in the increase of selectivity to citronellol (COL) up to
14.5%. At a citral conversion of 70%, citronellal and 3,7-dimethyl-
octanol (DMOL) were produced with a selectivity of 15.3% and
8.4%, respectively (Fig. 12a).

The thicker films (Au/TiO2-II-9 and Au/TiO2-V-9) showed a low-
er selectivity to the unsaturated alcohols as compared with Au/
TiO2-I-9 (Fig. 12b and c). Citronellal was the main product on the
multilayered films with a substantial amount of citronellol at the
end of the hydrogenation runs. Formation of the fully saturated
product (3,7-dimethyl-1-octanol) was not observed.

The maximum coating thickness (h) to avoid internal
diffusion limitations can be estimated for a zero-order reaction
as h = c/(kv/De)0.5, where kv is the volumetric reaction rate (see
Table 4) and De is the effective diffusivity in the mesoporous
network and c is a constant which depends on the reaction order
and the catalyst geometry [40].

The maximum coating thickness for a single plate was found to
be 5 lm in the beginning of the reaction run, when the zero-order
in citral was observed. This is in line with the observed selectivity
patterns. The selectivity towards the fully hydrogenated product
was rather low over Au/TiO2-V-9 even at high citral conversions.

It should be mentioned that at higher citral conversions, the
reaction order with respect to citral gradually increased towards
1 and the maximum thickness to avoid internal diffusion limita-
tions decreased to 0.7 lm. Therefore, the effective reaction rate
over Au/TiO2-V-9 was lower than the intrinsic rate observed over
Au/TiO2-II-9. From the effective reaction rate it is possible to esti-
mate the effective diffusion coefficient of citral in catalytic films
(Deff) which is related to the molecular diffusion coefficient of citral
(Dm) by Eq. (2).

Deff ¼
er
s

Dm ð2Þ

For the case considered in this study, Deff = 9 � 10�12 m2/s,
Dm = 2 � 10�10 m2/s, the tortuosity factor (s) is assumed to be 1,
and the mean porosity (e) is equal to 0.3 giving the constriction fac-
tor (r) of 0.15. Such a low value for the constriction factor indicates
that the Au nanoparticles substantially reduce effective cross-sec-
tional area available for reactant diffusion.

The initial intrinsic reaction rate in terms of TOF was ca. 1.4, 0.7
and 0.9 s�1 over Au/TiO2-I-9, Au/TiO2-II-9 and Au/TiO2-V-9, respec-
tively. In the absence of internal diffusion limitations, such differ-
ences can be related to different electronic states of the Au
nanoparticles in thin (Au/TiO2-I-9) and thick (Au/TiO2-II-9,
Au/TiO2-V-9) films. In Au/TiO2-I-9, the titanium substrate has a
much larger influence on the electronic state of the titania film,
which might substantially change the electronic properties of the
embedded gold nanoparticles. There was also a dramatic change
in the selectivity pattern between thin and thick catalytic films
(Fig. 12): unsaturated alcohols were the main products over
Au/TiO2-I-9 while the yield of saturated aldehyde was much higher
over the thicker films. A similar enhancement of the reaction rate
as compared to that over the bulk material was observed in the
water–gas shift reaction when a thin film of molybdenum carbide
catalyst with a thickness of 50 nm was deposited on a molybde-
num substrate [41]. However, this effect mostly disappeared in a
thicker film, when the thickness of the Mo2C layer was increased
up to several microns.
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It should be mentioned that the transport mechanisms within
mesopores can be different. These include Knudsen diffusion,
molecular diffusion in disordered domains and diffusion in the
capillary-condensed phase [42]. In a three-phase reactor, the cata-
lyst is usually contacted by a single fluid phase. However the pores
can be emptied by vaporization, the necessary energy for which is
supplied in part by the reaction heat. Reaction in the gas-filled
pores can dominate even if the coating is mostly filled with liquid.
This might explain observed small deviations in the initial reaction
rate between Au/TiO2-II-9 and Au/TiO2-V-9.

TEM images of Au/TiO2-II-9 (both fresh and after reaction) are
shown in Fig. 13a and b. Disordered mesoporous domains can be
seen after the reaction, however the Au nanoparticles maintained
their initial size of 4.5 nm.

From the TEM images it is difficult to assess the location of
nanoparticles, however, the following hypothesis may be drawn.
Lower diffusivity of citral as compared to that expected in com-
pletely open mesopores and smaller pore size in the catalytic films
from the EP analysis demonstrate that nanoparticles are partially
embedded into the amorphous titania wall. The unit cell, which
comprises one pore and the wall between two adjacent pores, is
equal to 8.1 nm (Fig. 7). Therefore, the pore wall thickness is esti-
mated to be 4.5 nm. The nanoparticles with a size smaller than the
pore wall thickness can be in principle fully embedded into the
wall. Even in that case, nanoparticles can be accessible for the reac-
tants via micropores. A significant and unique feature of polymer
templated mesoporous titania films is the presence of complimen-
tary microporosity in the amorphous titania walls. These comple-
mentary pores interconnect adjacent mesopores which allows
reactants to diffuse to the nanoparticles embedded into the wall.
However in this study, the mean nanoparticle size is about the
same as the pore wall thickness.

On the other hand, if the nanoparticles are located outside the
mesoporous network, then the effective diffusivity of citral should
be much higher. From the TEM, EP and kinetic measurement anal-
ysis, it can be concluded that nanoparticles are partially embedded
into the titania wall and to some extent are protruded towards the
adjacent mesopore but not fully blocking them.
Fig. 13. TEM images of the mesoporous Au/TiO2 films: (a) fresh Au/TiO2-II-9, (b) Au/
TiO2-II-9 after reaction, (c) fresh Au/TiO2-V-9, and (d) Au/TiO2-V-9 after reaction.
The mean Au particle size in Au/TiO2-V-9 after the reaction
(Fig. 13d) was larger (7.0 nm) as compared to that in the fresh film
(Fig. 13c). This film has larger disordered areas which can result in
two diffusional pathways characterized by different diffusivities,
namely those in the inner pore space and those between the or-
dered domains (Fig. 13c and d). A slightly larger gold nanopaticle
size might be responsible for a higher initial TOF over Au/TiO2-V-
9 as compared to that expected if the intrinsic activity of Au would
remain constant.

No deactivation was observed over Au/TiO2-I-9 and Au/TiO2-II-
9 during the whole reaction period, while the TOF decreased from
0.9 to 0.26 s�1 over Au/TiO2-V-9 within the first hour of reaction. It
appears that the agglomeration of Au nanoparticles, which are not
fully embedded into mesoporous domain, led to irreversible deac-
tivation [43]. The deactivation could also be due to a partial col-
lapse of the mesoporous network in Au/TiO2-V-9. As a result,
larger mesopores are formed and the Au nanoparticles can be
physically blocked. However, a detailed study on the origin of
deactivation of Au/TiO2-V-9 was beyond the scope of this paper
and will be reported elsewhere.

The new method of making mesoporous catalytic thin films al-
lows to control the chemical nature of the film, its porous structure,
thickness and loading with an active metal, as well as provides the
‘‘freedom of choice” of the catalytic species, which can further be fine
tuned to fit specific applications. In addition to the Au nanoparticles
considered in this study for the hydrogenation of citral, Pd nanopar-
ticles can also be embedded into mesoporous titania films for the
selective hydrogenation of phenylacetylene to styrene [44], while
PdZn bimetallic nanoparticles can be employed in semihydrogena-
tion of terminal acetylene alcohols to ethylene alcohols [45].
Successful implementation of this method will further depend on
the capability of scaling the synthetic protocol from a substrate of
a few square centimetres to that of a few meters while maintaining
film uniformity.
4. Conclusions

Control of the thickness of mesoporous titania films deposited
on a variety of substrates was achieved by multiple spin-coating.
The thickness gain with each deposition cycle consistently de-
creased from ca. 300 nm per cycle in the first cycle to 200 nm in
the last cycle. Gold nanoparticles with an average size of 4.5 nm
were embedded in mesoporous titania films by the condensation
of metal oxide species via self-assembly in the presence of a known
amount of gold colloids. The complete surfactant removal leading
to thermally stable mesoporous films was achieved at 573 K under
a residual pressure of 10 mbar within 4 h. Under these conditions
the Ti4+ sites were reduced to Ti3+ which might be responsible
for a high selectivity to the unsaturated alcohols in the hydrogena-
tion of citral over Au-containing supported catalysts.
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ABSTRACT 

Defects on surfaces of porous granulated supports (using alumina as an example) were exam- 
ined by X-ray spectral microanalysis and the relationship between defects and the mechanical 
strength of spherical granules was determined. The mechanical strength of the granules depends 
significantly on their imperfections (micro cracks with a size of > lOa nm), which is determined 
quantitatively from the Al KQI intensity profile. The regularities found are also valid for complex 
(Mg/AIOOa) systems. 

INTRODUCTION 

A knowledge of factors determining the mechanical strength of dispersed 
granulated materials is necessary for the development of highly durable cata- 
lysts and supports for fluidized bed reactors. In many studies, the dependence 
of mechanical strength on pore structure ( rp-=c lo3 nm) and elastic internal 
tension arising during the formation of support and catalyst structures has 
been considered [l-4], taking into account the mutual arrangement of the 
particles forming the framework and the type of contacts between them [ 51. 

0166-9834/89/$03.50 0 1989 Elsevier Science Publishers B.V. 
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An X-ray method for evaluating defects has been developed for the assessment 
of the catalyst mechanical strength [ 31. 

Studies on the dependence of mechanical strength on macro defects ( > lo3 
nm) in granulated porous materials are less numerous. Typically, such a de- 
pendence has been considered in studies on high-temperature ceramics [ 6-81. 
There is some evidence in favour of a relationship between the mechanical 
strength and the size of pores (macropores) ( 102-lo4 nm) [ 91. 

The objective of this work was to examine defects on surfaces of porous 
granulated supports (using alumina as an example) by X-ray spectral mi- 
croanalysis and to determine the relationship between defects and the me- 
chanical strength of granules. 

EXPERIMENTAL AND RESULTS 

The investigation was performed using a JS M-35 scanning microscope with 
a 35DDS adjustment for microanalysis. Spherical granules of alumina sup- 
ports were fixed in copper cartridges with epoxy resin or Wood’s alloy. The 
granules were then polished to half their diameter with control of the surface 
quality, and a ca. 200 A carbon layer was sputtered to ensure sufficient con- 
ductivity. The Al Ka! line intensity was measured by reflection of thallium 
phthalate (TAP) at a monocrystal plane and registered by a flow proportional 
counter. The Al Ka intensity profile was recorded at a sample movement of 
20 pmjmin with a recording-tape velocity of 20 mm/min. The probe current 
was 40 nA and that of absorbed electrons was 10 nA. 

The mechanical strength of spherical granules was determined under static 
conditions, as described [lo], and calculated as the ratio of breaking force to 
cross-section of the granule. The average value of the mechanical strength 
(R,) was calculated as the arithmetic mean of the value for 30 granules. 

Spherical granules (diameter l-3 mm) of alumina were examined. The char- 
acteristics obtained are given in Table 1. 

As shown previously [ 111, when applying a microanalyser supplied with ver- 
tical spectrometers and definite recording conditions, the radiation intensity 
profile sample scanning reflects the relief of the surface. A porous sample nat- 
urally has a rough surface owing to pores and macro defects which cause changes 
in intensity even at a constant composition of the sample provided that the 
size of the pores (defects) is commensurate with the probe diameter (l-2 pm). 
As found experimentally, scanning of alumina samples with a low mechanical 
strength leads to sharp variations in the Al Ka! radiation intensity; the higher 
the sample strength, the smaller is the amplitude of the intensity variations 
(Fig. 1). 

For the quantitative characterization of the intensity curve associated with 
the mechanical strength of granules, a sample fragmentation parameter was 
used. Obviously, a decrease in mechanical strength can occur if macro cracks 



TABLE 1 

Properties of Al2O3 supports 

Sample Phase Content Vz V r<mnm V r>lO-lOOnm R a" 
No. composition ofMg2+ (cm3/g) (cm3/g) (cm3/g) (kg/cm’) 

(wt.-%) 

1 

2 

3 

4 

4a 

5 

6 

7 

Y-AM& 
Y-AU& 
Y-&OS 
Y-AU% 
cu-Al,O, 

(from sample 4) 

~-Al&3 

Mg/Al$X 

Mg/Al& 

1.5 
3.0 

0.55 0.40 0.15 130 

0.50 0.40 0.10 130 

0.52 0.42 0.10 110 

0.35 0.35 240 

0.30 0.30 180 

0.31 310 

0.38 0.38 430 

0.25 0.25 540 

“Solid solution with y-Also3 structure. 

Fig. 1. Intensity of Al Ka radiation for spherical alumina granules with different mechanical 

strength: 1, R,=310 kg/cm’; 2, R,=240 kg/cm’; 3, R,=llO kg/cm’. 

between fragments are deep and the fragments are small, i.e., a large number 
of particles correspond to unit length of scanning. Therefore, the parameter 
should include the number of particles per unit length of scanning, n/L, where 
n is the total number of particles per length L; the depth of defects can be 
characterized by the area limited by the intensity curve and an intermediate 
line, S/L. Thus, from the intensity curves one can calculate the parameter 
B = KnS/L2. The coefficient K is introduced to provide the possibility of com- 
paring records taken at different rates and scales with respect to intensity. 

A comparison of the values of B and mechanical strength obtained is shown 
in Fig. 2. It should be taken into account that an average value of the strength 
may differ considerably from the values for individual granules, whereas re- 
sults of microprobe analysis characterize individual properties of the granules. 



1,,,,,_9 
100 200 300 400 500 kg/cm* 

Fig. 2. Plot of degree of fragmentation of samples (B) vs. mechanical strength of granules (R). 
Numbers of samples as in Table 1. 

Fig. 3. Intensity of (1) Al Ka and (2) Mg Ka radiation for Mg/A1203 containing 1.5 wt.-% Mg2+ 
(sample 6, Table 1) _ 

For the construction of the plot (Fig. 2), average values of B for 2-5 granules 
were used. 

Based on the results obtained, we conclude that the mechanical strength of 
spherical alumina granules is strongly related to their fragmentation at the 
level of micrometre size. Other structural methods do not provide information 
on pores over this range. In the samples studied, pores larger than 100 nm were 
not detected (see Table 1) . 

Alumina samples additionally containing Mg2+ cations (samples 6 and 7, 
Table 1) were also studied using the same approach. Al Ka and Mg Kcu radia- 
tion intensities were recorded on scanning the same part of the sample. At low 
concentrations of Mg2+ (ca. 1.5%) the Al Ka and Mg Kcu intensity profiles 
are almost identical (Fig. 3), which is in agreement with X-ray analysis results 
indicating the formation of a solid MgO-A1203 solution in this concentration 
region. 

At concentrations exceeding the solubility limit, excess Mg2+ cations can 
reside in macro defects of the matrix, as follows from the Al Kerr and Mg Ka 
intensity profiles (Fig. 4). In this instance B can be calculated from a new 
intensity curve for Al Ka, obtained by substracting the area under the Mg Ka 
curve from that for Al Kcu, taking into account the scale coefficient. 
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Fig. 4. Intensity of (1) Al Ka and (2) Mg Kcx radiation for Mg/A1,03 containing 3 wt.-% M$+ 
(sample 7, Table 1). The Mg KLY intensity is ten times higher than that of Al Ka. 

TABLE 2 

Mechanical strength of Al,O, granules determined by different methods 

No. Sample Mechanical strength (kg/cm’) 

Microanalysis data Measured as in ref. 10 

1 Y-A&O, 235 225 
2 Mg/y-A&O3 250 300 
3 &Al,O, 195 180 
4 Mg/&A1203 330 330 

As can be seen in Fig. 2, the experimental dependence R = f (B ) remains valid 
for the Mg/AlP03 system (points 6 and 7). 

Additional support for such a dependence comes from the data listed in Ta- 
ble 2, which shows that the mechanical strength of additionally studied alu- 
mina samples (found from the plot in Fig. 2) is very close to that measured for 
these samples. 

In addition, it can be seen in Table 1 and 2 and Fig. 2 that the dependence 
R = f (B ) is valid for the various modifications of alumina ( y- ,6- and cr -Al,O, ), 

CONCLUSION 

This X-ray microanalysis of granulated alumina systems has indicated that 
the mechanical strength of granules depends significantly on their imperfec- 
tions (micro cracks with a size of > lo3 nm), as determined quantitatively from 
the Al Ka intensity profile. The regularities found remain valid for complex 
(Mg/Al,O,) systems; in addition, an analysis of the Al Ka and Mg Ka! curves 
provides more detailed information about the effect of the second cation on 
the structural and mechanical properties of alumina. 
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Abstract 

The properties are studied of a wide range of aluminium hydroxides of pseudoboehmite structure 
obtained by settling under conditions providing the gradual growth of primary particles and crystallinity 
level. The spherical granules of alumina are obtained by the method of hydrocarbon-ammonia moulding. 
Colloidal-chemical processes taking place during the formation of granules are studied; reasons are de- 
termined for obtaining the fine and coarse porous granules of alumina from aluminium hydroxides, 
which distinguish themselves by the type of contacts between primary particles. The correlation is 
investigated between the structural and mechanical characteristics of the alumina granules and the 
shrinkage ratio of the initial aluminium hydroxide under drying. 

Keywords: aluminium hydroxide, spherical granules, catalyst preparation (colloidal processes). 

INTRODUCTION 

Porous, spherical granules of alumina are often used as adsorbents, supports 
and catalyst components. Their wide application is due to their high surface 
area, their developed and readily variable porous structure, their thermal shock 

resistance, thermal stability and mechanical strength [l-3]. 
One of the most widespread methods for preparing spherical alumina gran- 

ules is based on the hydrocarbon-ammonia moulding [ 4-61 process according 
to the scheme: 

Peptizer 
Aluminium hydroxide gel - 

sol Sphere-forming substance 
, 

+ Coagulant 

Gel in the form of sphere 
Heat treatment 

’ Spherical granules of y-Al, 0, 

According to this scheme a wet precipitate or gel of aluminium hydroxide is 
first peptized, up to the moment at which a viscid sol is formed. The sol is 
sprayed in drops into a layer of hydrocarbon liquid, under which conditions 

0166-9834/91/$03.50 0 1991 Elsevier Science Publishers B.V. 



spheres are formed. There is a coagulant present under the liquid layer and the 
granules which pass through the layer grow hard and turn into resistant spher- 
ical granules of y-A1203 after heat treatment. 

Refs. 7 and 8 report the special features required for the formation of pseu- 
doboehmite aluminium hydroxides having a porous structure with the use of 
nitric acid as a peptizer and ammonium hydroxide as a coagulant. On the basis 
of these reports it is concluded that the role of the aggregation of the primary 
particles in the initial hydroxides determines the structural and mechanical 
properties of the alumina granules obtained. 

Expanding the concepts developed in refs. 7 and 8 in this work, our major 
attention was paid to the study of new methods by which it may be possible to 
predict the structural and mechanical characteristics of alumina on the basis 
of the properties of the initial hydroxide. Attention was also given to a search 
for a particular method for the evaluation of the suitability of any given hy- 
droxide in the preparation of alumina granules having the characteristics 
required. 

EXPERIMENTAL 

Spherical granules were prepared by the addition of nitric acid to an alumin- 
ium hydroxide in the amount of 0.15 mol or less per mol of alumina, and then 
introducing the sol so obtained dropwise into a two-layer column (hydrocar- 
bon liquid above, ammonia solution below). Drying and calcination of the 
granules at 500-600’ C leads to the production of y-A1203. 

The total content of moisture in the hydroxide (ZW, g H,O/g of wet hy- 
droxide) was calculated from the change of mass of the aluminium hydroxide 
upon heat treatment at temperatures ranging from 20 to 800°C. The value of 
the specific surface area A was determined by the adsorption of argon in hy- 
droxide specimens desiccated at llO”C, and in aluminium oxide calcined at 
500°C. The pore volume VP and the size distribution of the pore radii were 
determined with a Porosizer-2300 mercury intrusion porosimeter; true density 
p was determined by helium adsorption using an Autopicnometer-3200 appa- 
ratus. The phase composition of the specimens was determined by X-ray dif- 
fraction using a Dron-1.5 apparatus, with monochromated copper emission; 
the size of the coherent dispersion (s.c.d. ) of the pseudoboehmite aluminium 
hydroxide particles was determined by the method of approximation using the 
Iine [ 1.4.0, 0.3.01 (2&49’ ). Electron microscopy was carried out with the 
help of the JEM-CX microscope. The morphology and the range of particle 
dimensions were studied with a magnification of 5~ 104. The mechanical 
strength of the alumina granules, S, was evaluated by mechanical loading up 
to the crushing point between the two parallel plates. 
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RESULTS AND DISCUSSION 

A wide range of gelatinous aluminium hydroxides of pseudoboehmite struc- 
ture were prepared for subsequent study. Their characteristics are shown in 
Table 1 and Fig. 1. 

The conditions for the synthesis of the aluminium hydroxides during the 
settling phase were chosen so that in the series of specimens 1-5 displayed a 
growth in particle size and degree of crystallinity. Thus, if specimen 1, accord- 
ing to its phase composition is a pseudoboehmite with an s.c.d. of ca. 3 nm in 
association with a trace quantity of an amorphous phase, then specimen 2 
comprises pseudoboehmite only, and specimen 5 is the transition modification 
from pseudoboehmite to boehmite. 

TABLE 1 

Characteristics of aluminium hydroxides and oxides 

No. ZW A P s.c.d. p Bulk A VP V r> 100 “In S 

k/g) W/d k/cm3) (nm) ( 5% ) density (m’/g) (cm3/g) (cm3/g) (MPa) 
(g/cm”) 

1 0.85 370 2.67 3 42 0.84 320 0.04 0 22 
2 0.81 380 2.61 5 41 0.80 280 0.20 0 19 
3 0.78 250 2.74 7 30 0.75 250 0.39 0.04 10 
4 0.72 200 2.74 13 22 0.69 250 0.42 0.19 4 
5 0.59 140 2.79 15-17 0 - 240 0.68 0.47 0 

VP VP 

1 
2 

032 0,oz 

Ql I\‘, &l 0,oi 

0 
1 

VP 

t 

d ,- ’ 
2 0’ e9r 1 2 3 D_, 

VP 
t 

LY ’ 

036 

\\ 

0,3 

-‘----CO 0 

Fig. 1. Distribution of pore volumes, VP (cm3/g), with radii, r (nm) of aluminium hydroxides 

driedat 110°C (spec. l-5). 
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From the data of Table 1 it is evident that, as the pseudoboehmite particle 
size increases, the quantity of total moisture CW decreases, the value of A falls 
off, and the true density of p increases. According to the electron microscope 
data, the morphology of pseudoboehmite secondary aggregates changes simul- 
taneously with the primary particle growth. Hydroxide 1 is formed by coarse 
loose aggregates, consisting of needles and fibres of size 4 x (20-40) nm. Spec- 
imen 2 is formed by the needles 3 x 50 nm in size, packed in small aggregates. 
The sizes of the needles in the specimens 3 and 4 increase up to 7~ (50-100) 
nm, and thus they are packed in aggregates which increase in size. Specimen 5 
consists of large aggregates in the shape of plates of size greater than 100 nm, 
the edges of the plates being formed by the close packing of needles up to 20 
nm thick. The size of aluminium hydroxide aggregates determines their porous 
structure (Fig, 1). The relatively large volume of pores, VP, and macropores, 
V r> 100 nm, can be explained by the presence of large aggregates in specimen 1. 
In specimen 2 a small quantity of aggregated particles formed from a great 
number of needles in the shape of a plate causes a low pore volume; the pore 
space texture of this specimen is generally determined by the fine needle sizes. 
The increasing aggregation of particles when progressing from specimen 2 to 
specimens 3 and 4 is accompanied by the growth of the average value of pore 
volume. A great number of pores become accessible to mercury (growth of VP), 
and as a result the volume of the pores increases sharply over the range of lo- 
100 nm (specimen 3) and then, as a result of the formation of the larger par- 
ticles and aggregates, the growth in VP is caused by a growth in the volume of 
the pores having a radius of more than 100 nm (specimen 4). In specimen 5 
the major share is formed by pores having a radius of more than 100 nm. 

Study of the changes in morphology and sizes of aluminium hydroxide ag- 
gregates during the chemical interactions taking place during the process of 
hydrocarbon-ammonia moulding shows that the hydroxides can be divided 
into 3 groups. 

In the first group (specimens 1 and 2)) the action of an acid peptizer leads 
to a complete destruction of the initial aggregates into particles of 3-5 nm in 
size. In hydroxides of the second group (specimens 3 and 4) some aggregates 
interacting with the peptizer are conserved in their initial state. The fifth hy- 
droxide can be related to the third group since its particle size and morphology 
remain unchanged after the acid treatment. The principle scheme of the pro- 
cesses taking place in aluminium hydroxides of the first and third groups upon 
the action of a peptizer and a coagulant in turn is presented in Fig. 2. 

Upon examination of the results of the experiments conducted according to 
the ideas developed by Rebinder and co-workers [ 91, we suppose that the con- 
ditions under which the aluminium hydroxides are synthesized determine not 
only the morphological structure of the particles but also the type of structure. 
Depending on the type of coalescence contact between the particles, the struc- 
tures formed may be subdivided into two main types: (i) thixotropic coagula- 



coagulation contact sol spherical granule 
of hydroxide 

pha seous contact suspension 
hydroxide 

Fig. 2. Principle scheme of processes taking place in aluminium hydroxides of the 1 (a) and 3 (b) 
groups by subsequent action of a peptizer and coagulant. 

tion structures connected by van der Waals or electrostatic forces, slightly re- 
sistant but plastic and elastic, owing to the preservation of the ion-solvation 
sheath at a point of contact (Fig. 2a); (ii) crystallization structures connected 
by the forces of chemical interaction with either point or phase contact be- 
tween the particles (Fig. 2b) .a 

In accordance with this classification, aluminium hydroxides of the first group 
(specimens 1 and 2 ) consist of aggregates with weak coagulation contacts be- 
tween the particles, which recover after rupture. 

The introduction of an acid, thus increasing the thickness of the electric 
double layer, is enough to break the contacts in a structure. As a result of this, 
a hydroxide is almost completely peptized, dispersing in the limit into its pri- 
mary particles (Fig. 2a). This becomes apparent in a rheological state of mass, 
leading to the state conversion of the hydroxide from solid into liquid. When 
such a mass is submerged in the ammonia solution after spraying as drops, a 
rapid coagulation takes place at the expense of the rupture (or contraction) of 
the ion-solvent sheath. Small, mobile particles of an aluminium hydroxide are 
packed close together. The final result is the production of aluminium hydrox- 
ide granules having a fine, porous, monodispersed structure. 

Systems consisting of phase contacts and chemical bonds between primary 

“According to the terms accepted by S. Gregg and K. Sing [lo], aggregates are formed from loosely 
bonded particles, and agglomerates are formed from the strongly bonded particles. 
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particles remain practically unpeptized by acid (group 3, specimen 5 ). In the 
quantity which is used in our method of granulation (i.e. 0.07-0.15 moles of 
nitric acid per mole of alumina), no changes in morphology and aggregate size 
take place on introducing such a system into ammonia. An increase of acid 
addition leads only to the hydroxide being dissolved. In order to investigate 
the properties of the resulting alumina, nitric acid and ammonium hydroxide 
were consequently added to specimen 5 and the hydroxide was then dried and 
calcined. 

The particles in the hydroxides of the intermediate type (group 2, specimens 
3 and 4) are bonded by contacts of both types; the degree of dispersion under 
the influence of the action of the peptizer depends on the relation between the 
numbers of contacts. 

Calcination of the aluminium hydroxide granules in the temperature range 
of 500-600°C permits production of spherical y-Al,O,. The nature of particle 
packing, as defined by peptization and coagulation of the initial hydroxide, 
remains unchanged throughout the subsequent stages of alumina preparation 
and determines its porous structure, specific surface area, and strength. The 
characteristics of the prepared spherical granules of Y-A1203 are given in Table 1. 

It is evident that the destruction of aluminium hydroxide aggregates and 
subsequent compact coagulation of the small particles formed leads to the pro- 
duction of fine porous alumina granules with high values of specific surface 
area, bulk density and strength (specimens 1 and 2 ). As opposed to this, pres- 
ervation of the coarse aggregates in aluminium hydroxide (specimen 5) after 
a peptization-coagulation cycle causes the presence of macropores even in the 
final alumina. 

The results obtained explain the reason for the production of fine and wide 
porous alumina granules from various aluminium hydroxides as well as the 
possibility to use them in the hydrocarbon-ammonia moulding. 

We also searched for an appropriate experimental test of an initial hydroxide 
which would permit us to evaluate beforehand (i.e. before the peptization- 
coagulation cycle is conducted) its suitability for the production of the spher- 
ical alumina having the required structural and mechanical properties. Prac- 
tical experience showed that it was rather difficult to establish a correlation 
between the properties of the aluminium hydroxide and the subsequent alumina. 

Investigation of the hydroxides conducted by the X-ray method did not yield 
a direct result. The conditions of synthesis of a hydroxide mainly determined 
the packing of the primary particles, their dispersity, size distribution, and the 
degree of interlayer separation. However, we could not determine any consis- 
tently directed change in these parameters, nor their connection with the prop- 
erties of the final alumina granules. 

The research conducted on the aluminium hydroxide porous structures 
showed that, for specimen 1 as well as for specimen 5, synthesized under ex- 
tremely different conditions, the coarse aggregates and macropores are char- 
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acteristic. For specimen 1 there is no relation between the hydroxide and oxide 
volumes of the pores, and their values in specimen 5 are close to each other. 
Hence the selection of hydroxides according to their porous structure is 
impossible. 

In our search for a convenient aluminium hydroxide quality index, we paid 
attention to the value of its drying shrinkage. This index is widely used to 
characterize the final products, the properties of which vary with time or dur- 
ing heat treatment. Shrinkage can have a negative influence (e.g. leading to 
formation of cracks in granules) or a positive one (decreasing the total volume 
of pores, i.e. increasing the density). 

In order to determine the shrinkage, ~JJ (% ) , an initial aluminium hydroxide 
was shaped spherically, and the diameter was measured before (d,) and after 
dF ) drying: 

fp,= (do -dF) x 100% 
do 

Fig. 3 shows the dependence of the strength S, volume of pores VP, and bulk 
density of d of alumina granules on the value of the initial hydroxide shrinkage. 

Using this correlation, one can evaluate the possible values of the texture 
and mechanical indices of the alumina granules in terms of the potential 
shrinkage of the aluminium hydroxide during drying. 

It is known that the humidity of the material influences its shrinkage value, 
which could distort the correlation given in Fig. 3. However, the values of the 

Fig. 3. Dependence of the alumina granule strengths, S (MPa), pore 
bulk density, d ( g/cm3), on the value of initial hydroxide shrinkage, v. 

volume, (cm3/s), and 
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total humidity, which are all close to each other, are characteristic of the gel- 
like aluminium hydroxides investigated. Besides this, the method of hydrocar- 
bon-ammonia moulding demands the following humidity values for the form- 
ing hydroxides: CW must be in the region of 0.70-0.85 g/g. This is connected 
with the rheological properties of the mass produced during peptization. The 
drier hydroxides do not display any liquid-flow properties when they are treated 
with acid. The use of wetter hydroxides leads to deformation of the granules. 

However, in our case the most significant thing is that shrinkage depends 
on the real degree of aggregation of the aluminium hydroxide (i.e. its mor- 
phology and the type of contacts between the particles). The small-sized ag- 
gregates, as well as those of large sizes which are porous with coagulation con- 
tacts, are distorted and packed during drying. Removal of water from between 
the aggregates, together with ion-solvent sheath moisture, lead to closer posi- 
tioning of the particles. In this case shrinkage of a hydroxide is significant. As 
opposed to this, the coarse, close aggregates with phase contacts are not de- 
stroyed upon drying and do not form a compact texture. In this case, shrinkage 
is insufficient. 

From this a direct connection between the potential shrinkage of aluminium 
hydroxide during drying and its ability to be peptized under the influence of a 
small quantity of acid may be observed. 

SUMMARY 

It has been shown in this work that, depending on the conditions of prepa- 
ration, pseudoboehmite aluminium hydroxides can consist of aggregates with 
coagulation or phase type contact between the primary particles. In the first 
case, hydroxides are completely disaggregated by acid, which allows the pro- 
duction of very strong, homogeneously porous granules of alumina. Precipi- 
tates with phase contacts are not disaggregated by acid treatment, which leads 
to the production of macroporous, low-strength alumina granules. 

It has been determined that the shrinkage of aluminium hydroxide on drying 
is a total criterion which takes account of the moisture and structural charac- 
teristics of the aluminium hydroxides. It is appropriate to use this quality index 
for an initial substance in order to forecast the structural and mechanical char- 
acteristics of the spherical alumina prepared by the hydrocarbon-ammonia 
moulding method. 
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Abstract 

Structural changes of ahuninium hydroxides at main technological .&.a@~ are studied to produce 
spherical alumina with a given volume of pores. Two hydroxides essentially different in morphology, 
particle aim and type of bond between primary particles have been synthesixed. A collected of alumina 
with varied volumes of pores and effective radii baa been obtained using a mixture of hydroxides of both 
types. We show how to calculate the volumes of meso- and macropores aa well as the specific surface 
area of alumina and ita precumo IS on the bask of the characteristics of each hydroxide and their ratio 
in the mixture. 

Keywords: ahnninium hydroxide, granulated alumina, mechanical strength, porous structure, pseudo- 
boehmite, spherical particles, textural characteristics. 

INTRODUCTION 

Porous granules of alumina are widely used as carriers, catalysts and adsor- 
bents [l-3]. It is known that for each technological process it is necessary to 
use granules with textural characteristics which are optimal for exploitation. 
A great deal of the literature is devoted to the investigation of the influence of 
the initial products properties and reprocessing conditions on the final alu- 
mina characteristics [ 4-51. However, the production of alumina granules with 
the correct porous structure required for a given process has been a complex 
problem so far and has been largely solved by using empirical sampling. 

In this paper a method is shown for calculating the parameters of alumina 
porous structure using the characteristics of initial hydroxide. The peculiari- 
ties of spherical alumina production with a diameter of l-3 mm are investi- 
gated. Such granules can be used both in the stationary and in the fluidixed 
bed, the latter being especially actual for the current modern intensive chem- 
ical production industry. 

Granules of spherical shape can be produced by mechanical (pouring, dis- 
persive drying, etc. ) and coagulation-chemical methods (moulding in oil, in 
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coagulant, etc. ). The first group of these methods is relatively simple from the 
point of view of textural changes of product during its manufacture: aluminium 
hydroxide texture is retained in the moist or dry granules and then undergoes 
some changes during thermal processing at temperatures of 500-700’ C in the 
process of y-alumina preparation. Therefore one can obtain y-alumina with the 
required characteristics only by the use of an appropriate hydroxide. However, 
variations in hydroxide synthesis are rather limited and this is the reason why 
a wide series of alumina cannot be obtained by such means. 

In the methods based on chemical influence a change in structure of alumin- 
ium hydroxide occurs at each technological stage. This, on the one hand, en- 
ables us to produce alumina with different proportions of micro-, meso- and 
macropores, but, on the other hand, makes the prediction of the final product 
properties difficult. 

For the production of alumina with substantially variable structural char- 
acteristics it was necessary to investigate the textural changes of hydroxides 
at the main technological stages and to mix two (or more) hydroxides in the 
required proportion. 

EXPERIMENTAL 

Aluminium hydroxide with a pseudoboehmite structure was chosen as the 
object of the investigation. The aluminium hydroxide was prepared from a 
solution of sodium aluminate which was treated with nitric acid under condi- 
tions which enabled the production of precipitates with different morphology 
[ 61. Sample 1 was precipitated at 291 K and pH 8.5; sample 2 was precipitated 
at the same pH and 393 K. The remaining samples were produced by mixing 
samples 1 and 2. Spherical granules of alumina were obtained by the hydro- 
carbon-ammonia method of moulding. The method consists of (i ) the conver- 
sion of aluminium hydroxide into the fluid mass (sol) during treatment with 
nitric acid (plastification stage); (ii) transformation of the mass into spheres 
in the hydrocarbon layer and the hardening of granules in the coagulant 
(moulding stage) ; and (iii) the thermal processing giving y-alumina [ 7-81. 

Electron-microscopy studies were carried out with the help of a JEM-lOO- 
CX microscope. True density p was measured by helium with an autopycno- 
meter-3200 instrument. The porous structure and specific surface area A were 
investigated by the analysis of nitrogen adsorption isotherms measured at 77.5 
K on an automatic adsorption unit Digisorb-2600 (distribution of pores vol- 
ume on the radii up to 100 nm). The effective necks radii in the range 4-10 nm 
were studied by the mercury intrusion porosimetry method with a Porosizer- 
2300. To obtain comparable data in the analysis we used a\desorption branch 
of the capillary condensational hysterisis area. Porosity of particle packing e 
was calculated by the formula: 
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f= V_zpl(l+ V.&d. (1) 
The total volume of pores V, was determined by the data sum of mercury 
porosimetry ( V,) and from the nitrogen adsorption isotherms ( Vr< 4 nm). 
The mechanical strength of granules S was measured by pressing between two 
parallel plates. 

RESULTS AND DISCUSSION 

Investigation of the aluminium hydroxides produced by the physicalshem- 
ical methods showed their substantial differences. An hydroxide precipitated 
at 291 K (AH-l) has a humidity of 85 wt.-%. Its specific surface area after 
drying at 380 K is 370 m2/g and its average size of primary particles is 3 nm. 
The hydroxide precipitated at 373 K (AH-2) has a lower water content - 
59 wt.-%, its specific surface area is 140 m”/g and the size of the primary par- 
ticles is 15-17 nm. 

According to the electron microscopy data (Fig. la) AH-1 contains agglom- 
erates of random shape consisting of fibres and needles h ca. 4 nm wide and 1 
ca. 20-40 nm, and spherical particles with a diameter of about 4 nm. AH-1 
dried at 291 K contains a considerable quantity of thin pores which make a 
major contribution to the total volume of pores Vs Two characteristic regions 
in the distribution of pores can be distinguished in the structure of the dried 
AH-l: the region of thin pores with a distribution maximum rl ca. 3 nm [cal- 
culated from the results of adsorption measurements (see Fig. 2) ] and the 
region of macropores with an average sixe r2 200 nm [mercury porosimetry 
data (see Fig. 3) 1. The region of macropores (the electron microscopy data) 
corresponds to the space between large aggregates, and the region of thin pores 
corresponds to pores in the aggregates between the particles of small size. 

Hydroxide 2 according to the electron microscopy data (Fig. lb) consists 
primarily of large aggregates in the form of plates with sixes greater than 100 
nm. The pore volume VP of AH-2 is large (Fig. 4)) the preferential pore radius 
being more than 100 nm. Edges of plates are formed by compact packed needles 
with a thickness up to 20 nm which, in their turn, consist of thin needles of ca. 
4 nm in size. The maximum of the mesopores distribution corresponds to an r 
value of ca. 2.2 nm (Fig. 2). The porosity of the aggregates is c =0.4 assuming 
that all the mesopores with F< 100 nm are within these aggregates’ volume. 

The treatment of AH-l with acid (0.17 mole per mole alumina ) leads to the 
production of plastificated mass PM-l having a disordered structure consist- 
ing of needles and tibres about 3 nm thick (Fig. lc ) . Structural characteristics 
change accordingly: macropores disappear, Vz sharply decreases (Fig. 3), the 
maximum of the distribution of thin pores shifts to 1.7 nm (Fig. 2). Low- 
molecular aluminium compounds formed during the acid treatment fill some 
part of the porous space in the dried PM-l sample and as a result the measured 
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Fig. 1. Electron microscopic photographs of (a) AH-l, (b) AH-2 and (c) PM-l. 
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Fig. 2. Micropore volume distribution of (a) sample 1 and (b) sample 2. (-) AH; (---) PM; 
(-0-o) G. 

b) 

1 2 3 lg r 

Fig. 3. Cumulative pore volume distribution of sample 1. (a) AH, (b) PM, (c) G. !I’=380 K. 

porosity value c is small and amounts to 0.26. This can also explain the de- 
crease of A from 370 (AH-l) to 215 m2/g (PM-l). Thus, acid treatment of 
AH-l leads to an effective breakdown of original aggregates, primary particles 



Fig. 4. Cumulative pore volume distribution of sample 2. (0 ) AH; (A ) PM; ( 0 ) G. 

which are bounded only by weak Van der Waals or electrostatic forces [ 91. 
Hardening of the hydroxide granules (G-l) in the coagulant (NHIOH so- 

lution) at the next technological stage is accompanied by compact packing of 
thin needles according to the data of electron microscopy. An increase in the 
strength of the “skeleton” of the formed system consisting of stiffly fixed needles 
leads to some growth of VP (Fig. 3 ) , and an increase in porosity up to 0.45, and 
a shift in the maximum of the mesopores radii distribution to 2 nm (Fig. 2). 

But macropores do not appear in G-l. From the comparison of the struc- 
tural-mechanical characteristics of AH-l and G-l samples it can be seen that 
the chemical treatment necessary for the preparation of granules, removes ma- 
cropores. In this case the changes in distribution of the thinner pores volume 
is negligible. When G-l is calcined producing y-alumina textural characteris- 
tics change slightly. 

Treatment of AH-2 reveal a different picture. Acid treatment with intensive 
mixing does not allow us to produce the mass that is suitable for moulding even 
when the acid concentration is increased to 0.3-0.5 g mol/g mol alumina. The 
electron microscopy data show that no dispersion of aggregates occur in this 
case and only diffusion of boundaries appears. 

After PM is kept in coagulant and dried it transforms into powder. All the 
samples of the AH-PM-G series have a similar structure of heterogeneous 
porosity with a characteristic distribution maxima for the volume of mesopores 
with r ca. 2.2 nm (Fig. 2) and a large volume of macropores. The porosity of 
the aggregates during treatment by acid and ammonia lies within the range of 
c = 0.4-0.5. In this case the location of the distribution maxima and the relative 
volume of pores having different sizes change very little. Distribution analyses, 
calculated over adsorption branches of capillary-condensatioational hysteresis of 
the adsorption isotherms gave the following results: the volume of pores with 
necks up to 4 nm constitutes lO-13%; the volume of pores in the range 4-30 
nm is l5-17%; in the range 30-100 nm, 9-10%; and in the range greater than 
100 nm, 6264% of Vz. Samples AH-2 and G-2 have the most similar structural 
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characteristics. Some decrease in the total volume of pores (Fig. 2) and A of 
the PM-2 sample (from 140 m2/g in AH-2 up to 110 m2/g in PM-2) can be 
explained by the formation of soluble ahnninium compounds and by their pre- 
cipitation on the peripheral parts of aggregates during drying. 

These results allow us to assume that such aggregates practically do not 
disperse under the given conditions in spite of a rather well-developed inner 
surface and porosity. Such stability is due to the presence of chemical bonds 
between the primary particles in the aggregates of the initial AH-2 [9]. The 
calcination of G-l granules and G-2 powder leads to the production of alumina 
whose characteristics are given in Table 1. 

Using a mixture of aluminium hydroxides with very different textural char- 
acteristics is one of the means by which we can obtain a wide range of granu- 
lated alumina. 

Let us analyze the peculiarities of the AH-1 and AH-2 mutual locations dur- 
ing their mixing and their influence on the porous structure of the final alu- 
mina granules. The low reactivity of AH-2 allows us to assume that the me- 
soporous structure of the mixed samples is proportional to the volume of 
mesopores in samples 1 and 2. In this case the volume of mesopores in a given 
size range can be determined by the following relation: 

Vi= VlX+ V2(1-X), (2) 

where VI and V, are the volumes of mesopores in the AH-PM-G series of the 
samples 1 and 2 correspondingly, cm”/g, and X is the part of AH-1 in the 
mixture, g/g. The specific surface area of the samples can be similarly estimated: 

Ai=AlX+A2(1-X), (3) 

where Al and A2 are the specific surfaces areas of samples 1 and 2 in the series 
AH-PM-G correspondingly, m”/g. 

The results of the calculations of Ai and the volumes of mesopores Vi for 
sample 3 at X= 0.55 and sample 4 at X=0.29 are compared with experimental 
data in Table 2. It can be seen that the values calculated and obtained from 

TABLE 1 

Characteristics of the spherical A&O, produced from AH-l and AH-2 

A1203 characteristics AH-1 AH-2 

1. Bulk density, g/cm3 0.64 - 
2. Specific surface area, m*/g 320 240 
3. VP, cm3/g 0.04 0.88 
4. V (r= 10-100 nm). cm3/g 0.01 0.14 
5. V (r> 100 nm), cm3/g 0 0.70 
6. Strength, MPa 22 0 
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TABLE 2 

Calculated and experimental characteristics of AH, PM and G samples from the aluminium hy- 
droxide mixture 

Sample X Series A Volume of pores (cm3/g) with a V, 
No. k/d (m’/g) radius (nm) (cm3/g) 

t4 4-100 > 100 

3 0.55 AH talc. 260 0.24 0.10 - 0.38 
exp. 250 0.27 0.14 - 0.46 

PM 1 talc. 170 0.10 0.07 - 0.17 
exp. 280 0.24 0.09 - 0.33 

G 1 talc. 250 0.20 0.10 - 0.30 
exp. 270 0.20 0.10 - 0.30 

4 0s2’ AH { ;;;; ;;; 0.18 0.19 0.21 0.58 
0.18 0.16 0.15 0.49 

PM 1 talc. 140 0.09 0.07 0.09 0.29 
exp. 220 0.17 0.10 0.11 0.38 
talc. 190 0.14 0.10 0.15 0.44 
exp. 210 0.16 0.08 0.12 0.44 

measurements of samples of AH and G are rather similar in pore area with 
sizes up to 100 nm. The absence of additivity for the samples of PM-type is 
probably due to the injection of different amounts of acid into AH-l and 2. In 
the area of macropores there is no additivity either which is explained by the 
location of some highly dispersive phase 1 in the space between the aggregates 
of phase 2. For the samples of series 4 the calculated volume of macropores is 
almost three times larger than the measured volume (these data are not in- 
cluded in Table 2 ) . 

To complete the analysis of the location of hydroxides 1 and 2 we have in- 
troduced a structural model of samples produced by mixing them in their sim- 
plest form: roughly dispersed AH-2 aggregates form a frame, in the macropores 
of which highly dispersive AH-1 is located. Let us assume that the aggregate 
packing at each phase does not depend on the presence of the other phase. 
According to this condition the volume of macropores formed in the unit of 
mass of the mixed aluminium hydroxide, without taking into consideration 
phase 1, is equal to 

Vg,=V,(l-X), (4) 

where V, is the volume of macropores for sample 2 in the series AH-PM-G. 
The volume occupied by highly-dispersive phase 1 is equal to 
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where p1 is true density of sample 1, g/cm3. Then the calculated volume of 
macropores Vz is equal to 

v*=vh,+vi& (6) 

As can be seen from Table 2 the calculated volume values of macropores for 
the series of sample 4 are rather similar to the experimental values but exceed 
them, on the average by 20%. The observed minor differences can be associated 
with the inadequacy of the model which has been used for the calculations: 
actually, the phases influence each other; in this case phase 1, being more finely 
dispersed, can contribute to the increase in the packing density and to the 
growth of particle sixes in phase 2. In the samples of series 3 the absence of 
macropores is shown both by experimental data and theoretical calculations. 

In order to test the obtained regularities the precipitates with X from 0.15 
to 0.85 has been produced by mixing samples 1 and 2. 

The experimentally measured volume of macropores at X< 0.5 was found to 
be somewhat larger than the calculated volume in all the cases. This indicates 
a decrease in the packing density of aggregates of the roughly dispersed phase 
in the presence of the highly dispersed phase. However, experimental data are 
satisfactorily described by the above simple model as well. At X> 0.5 macro- 
pores are absent in the samples according to both experimental data and the- 
oretical calculations. 

As is shown in Table 3, the synthesis of aluminium hydroxide by mixing of 
precipitates allows us to obtain wide porous granules with an effective radius 
(ref) =200-500 nm with a low bulk density of alumina (sample 5), very fine 
porous and compact granules the major volume of pores in which is not deter- 
mined by mercury porosimetry (i.e., r GC 4 nm), (sample 9) as well as oxides 
with poly- and bidispemive distribution of pores (samples 6-8). 

Eqns. (2-6) make it possible to predict textural characteristics not only of 

TABLE 3 

Characteristics of A1203 granules produced from the mixed aluminium hydroxides 

Sample X Bulk A “P W, nmh cm3/tz 
No. k/d density (mz/d (cm3/d 

k/cm3) <lO 10-100 >lOO s 
@APa) 

Exp. talc. talc. Exp. Calc. 

5 0.15 0.44 240 0.87 0.08 0.19 0.12 0.60 0.59 2.3 
6 0.22 0.48 250 0.63 0.12 0.10 0.11 0.41 0.47 4.1 
7 0.38 0.54 290 0.54 0.18 0.10 0.09 0.26 0.31 8.3 
8 0.65 0.63 300 0.25 0.20 0.04 0.05 0 0.02 13.2 
9 0.85 0.82 310 0.019 0.015 0.003 0.02 0 0 22.4 
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the mixed hydroxides and semiproducts but also of the final alumina granules. 
Agreement between calculated and experimental results is sufficiently good. 

Thus, the degree of disaggregation of the mixed aluminium hydroxides af- 
fected by the acid at the plastification stage depends on the quantity of easily 
dispersive hydroxide. 

Structural-mechanical properties of alumina granules, produced from such 
hydroxides are determined by the texture of the original precipitates and from 
their proportion in the mixture. 

Injection of the AH-l-precipitate with 0.2 <XC 0.5 ( Vhd/ V:, < 1) leads to 
the formation of alumina granules with a wide collection of pores. At XC 0.2 
the main volume is occupied by macropores. The mechanical strength value of 
such granules decreases proportionally to the growth of VW. The excessive 
highly-dispersive precipitate at X> 0.5 ( VJVA > 1) gradually fills the space 
between the aggregates which leads to the disappearance of macropores. At 
X> 0.8 the characteristics of alumina granules from AH-1 and mixed hydrox- 
ides practically coincide and the mechanical strength abruptly increases. 

Thus, by varying the structural characteristics of the final product according 
to a given method, it is possible to produce carriers and adsorbents for a wide 
range of processes, and the high values of the mechanical properties of the 
granules (samples 6 and 9) make it possible for us to use them in the moving 
or fluidized bed. 

REFERENCES 

D.L. Trimm and A. Stanialaue, Appl. CataI., 21 (1966) 215. 
K.P. Coolboy and H.L. Fleming, Chem. Eng. Prog., Symp. Ser., 60 (1984) 63. 
F. Dirksen, Chemsa, 9 (1963) 122. 
V.A. Dzisko, A.P. Kamaukhov and D.V. Taraaova, Physical-Chemical Basis of Oxide Cata- 
lysts Synthesis, Nauka, Novosibirsk, 1978, p. 364 (in Russ.). 
Ya.P. KateobashviIi, N.S. Kurkova, W.S. Lichobabenko and E.A. Levitskij, Izv. Akad. Nauk 
SSSR, Otd. Khim. Nauk, 1 (1961) 245. 
M.N. Shepeleva, V.B. Fenelonov, R.A. Shkrabina and E.M. Moroz, Kinet. Katal., 27 (1966) 
1202. 
US Patent 2 805 206 ( 1953 ) . 
Ya.P. Kataobashvili, N.S. Kurkova and E.A. Levitakii, Khim. Prom., 1 (1962) 26. 
Z.R. Ismagilov, M.N. Shepeleva, R.A. Shkrabina and V.B. Fenelonov, Appl. CataI., 69 ( 1991) 
65. 



 
772 



 
773 



 
774 



 
775 



 
776 



 
 

777 



i CATALYSIS TODAY 
ELSEVIER Catalysis Today 24 (1995) 269-271 

Synthesis of mechanically strong and thermally stable spherical 
alumina catalyst supports for the process of methane dimerization 

in a fluidized bed 

Z.R.  I s m a g i l o v  a, R.A.  Shkrab ina  a, N.A.  K o r y a b k i n a  a, F. Kapte i jn  b 
a Boreskov Institute of  Catalysis, Novosibirsk, Russia 

b Delft University of  Technology, Delft, The Netherlands 

1. Introduction 

It is known that methane dimerization occurs at 
650-850°C, and catalysts which operate under 
fluidized bed conditions should have the high 
mechanical strength and thermal stability to com- 
ply with severe conditions of this process. It is 
evident that these properties of catalysts depend 
mainly on the support properties. One of the most 
widely used methods to increase the strength and 
the stability of supports and catalysts is chemical 
modification with various compounds. 

This work is devoted to the development of the 
method of chemical modification for the prepa- 
ration of thermally stable spherical alumina with 
high mechanical strength. 

2. Results 

Formation of the spherical granules was carried 
out by the hydrocarbon-ammonia moulding 
method [ 1 ]. The following compounds were used 
to prepare modified alumina: lanthe, aum, cerium 
and magnesium nitrates, and sol SIO2. 

Alumina supports were impregnated with aque- 
ous solution of the salts. In some experiments a 
special impregnation method was used: the spher- 

0920-5861/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSD10920-5861 ( 9 5 ) 0 0 0 4 1 - 0  

ical granules of hydroxide were impregnated with 
aqueous solution of salts [ 2]. Sol SiO2 was added 
to aluminium hydroxides before the hydrocarbon- 
ammonia moulding. 

The amount of modificator added was varied 
between 1 and 13 wt.-%. Sintering tests were car- 
fled out at 900-1300°C at different heating time 
in order to study the stabilizing and strengthening 
effects of a modifying element on the phase trans- 
formation, surface area and mechanical strength. 

The results obtained show that modified spher- 
ical alumina properties depend on the method of 
the introduction of chemical compounds. This is 
connected with the different nature of the inter- 
action between aluminium compounds and mod- 
ifying additives. 

Magnesium introduction to aluminium hydrox- 
ide granules allows to increase sharply the 
strength of granules (1.5-2 times) in comparison 
with pure alumina after calcination at 550°(2. 
Introduction of magnesium does not cause support 
texture to change. It was shown that the increase 
in durability of modified low-temperature support 
is due to component interaction and formation of 
cation-anion type solid solution based on the 3'- 
alumina structure. The samples of spherical gran- 
ules (diameter 1-3 mm) obtained by the new 
method have mechanical strength ca. 50 MPa and 
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200I  R, MPa 
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Fig. 1. Mechanical strength of alumina granules (R) versus MgO 
concentration and temperature. 
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Fig. 2. Dependence of a-A1203 content in the 0-A1203/a-AI203 
system on CeO2 concentration. 

contain 2 -3  wt.-%. MgO. Fig. 1 illustrates the 
dependence of the mechanical strength of spheri- 
cal alumina on the MgO content at different tem- 
peratures. 

The method of lanthanum introduction influ- 
ences the support thermal stability. Thus, the 
incipient wetness impregnation of oxide granules 
is more efficient as compared with the introduc- 
tion of the lanthanum salt into aluminium hydrox- 
ide granules. The stabilizing effect of lanthanum 
was assumed to result from the formation of inter- 
mediate X-ray amorphous compounds with the 
transient A120 3 forms. The phase La203 • 11AI20 3 

is observed only at l l00°C and T-alumina is 
detected at this temperature also. The dependence 
of the oL-A1203 line intensity on L a 2 0  3 concentra- 
tion at different temperatures is shown in Fig. 2. 
It is seen that the higher is the temperature the 

more La203 additive should be introduced to 
decrease ot-A1203 content. When the formation of 
La203 • 11AI203 is completed (at 1300°C) the sta- 
bilizing effect seems to end, and alumina not 
involved in the interaction exists as ot-A1203 only. 
It is shown that the phase lanthanum aluminate 
which forms preferably when the salt is added to 
aluminium hydroxide granules does not provide 
the stabilizing effect. 

Unlike La203-A1203 system, the method of 
cerium introduction has no influence on the ther- 
mal stability of A1203. The thermal stability of 
alumina was shown to increase only at low content 
of CeO2 (ca. 5 wt.-%) and only a part of cerium 
introduced was found to interact with alumina. 

100, 
% a-Al20 a 

• 1 lOO*C 
5o • 

k~1000°C , =- 

0 5 10 Cc~.~, ~ % 

Fig. 3. Integral intensity of lines (d/n = 2.085) for ot-Al203 versus 
temperature and concentration of lanthanum. 
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Fig. 4. The efficiency of various additives at different temperatures. 
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Fig. 3 shows the influence of CeO2 content on the 
amount of a-A1203 formed at different tempera- 
ture. 

Thus, the results obtained allow to conclude that 
alumina promotion with cerium provides a less 
profound effect on the thermal stability of the sup- 
port than that with lanthanum. That is connected 
with the limited interaction of cerium with the 
support. 

The role of lanthanum and cerium in the 
increase of thermal stability is discussed in [3,4], 
where the X-ray study of these systems was car- 
ried out to establish dependencies on the method 
of introduction, type of alumina and amount of 
additives. 

The introduction of silica-sol into plastic mass 
before hydrocarbon-ammonia moulding also 
allows the increase of the thermal stability of alu- 
mina. For instance, at SiO2 content 2-3 wt.-% the 
specific surface area of alumina (SBET) after sin- 
tering at 1200°C increases 3-4 times in compari- 
son with pure alumina. 

Comparison of the efficiency of La203, CeO2, 
and SiO 2 (characterized by change in SBET) 
shows that up to 1100°C the best additive is La203, 
and SiO2 promotor is the most effective at 1200°C. 
The data are represented in Fig. 4. 

Thus, the optimal conditions were chosen to 
prepare strong and thermally stable alumina sup- 
port, which can be used for the preparation of fluid 
bed methane dimerization catalysts. 
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Synthesis of a mechanically strong and thermally stable alumina 
support for catalysts used in combustion processes 

N.A. Koryabkina *, R.A. Shkrabina, V.A. Ushakov, Z.R. Ismagilov 
Boreskov Institute of Catalysis, Pr. Ak. Lavrentieva, 5, Nouosibirsk, 630090, Russia 

Abstract  

It is shown that simultaneous modification of spherical alumina by bi- and three-valence cations (that are strengthening 
and thermally stabilizing additives, respectively) by a special method leads to the formation of supports with unique 
properties. These results are due to the specific interaction between the additives and alumina. 

Keywords: Aluminium supports 

1. Introduction 

The interest in high-temperature catalyst ap- 
plication, such as jet engines or gas turbines, 
has evolved in recent years. In this application, 
goal temperatures will be in the range of 1100- 
1400°C. It is evident that an important role in 
developing efficient and stable catalyst systems 
belongs to the support and its behavior at high 
temperature. 

Previously, the authors proposed a new 
method of preparation of alumina with high 
mechanical strength [1]. We have also studied 
the conditions for the formation of thermally 
stable alumina support doped with lanthanum 
[2,3]. The understanding of the mechanism of 
strengthening upon Mg2+-doping and phase sta- 
bilization upon La3+-doping allows to suggest 
the special procedure of double modification of 

* Corresponding author. Fax. (+7-383) 2397352, (+7-383) 
2355766. 

support with Mg and La cations for the prepara- 
tion of alumina support with unique properties. 

2. Experimental 

Spherical alumina hydroxide ( d =  1.4-2.0 
mm) was prepared by method of hydrocarbon- 
ammonia moulding [4]. The initial reagent for 
the moulding procedure was aluminum hydrox- 
ide of pseudo-boehmite structure prepared ac- 
cording to Ref. [5]. The introduction of magne- 
sium ions into spherical granules of aluminum 
hydroxide, with subsequent drying at 100°C and 
thermal treatment (at 550°C for 4 h) was carried 
out as described in Ref. [1]. The magnesium 
content in samples, 3.2 wt.-% MgO, was opti- 
mal for the preparation of the strongest support 
[1-3]. The resulting y-alumina was further used 
as an initial material for lanthanum introduction. 

The subsequent lanthanum introduction was 
performed by incipient impregnation with a lan- 
thanum nitrate solution. Then the samples were 

0920-5861/96/$32.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0920-5 861(95)003 15-0 
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dried in air at ambient temperature for 10 h and 
at 100°C for 4 h. The thermal treatment was 
carried out in air stream with a space velocity of 
I000 h -1 at 550°C for 4 h. Sintering tests were 
carried out at 900-1400°C at different duration 
of calcination in order to study the stabilizing 
and strengthening effects of modifying elements 
on the phase transformation, surface area and 
mechanical strength. 

X-ray analysis of the samples was carried out 
in a diffractometer HZG-4 with the copper radi- 
ation as in [1,7]. 

The mechanical crushing strength of the 
granules was determined as in [1]. 

3. Results and discussion 

80 

70 
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40 

30 

I 
2 0 "  

10 -  

400 
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~ -3 

+ - 2  

+ + 

_ + 

I I I I 
600 800 1000 1200 1400 
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Fig. 1. The dependence of mechanical strength on the calcination 
temperature. The numbers of samples are same as in Table 1. 

Table 1 presents the properties of spherical 
alumina after high temperature calcination, pre- 
pared via the special procedure, in comparison 
with earlier published data [I-3]. 

The dependence of mechanical strength of 
doped aluminas on the calcination temperature 
are shown in Fig. 1. The introduction of magne- 
sium increases the mechanical strength of gran- 
ules by a factor 1.5-2.0 in comparison with 
pure alumina. The introduction of the second 
cation-lanthanum results in the increase of me- 
chanical strength at high temperatures (1200- 

1300°C). At the same time, introduction of lan- 
thanum preserves thermal stability with addi- 
tional increase of efficiency at high tempera- 
tures. In Fig. 2, surface areas of doped samples 
are presented relative to that of the undoped 
alumina as a function of the calcination temper- 
ature. 

X-ray of the system Mg-La -AI20  3 has 
shown that the solid solution of Mg-La-7 -  
A1203 is formed with the introduction of Mg 
and La into alumina. The parameter of the cell 

Table I 
The structural and mechanical properties of high temperature alumina supports 

No. Additives (wt.-%) SBE T ot-Al203 Mechanical strength 
(m2/g) content (%) (average) (MPa) 

1200°C 
1 - 8 100 28 
2 3% MgO [1,2] 7 100 54 
3 5% La203 [3] 29 15 35 
4 12% La203 [3] 24 trace 34 
5 3% MgO + 5% La203 23 15 65 
6 3% MgO + 12% La203 27 trace 60 

1300°C 
1 - 5 100 30 
2 3% MgO 6 100 62 
3 5% La203 8 100 44 
4 12% La203 12 100 35 
5 3% MgO + 5% La203 14 100 65 
6 3% MgO + 12% La203 24 trace 70 
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Fig. 2. Specific surface areas of the doped samples relative to that 
of alumina as a function of the calcination temperature. The 
numbers of samples are same as in Table 1. 

was 7.942; at the same time the coefficient B, 
which is determined as the ratio of the heights 
of lines 311 and 222 in T-A1203 structure and 
characterizes structural changes in a support, 
slightly increased to 1.90. This is probably due 
to the substitution of aluminum ions for lan- 
thanum in the structure of the solid solution 
Mg-7-A1203. This solid solution begins to de- 
compose with the formation of ot-A1203 and 2 

MgO- La203 • 11 A1203 (ASTM 26-873) under 
thermal treatment at 1200°C. Mixed solid solu- 
tions of magnesia and lanthania in 7-A1203 
containing 10 and 12 wt.-% La203, respec- 
tively, completely decompose at 1400°C. 

The observation that the thermal stability of 
double modified alumina (Mg-La-AI203) is 
higher than that of La203-A1203 system appar- 
ently can be adequately explained on the basis 
of the 'hydroxide model' of the structure of 
low-temperature alumina [7] and the analysis of 
the possible paths of the structural rearrange- 
ment of solid solutions upon thermal treatment 
[8]. According to this model, which was derived 
on the basis of the full-profile X-ray analysis of 
diffraction patterns, y-A1203 has a protospinel 
structure, slightly different from the spinel one, 
and is assigned to compounds of the common 
formula: 

C(x,)A(x2)[D(y,)B(y2)]O(32-o{OH}(z) 
where A and B are spinel tetrahedral and octa- 
hedral cation positions; C and D are 'proto- 
spinel' cation positions considered in respect to 
spinel structure as defects. These positions are 

Mo, ,l O,g - 1 8 7 ,  ~O~ O O ~O 
o ~.o'~'o,~--'o - < ,~ , ' 0 ; - - ,o~%~o LaAI l lOlg . . . . . . .  . 
°-~'~;" O~;E" 0~'~ ° "-O --__---~---.__---~ ~ -AI203 

_, .__ . . . . .  , ._ ---1573 
. ct -AI2 O3 

LaAIO3 --1473 
............ ~ solution j x / ~._/ ~ i 

< ~--~, - .--. ,-~.AI203 ~ . ~ , ~ ~ L a - 7 * - A I 2 0 3  ~ MgAI204 
" - - "  ~--~ - - - 1 3 7 3  

,--,__,---~ , - - , j -  -__, ~.--( ~--f. ~-(x-AI203 _ . - - - . .  ._ (z-AI203 
. . . .  - - -  --- ,  e-'AI203 ] l l l i m ' ~ l l l ' ~ l l i l l - l l l  8"AI203 . . . . .  - - 1 2 7 3  

~ ~ l l J ~ o  - AI203 
non-aluminum 

La species..,..,,,.,, LaAIO3 ~tr~- '~L--~E1E-m solution 1173 

i l l  I i l l  I l l  i l l  y-AI203 ~ solution --1073 
La-T*-AI203 

non-aluminum 
La species non-aluminum - - -  973 

\ ~  LaAIO3 La species LaAIO3 

,o,,,,,on - - , , ,  
y- AI203 La-y*-AI203 La-M~g-y*-AI2 O3 Mg.y*_AI203 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - -  773 
AI203 La'AI203 Mg-La-AI203 Mg-AI203 T/K 

A B C D 

Fig. 3. Scheme of the changes of the structure and phase composition of aluminas doped with magnesium (ca. 3 wt.-%) and lanthanum (ca. 
10 wt.-%) upon the increase of temperature. 
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present as an alternative set of cation positions 
in spinel structure. 

Low-temperature solid solutions formed in 
T-AI203 have principally a similar structure, 
differing only in the values of x, y, and z 
coefficients. As the temperature is raised, simul- 
taneously with the resulting removal of OH 
groups and the perfection of cubic anionic 
framework, the process of the compact filling of 
cationic positions takes place. This process can 
occur in two principally different ways: 

(1) Through the preferential filling of octahe- 
dral positions by A1 at the expense of the pack- 
ing of the defective (imperfect) positions. The 
final result of this process is the formation of 
stoichiometric spinel AB204. This way of struc- 
tural rearrangement of Al203 is typical for alu- 
mina solutions of Mg [9], Ni [10], i.e., cations 
with the preference for tetrahedral cationic posi- 
tions. 

(2) Through the preferential filling of tetrahe- 
dral positions by A1. In this case new positions, 
untypical for spinel and low-temperature alu- 
mina, in practically cubic anionic framework 
are occupied. This mode of structural rearrange- 
ment is characteristic for alumina itself and 
alumina solutions of Cr [10] and possibly La [6], 
i.e., cations with the preference for octahedral 
cationic positions. The final result of the struc- 
tural rearrangement is the transition from practi- 
cally cubic closely packed anionic framework to 
the hexagonal one (with the formation of a- 
AI203 and solid solutions on its basis). 

The changes observed in the structure and 
phase composition of alumina doped with mag- 
nesium (ca. 3 wt.-%) and lanthanum (ca. 10 
wt.-%) upon the increase of temperature are 
illustrated in Fig. 3: 

3.1. Pure alumina (Fig. 3a) 

This scheme is based on earlier data [7,8]. 

3.2. The low-temperature solid solution contain- 
ing lanthanum ions (Fig. 3b) 

Upon lanthanum introduction a low-tempera- 
ture solid solution is formed, with the structure 
similar to that of T-AI203. In contrast to alu- 
minum ions, lanthanum ions fill only octahedral 
positions, their presence in transient structures 
creates additional limitations for structural rear- 
rangement with the formation of &, or a-A1203 
[6]. 

3.3. The low-temperature solid solution contain- 
ing magnesium ions (Fig. 3d) 

The low-temperature solid solution contain- 
ing magnesium ions has a structure similar to 
that of the low-temperature alumina, with mag- 
nesium replacing aluminium in tetrahedral posi- 
tions (A and C). As the temperature increases, a 
preferential filling of octahedral positions takes 
place, while the occupation of defective posi- 
tions decreases. At temperatures above 1000°C, 
owing to the diffusion of magnesium ions, the 
decomposition of the solid solution to a-Al203 
and stoichiometric MgA1204 occurs; the latter 
has a cubic anionic framework, and its cationic 
framework has 24 occupied positions (2/3  of 
which are octahedral ones). The degree of the 
decomposition increases with the increase of 
magnesium introduced. 

3.4. The system La203-MgO-Al203 (Fig. 3c) 

After thermal treatment at 823 K, lanthanum 
appears to be present both in the composition of 
the low-temperature solid solution Mg-La-T- 
A1203, and in the form of finely dispersed 
particles of lanthanum oxide. Coexistence of 
Mg and La, different in the preference for fill- 
ing particular cationic positions in the anionic 
oxygen framework, in a solid solution based on 
the structure of T-A1203 does not permit the 
realization of the ways of solid solution struc- 
tural rearrangement typical for each of the 
cations. Moreover, the stabilization of a 'loose' 
structure of the low-temperature solution favors 
the admittance of lanthanum ions into the sup- 
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port structure. No formation of lanthanum alu- 
minate is observed upon temperature increase, 
as opposed to the system LazO3-AI203, be- 
cause in this case the preferential process is 
apparently the diffusion of lanthanum ions into 
the structure of the mixed solid solution. At 
temperatures above 1200°C two compounds with 
hexagonal packing of oxygen framework (a- 
AI:O 3 and MgAl11LaO~9) coexist in the sys- 
tem. 

4. Conclusion 

The modification of y-Al203 by a composi- 
tion of two-valence (Mg) and three-valence (La) 
cations, increases mechanical strength and ther- 
mal stability of alumina. Thermal stability of 
the doped alumina results from the suppression 
of structural rearrangement of low-temperature 
solid solutions with a rise of temperature. 
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New technology for production of spherical alumina

supports for fluidized bed combustion

Z.R. Ismagilov*, R.A. Shkrabina, N.A. Koryabkina

Boreskov Institute of Catalysis, Pr.Ak.Lavrentieva, 5, Novosibirsk 630090, Russian Federation

Abstract

Fluidized bed catalytic combustion has proved to be very promising for industrial application. The milestone problem is the

development of support and catalyst with a high mechanical and thermal stability. We have developed a new technology for

production of alumina supports with desired spherical shape, texture and structure. In this paper several pathways to produce

aluminum hydroxide of a pseudoboehmite structure including conventional and new technologies are discussed. Properties of

spherical granules depend on the method of granulation and most attention has been paid to development and optimization of

hydrocarbon–ammonia molding to produce uniform alumina spheres. Several methods to estimate mechanical strength of

spherical aluminas are applied to evaluate mechanical durability of prepared catalysts in a fluidized bed. Optimization of high

quality spheres production focused on study of the effect of initial hydroxide properties and molding conditions on properties

of the final product. Modification of spherical alumina with oxides of Mg, Ce, La and Si proved to be effective to substantially

improve the mechanical and thermal stability. This effect is most pronounced when pairs of these dopes are introduced

simultaneously. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Aluminum hydroxide; Pseudoboehmite; Gibbsite amorphization; Spherical alumina; Fluidized bed; Granulation;

Hydrocarbon–ammonia molding; Mechanical strength; Thermal stability; Modification by Mg, La, Ce, Si; Double

modification

1. Introduction

It is known [1–6] that the properties of the initial

hydroxide determine not only the type of aluminas, but

also their thermal stability. One should consider this

fact when choosing an appropriate oxide as a catalyst

support. The transformation routes show that c-Al2O3

exhibits the lowest thermal stability. The most widely

used industrial support is g-Al2O3 obtained from

pseudoboehmite because:

� it is quite easy to control its properties at the

preparation stages;

� this hydroxide can react with acids yielding pastes

suitable for molding.

Below we shall concentrate in more detail on the

problems in the production of pseudoboehmite and

g-Al2O3 with desired properties.

Catalytic oxidation, including the catalytic combus-

tion of fuels, is one of the main directions of R & D at

the Institute of Catalysis. Combustion of fuel–air

mixtures that are close to stoichiometry is a highly

exothermic process, and we proposed to use fluidized

Catalysis Today 47 (1999) 51–71
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bed catalytic reactors [7–10], the so-called catalytic

heat generators (CHGs).

Besides, CHG used for the fuel combustion imposes

severe demands on the catalyst, which should retain its

activity and resistance to attrition in the fluidized bed

where local thermal shocks occur. Apparently, the

properties of the catalyst are determined by those of

the support (its mechanical strength and thermal sta-

bility). We have formulated the following demands on

the catalysts and supports to be used in the process

[10–12]:

� Support granules should have a regular spherical

shape and be 1–3 mm in size with a narrow particle

size distribution (1.0–1.4, 1.6–2.0, 2.0–2.5 mm,

etc.) to avoid catalyst losses due to mechanical

attrition and uptake caused by the non-uniform

particle size distribution.

� Support and catalyst granules should be strong

enough to avoid cracking during the operation.

The average strength of spherical granules should

not be less than 18 MPa.

� Support (and catalyst) should retain their key

properties during the operation when local over-

heating up to 10008C occurs on the catalyst

granules.

Taking all these requirements into account

[10,12] we have concentrated on the development

of spherical supports for CHG catalysts on the basis

of g-Al2O3.

2. Pathways to produce aluminum hydroxide of

a pseudoboehmite structure

It is known [1–6] that g-alumina is the dehydration

product of aluminum monohydrate with a boehmite or

pseudoboehmite structure. Pseudoboehmite differs

from boehmite by having additional water molecules

inserted into the interlayer space roughening the

structure [1]. Monohydrate with primary particles

smaller than 250 Å is a highly dispersed and chemi-

cally active hydroxide. It has a higher specific surface

area and can produce soluble basic salts in the reaction

with acids. These salts serve as good binders in

molding [13]. That is why this highly dispersed hydro-

xide is used to produce granular g-Al2O3 with desired

properties.

2.1. Conventional technologies

A periodic precipitation from solutions of sodium

aluminate with acids or from solutions of aluminum

salts (nitrates, sulfates) with an alkali (NaOH,

NH4OH) is the most industrially recognized method

for synthesis of pseudoboehmite aluminum hydroxide.

In both cases gibbsite is used as a raw material to

prepare the solutions of aluminum compounds. Pre-

cipitation conditions (pH, temperature), time and

temperature of precipitate aging and other process

parameters determine the properties of hydroxide,

such as porous structure (at 1108C), dispersity,

arrangement of primary particles in secondary aggre-

gates, etc.

Detailed information about the conventional proce-

dure of pseudoboehmite synthesis is given in [1,14].

Regarding the precipitation temperature, we distin-

guish the so-called ‘‘cold’’ (about 208C) and ‘‘hot’’

(about 1008C) precipitation. It will be shown below

that the properties of pseudoboehmite hydroxides

obtained via the cold and hot precipitation are sub-

stantially different. That is why the so-called ‘‘mixed’’

pseudoboehmite hydroxides are used in the industry.

The hydroxides of the cold and hot precipitation are

mixed usually in a ratio of 1:3 to provide better

filtering and washing from impurities.

Recently, continuous precipitation methods have

been developed. In this case precipitation is conducted

in a single flow at 40–508C followed by aging at 30–

358C [15].

2.2. New technologies

Pseudoboehmite synthesis via gibbsite amorphiza-

tion and processing has recently become quite popular.

There are many amorphization procedures, such as

mechanical or mechano-chemical activation [16,17];

pulse heating in a flow of flue gases [18], in a hot air

flow [19], or in the fluidized catalyst bed where the

heat for amorphization is supplied by catalytic fuel

combustion [7–12]. Further processing of this amor-

phous product yields hydroxide of the pseudoboeh-

mite type.

The process of gibbsite amorphization in CHGs has

been developed at BIC and commercialized in Russia

[6,7,12]. Fig. 1 shows a schematic view of a CHG. In

this reactor heating of powdered gibbsite occurs with a
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very short residence time (less then 0.1 s), and gibbsite

amorphization occurs simultaneously with its dehy-

dration.

The resulting thermal decomposition product

(TDP) of gibbsite has a higher reactivity. It allows

us to produce pseudoboehmite hydroxide avoiding

conventional stages of gibbsite dissolving and repre-

cipitation.

Table 1 shows the TDP properties as compared to

those of the initial gibbsite.

Pseudoboehmite formation from TDP occurs at

110–1208C in acidic medium (pH�3–4) as described

elsewhere [6,20,21]. The pseudoboehmite content in

the final product attains 80–90%, while its dispersity

(estimated by the coherent dissipation region, c.d.r.)

does not exceed 100 Å.

Fig. 2 is a schematic representation of the pseudo-

boehmite hydroxide production according to the new

CHG technology as compared with the traditional

procedure.

2.3. Properties of pseudoboehmite aluminum

hydroxide

A variety of methods used for the pseudoboehmite

hydroxide production leads to different properties of

solids which are compared in Table 2.

Note that the morphology of the pseudoboehmite is

also different. TEM was used to study the packing of

the primary particles into secondary aggregates and

the morphology of samples 1–3 [22–24].

Sample 4 obtained via salt precipitation consisted of

the roughly packed secondary aggregates formed by

fibers made of thin (�40 Å) needles.

Pseudoboehmite produced by continuous precipita-

tion (sample 5) was an assembly of small needles 20–

30 Å closely packed in fibers �15 000 Å long. Large

Fig. 1. Scheme of catalytic heat generator for thermal decomposi-

tion of gibbsite.

Table 1

Main properties of thermal decomposition product (TDP)

Product SBET (m2/g)

(1108C)

Water content

(wt%)

Chemical activitya

(wt%)

Gibbsite <1 34 �8

TDP 250 10–13 85

aChemical activity is determined as the amount of Al3� ions

transferred to the solution under dissolution in 5 N NaOH at 608C
as described in [6].

Fig. 2. Scheme of preparation of g-Al2O3.
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shapeless aggregates were scarce (unlike in sample 1).

Therefore, morphologically this type of pseudoboeh-

mite is similar to the ordinary one containing needles

packed in fibers [1].

Pseudoboehmite produced from TDP (sample 6)

was similar by its morphology to that produced by the

mixed precipitation method (sample 3). It consisted of

needles and almost spherical particles packed in large

aggregates as plates larger than 1000 Å.

3. Preparation of spherical granules and

methods of property control

3.1. Methods of granulation

Fig. 3 presents the methods used to produce sphe-

rical granules and shows the size of granules produced

by each method. Let us consider the peculiarities of

different granulation methods.

3.1.1. Rotating pan granulation

A round rotating dish is one of the best known

methods to produce spherical granules [25–27]. Oxide

or hydroxide powders in the presence of water or

binding solutions are fed into the dish and the small

rotating particles develop layer by layer into larger

spherical granules. Rotation of wet extrudates, whose

height and diameter are approximately the same, is

also used to produce spherical shape of granules. The

latter method does not allow one to produce a narrow

particle size distribution, and the particle diameter is

as a rule larger than 2 mm. Besides, the strength of the

alumina granules does not exceed 10 MPa. These

disadvantages make it impossible to use such granules

in a moving or fluidized bed.

3.1.2. Gas phase granulation (spray drying)

This method is a suitable technique to produce

microspherical particles not exceeding 0.1 mm. In a

spray dryer a hydrogel or a sol (solid content less than

20 wt% [25]) is sprayed through nozzles into a heated

zone. Catalytic cracking in moving beds is an example

of a process involving a catalyst produced by this

procedure. However, these microspherical granules

can hardly be used in the fuel combustion at high

linear flow rates.

3.1.3. Liquid-phase molding

In this method special die plates with cylindrical

holes are used to produce drops of an aluminum

hydroxide sol, which then gets into an oil layer at

the top of the column and thus assumes a spherical

shape due to the surface tension. Further on, these

granules congeal during their moving down through

the gelating media layer (gel-formation). Two tech-

nologies are distinguished depending on the congeal-

ing conditions: oil and hydrocarbon–ammonia

molding.

3.1.4. Oil molding

In this case a spherically shaped sol (containing,

e.g., hexamethylenetetramine (HMTA) [28] or an

organic monomer [29] is introduced into a hot oil

(�908C) [27]. Congealing of the sol occurs either by

means of neutralization with ammonia or due to

HMTA decomposition (or monomer polymerization).

The method provides formation of uniform spherical

granules. But the use of the hot oil and the necessity to

keep the sol drops for quite a long time (>10 min)

under such severe conditions to complete the HMTA

decomposition or the polymerization are obvious

drawbacks.

3.1.5. Hydrocarbon–ammonia molding

The sequence of main stages and a principal sche-

matic view of the hydrocarbon–ammonia molding

(HAM) [30,31] is represented in Figs. 4 and 5.

Aluminum hydroxide is treated by an acid-peptizer

to obtain a flowing (plastic) sol. Then the sol drops

through a die plate into the liquid hydrocarbon layer

on top of the molding column, where it assumes a

spherical shape due to the surface tension. Further on,

spherical sol granules move down into the ammonia

solution. The sol transforms to a gel in the coagulantFig. 3. Granulation methods of spherical alumina production.
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media, and thus granules are congealed. Then the

spherical granules of the gel are dried and calcined

to produce spherical alumina.

The main physical and chemical processes occur-

ring during all the molding stages, and the effects of

technological parameters on the properties of the final

spherical alumina bodies are discussed in [7,22–

24,30–33].

Colloidal processes occurring at the plasticizing

stage, namely how the pseudoboehmite morphology

(degree of aggregation) and the amount of acid affect

the texture of both hydroxide and spherical alumina,

were studied in [23,24,30–33]. Only the hydroxide

with contacts due to coagulation between the primary

particles appears to disaggregate in the acid. No

disaggregation occurs in the hydroxides with contacts

due to crystallization. Contacts between the primary

particles in the hot-precipitation pseudoboehmite

(sample 2, Table 2) belong to the crystallization type

due to chemical interactions, and this hydroxide can-

not be peptized by acid to produce the sol for HAM

[30–33]. In the cold and continuous precipitation

hydroxides (samples 1 and 5, Table 2, respectively),

the primary particles are bound by electrostatic or van

der Waals forces. Both types of contacts are present in

the mixed (sample 3, Table 2), acid-precipitation or

TDP-originated hydroxides (samples 4 and 6, Table 2,

respectively). Therefore, these hydroxides can be used

to produce a plastic mass by acid treatment.

The stage of the sphere formation includes two

steps:

� spherical granules formation in a hydrophobic

medium of a liquid hydrocarbon layer by means

of surface tension;

� congealing of the spheres.

There is an optimal height of the hydrophobic liquid

layer because the residence time affects the shape and

uniformity of granules. The residence time in the

coagulant – NH4OH solution, its concentration and

Fig. 4. The main stages of the hydrocarbon–ammonia molding.

Fig. 5. Principal scheme of the hydrocarbon–ammonia molding

technology.
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temperature influence the rate of coagulation; the

uniformity of coagulant diffusion into the granule also

affects the properties of the spherical alumina pro-

duced [30].

The porous structure of the hydroxide, and thus of

the resulting alumina, has been shown to depend on

the properties of the initial hydroxide. Thus, with the

cold-precipitation samples (sample 1, Table 2) the sol

formed during peptization looses its macropores, since

the large secondary aggregates decompose. The gel

after coagulation also does not contain macropores,

and therefore, the spatial arrangement of coagulation

contacts in the gel is not uniform enough.

The porous structure of the mixed-precipitation

hydroxides at the stages of peptization–coagulation

depends on the ratio between cold- and hot-precipita-

tion hydroxides in the mixed precipitate. The higher

the contribution of the hot-precipitation hydroxide, the

less are the changes in the porous structure during

peptization–coagulation [23]. Thus the volume of

mesopores (300–1000 Å) in samples 3 (Table 2) chan-

ged insignificantly.

Samples 5 and 6 (Table 2) had the same behavior

during the coagulation process as their analogs in

morphology (samples 1 and 3).

In general, HAM allows one to produce spherical g-

Al2O3 granules from the aluminum hydroxide of

pseudoboehmite structure containing coagulation con-

tacts between the primary particles. But the properties

of g-Al2O3, e.g. mechanical strength, and thermal

stability, depend on the morphology and the pore

structure of the initial hydroxide.

3.2. Methods to estimate the mechanical strength of

granules

A high mechanical strength is one of the demands

on g-Al2O3-supported catalysts for CHG equipment

with the fluidized catalyst bed. There is a variety of

methods to determine this key parameter and it is

important to choose the most appropriate method,

which adequately reflects the mechanical impact on

the spherical granules in the fluidized bed of the CHG

apparatuses.

Apparently, the term ‘‘mechanical strength’’

includes different characteristics, such as resistance

to crushing and to attrition, resistance to thermal and

mechanical shock, etc.

As regards testing procedures, static and dynamic

methods are used [34,35]. Methods determining the

crushing strength of individual granules between two

parallel plates belong to the first type. Attrition and

impact loads are usually tested under dynamic con-

ditions.

Taking into account results obtained earlier [35–

40], we used the following strength measurements:

� crushing strength;

� attrition strength;

� impact strength.

Fig. 6 shows schematically mechanical stresses on

granules in the methods we used to determine the

mechanical strength.

Sample strength according to the first method (P,

MPa) was calculated as the arithmetic mean from

values determined for 30 granules. The minimum

and maximum sample strengths were determined as

the arithmetic mean for five granules possessing the

minimum (Pmin) or maximum (Pmax) strength. Since

the granules of minimum strength were the first to be

crushed, it was important to fix this particular para-

meter, Pmin.

Attrition strength determined by the second method

was characterized by two attrition rates: V1 (%/min) at

Fig. 6. Basic schemes of mechanical testing.
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the initial part, and V2 (%/min) over the stationary part

of the kinetic curve in the coordinates ‘‘attrition (%)-

versus-time (min)’’ at fixed attrition degrees (15% or

30%). We adjusted the process so that no crushing of

granules occurred.

Impact strength was measured under multiple loads

on each granule in a chosen set of 50 pieces to

complete crushing at a constant energy Wo�mgh,

where m is the mass of the load falling from height

(h). The number of cycles (impacts), K, before crush-

ing of the granule and the number of granules (n)

crushed after K impacts were fixed.

Granules of crushing strength below 10 MPa failed

to resist loads under the attrition conditions chosen,

they crushed during testing. Samples with an average

crushing strength over 10 MPa were undergoing pure

attrition, its rate being practically constant and equal

to 0.22%/min. No crushing is observed and an impor-

tant demand is formulated: the mechanical strength of

granules should exceed 10 MPa to avoid crushing

under dynamic conditions.

We used the third method in order to study the

impact strength.

Fig. 7 shows the kinetic energy providing a 50%

crush of the granules (Wsp, J/cm2) versus crushing

strength (MPa). Apparently, the impact strength is

proportional to the crushing strength. Therefore, the

stronger the granule under static test conditions (Pav),

the less fragile it is.

Such a Wsp-versus-Pav function is true for aluminas

independent of their phase composition. However, we

found that d- and a-Al2O3 were more fragile at the

same Pav than g-Al2O3 (Fig. 8).

The above results show that the stronger the indi-

vidual granules according to the static method, the

better they resist attrition and impact.

3.3. Effect of initial hydroxide properties on the

mechanical strength of the support

In this section results on the mechanical strength of

spherical g-Al2O3 obtained from the pseudoboehmite

hydroxides synthesized via various methods will be

discussed.

Table 3 presents the main properties of spherical

g-Al2O3 obtained from the pseudoboehmites

described in Table 2. The numbering of samples

corresponds to that of Table 2. Note that as it is not

possible to obtain spherical g-Al2O3 via HAM from

the hot-precipitation hydroxide (sample 2, Table 2),

there are no data for g-Al2O3 from this hydroxide.

Pseudoboehmite synthesis from TDP has been

described elsewhere [6,7].

Fig. 7. Critical specific kinetic energy Wsp as a function of Pav.
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Table 3 shows that the porous structure and the

mechanical strength of the g-Al2O3 are determined

by the properties of the parent hydroxide.

Therefore, the character of contacts between the

primary particles in aluminum hydroxide of the pseu-

doboehmite structure not only plays a key role in

HAM, but also affects the structure and mechanical

properties of g-Al2O3.

The question rises whether one can change the

character of the contacts in the aluminum hydroxide

with the aim of further use for HAM.

Dispersing is a well known way to change the

crystal structure and energy states of solids. Mechan-

ical activation may improve the solid reactivity [41]:

surface properties change, partial amorphization

occurs, solubility improves, etc. All these processes

do not depend on the changes of the particle size.

The influence of the milling intensity on the texture

of reprecipitated aluminum hydroxides (AHs), on

their properties and on the properties of the resulting

Al2O3 is reported in [33]. It has been shown that

mechanical activation resulted in crushing of the

initial aggregates and some changes in the character

of binding between the primary particles. So second-

ary aggregates decomposed by rupture of bonds

between primary particles during the peptization

Fig. 8. Wsp- versus-Pav for various modifications of alumina.

Table 3

Properties of spherical g-Al2O3 (granule diameter 2–3 mm)

No. Bulk density

(g/cm3)

SBET

(m2/g)

V�
(cm3/g)

Volume of pores with radius (r, Å) (cm3/g) Mechanical strength P (MPa)

40–100 100–1000 1000–10 000 >10 000 Pav Pmax Pmin

1 0.86 290 0.40 0.39 0.01 – – 21 25 14

3 0.67 240 0.44 0.18 0.05 0.21 – 8 9 5

4 0.39 280 1.59 0.78 0.35 0.098 0.37 7 8 5

5 0.75 250 0.36 0.35 0.01 – – 20 22 16

6 0.51 230 0.63 0.41 0.22 – 7 9 6

7 (after grind. hydr.) 0.81 230 0.34 0.35 – – – 25 46 15

8 (from milled TDP) 0.80 225 0.40 0.40 – – – 24 42 14
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stage. Increasing the milling intensity above the opti-

mal magnitude resulted in a decrease of the specific

surface and the total volume of pores (V�) and the

volume of pores with r>1000 Å. At a very high milling

intensity the excess surface energy accumulated and

the particles once again started to aggregate sponta-

neously, their surface and volume becoming partially

inaccessible for the measurements.

TEM and X-ray spectroscopy evidenced the pro-

found changes of the hydroxide structure with mild

influence on the granulometry of the hydroxide pow-

der. Therefore, mainly strong crystallization contacts

between the particles are changed to weak coagulation

contacts during disaggregation induced by mechanical

activation. Using the AH milling, one can change the

character of the contacts and thus affect the mechan-

ical strength of g-Al2O3 granules. Table 3 presents the

properties of g-Al2O3 (sample 7) obtained from the

milled AH with mixed contacts between the secondary

aggregates (sample 3, Table 2) [33]. In the case of

spherical g-Al2O3 preparation from the milled TDP

(sample 8) the milling reduced the polydispersity of

the TDP fractional composition to a minimum and

increased its chemical activity thus reducing the opti-

mal autoclave operation time and acid consumption.

As in the case of reprecipitated hydroxide, we

obtained a strong alumina with a monodisperse struc-

ture.

Using the approach suggested in [42,43], one can

estimate the possible strength of a perfectly structured

granule. According to very approximate estimates, P

should exceed 100 MPa for a granule 1–3 mm in

diameter. Such essential differences between the real

and calculated strength values can be explained by

large (micron scale) defects.

Inner cavities and cracks can be attributed to the

macrodefects. A mosaic structure forming when the

granule consists of separate weakly bound fragments

is a defect as well. The size of defects and their

disposition in the granule affect its strength essen-

tially. X-ray analysis was used to study the defectness

of granules with regard to their mechanical strength

[44–46]. Curves of the Al K� irradiation intensity with

oscillations typical for each sample were obtained for

the inner cuts of granules.

Scanning of weaker samples showed that the irra-

diation intensity oscillated intensively indicating

numerous defects and microcracks which reduced

the granule strength. The higher the strength the

smaller the amplitude of the intensity oscillations.

3.4. Influence of molding conditions on the

mechanical strength

The type of initial hydroxide and its ability to

disaggregate in acids determines the specific surface,

the porous structure and the strength of the g-Al2O3

granules. Meanwhile, molding in the hydrocarbon

liquid as well as granule solidification in the coagulant

solution mostly affect the defectness of the shape, the

inner cavities, the tensions and the other factors that

essentially determine the granule strength.

It has been shown in [30] that the range of the

interaction of the plastic sol (PS) with the coagulant

(NH4OH solution) depends on its concentration and

the time of the granule stay in ammonia. In the same

paper one can find the data on how the PS aging time,

acid module, acid type and hydrocarbon layer height

influence the mechanical strength, the shape and the

fractional composition of the granule. The effects of

the Al2O3 concentration in the PS, the ammonia

solution and the PS temperatures have also been

studied. The water amount in the plastic sol appears

to have a less drastic effect than the ratio of capillary

compression and skeleton rigidity. In the systems with

weak skeletons (poorly crystallized or mechanically

activated AH), capillary forces provide dense and

strong g-Al2O3 granules even if comparatively large

amounts of water are removed. On the contrary, in the

systems with rigid skeletons (roughly disperse AH)

the macropores resist drying and calcination resulting

in a decrease of the granule strength.

3.5. Thermal stability and its estimation

g-Al2O3 is the most thermally stable alumina [1],

since its transition to a-Al2O3 starts at the highest

temperature. c-Al2O3 is the least stable. Note that for

all low-temperature aluminas transition to a-Al2O3

completes at 12008C independent of their properties.

According to Saalfeld [47], c-Al2O3 has the most

disordered structure characterized by various occupa-

tions of the Al3� vacancies in the oxygen lattice. This

factor determines the low thermal stability of this

particular alumina, since Al3� diffusion from the

tetrahedral vacancies into the octahedral ones is easier
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as the rhombic lattice of k-Al2O3 is deformed. It is

known [1] that in the low-temperature aluminas Al3�

occupies tetrahedral and octahedral vacancies,

whereas in a-Al2O3 it occupies only the octahedral

ones. Therefore, transition of aluminas into a-Al2O3

involves Al3� diffusion into the octahedral vacancies

and is accompanied by lattice rearrangements.

At present, there are many methods to produce g-

Al2O3-based spherical supports. Principal and tech-

nological adjustments yield supports possessing dif-

ferent properties (phase composition in particular). In

[48], for instance, g-Al2O3-based supports with var-

ious contents of c-Al2O3 were studied at different

calcination temperatures. Let us consider these results

in more detail.

Fig. 9 shows how the crushing strength depends on

the c-Al2O3 content in the initial alumina (5508C)

during its calcination. Apparently, the strength of

spherical granules decreases during the calcination.

The lowest strength was observed after thermal treat-

ment at 900–11008C independent of the alumina type.

The crushing strength, Pav, starts to increase at 12008C
when the transition to a-Al2O3 completes, and bulk

sintering sets on.

We can explain the decrease of the granule strength

in the above temperature range in the following way. It

is known that the transition to the high-temperature

oxides, like d-, k-, and q-Al2O3, causes a 2–3-fold

increase of the primary particle size. Thus the radii of

pores also increase at almost the same pore volume

[49]. Sintering occurs by a surface diffusion mechan-

ism, when particles stick together, but their centers do

not approach each other (no porosity decrease, no

shrinkage).

As a result, the number of contacts between the

elementary particles imposed to mechanical tensions

drops [40], and the strength of the whole granule also

decreases. If this process is complicated by different

rates of phase transitions and by change of structural

parameters (as indeed occurs in the (g�c)-Al2O3

system), it is quite natural to expect drastic changes

of mechanical properties. As the polymorphous tran-

sitions yielding a-Al2O3 come to the end, the granule

strength increases independent of the initial phase

composition of the alumina. The reason is that bulk

sintering occurs at T>12008C. According to the

assumptions of Saalfeld [47], this sintering yields a

coarsely disperse a-Al2O3 with primary particles lar-

ger than 700 Å. The strength of such particles and the

area of contacts between them increase with sintering.

Similar results showing the effect of the calcination

temperature on the alumina strength were reported in

[50,51], and the reasons for such complicated tem-

perature dependence of the strength of alumina gran-

ules obtained during calcination of g-Al2O3 were

discussed.

Therefore, we may focus on several important items

concerning the thermal stability.

1. Stability of the low-temperature aluminas is

determined by the set-on temperature of poly-

morphous transitions, i.e., the temperature at

which the high-temperature modifications and a-

Al2O3 appear.

2. Change of the specific surface related to the porous

structure of the alumina may serve as an indirect

characteristic of the thermal stability.

3. Mechanical strength is a key parameter determin-

ing the thermal stability of Al2O3.

As for spherical g-Al2O3 used as the support for

catalysts working in moving or fluidized beds, the

Fig. 9. Dependence of Pav on the calcination temperature for

aluminas of different contents of c-phase in samples after treatment

at 5508C: (1) 50% c-�50% g-Al2O3; (2) 30% c-�70% g-Al2O3; (3)

20% c-�80% g-Al2O3; (4) 100% g-Al2O3.
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above results show that we managed to design the

support with the best thermal stability and mechanical

strength.

However, it is still necessary to improve these

supports, since high-temperature processes, such as

methane oxidation, combustion of off-gases, etc.,

impose more and more severe demands on supports

and catalysts.

New approaches are required to solve this problem.

Chemical modification of aluminum oxide/hydroxide

by various dopings can be the way to improve the

properties of the final product.

4. Alumina modification as a method to control

its main properties

4.1. Modifiers and ways of their introduction

Modifiers can be divided into mineralizers and

stabilizers according to their effect on materials (alu-

mina in our case).

Mineralizers are substances that accelerate the

changes of the basic material. For g-Al2O3 these

substances accelerate sintering and polymorphous

transformations during the calcination lowering the

temperature at which the high-temperature oxides and

a-Al2O3 form. Oxides of copper [52,53], manganese

[54–56], molybdenum and vanadium [55,56], fluorine

and chlorine compounds [57], TiO2 [55,58], etc. are

among such substances.

Stabilizers are substances that decelerate the

changes of the basic material. Zr and Y compounds

[59–61], SiO2 [62–65], and B2O5 [66–68] have such

an influence on g-Al2O3.

Besides, there are modifiers that improve the

strength of alumina, such as compounds of Ba [69],

B [67,68], Ca [70], and Mg [71,72]. Note, however,

that data on the role of modifiers on alumina properties

are contradicting.

We shall show below that this controversy about the

role and mechanism of some additives is caused by the

fact that different researchers use varying doping

methods. The main differences lie in the

� dopant form (salt, hydroxide, oxide);

� introduction procedure (co-precipitation, alumina

impregnation, hydroxide impregnation, oxide

mixing, etc.);

� dopant amount;

� calcination conditions (rate of temperature rise,

residence time at the given temperature, etc.);

� method of producing ‘‘pure’’ alumina and its

properties.

In our research work we have stated and grounded

main approaches to be used for alumina modification:

1. The most efficient dopes allowing the control of

the alumina properties are: Mg – as a strengthen-

ing dope; La, Ce, Si as dopes improving the

thermal stability.

2. In each metal/alumina system we verified the

introduction method, the dope amount, the type

of the low-temperature alumina, and the calcina-

tion conditions with regard to the properties of

alumina obtained.

3. We have also designed special introduction proce-

dures to obtain the optimum dope contents and

studied the mechanisms of their modifying action.

Mg, La, Ce were introduced from the nitrate solu-

tions, SiO2 was introduced as the sol.

Let us now discuss the results obtained for each

system. In all systems we studied two types of sup-

ports:

1. Spherical g-Al2O3 (d�1.4–2.0 or 2.0–3.0 mm)

prepared from commercial pseudoboehmite hy-

droxide.

2. Spherical g-Al2O3 (d�1.4–2.0 or 2.0–3.0 mm)

obtained via the TDP processing.

Spherical granules were produced using the HAM

method.

4.2. Mg/Al2O3 system

Main results obtained with this system are reported

in [73–80]. Mg was introduced from its aqueous

nitrate solution either via incipient wetness impreg-

nation of spherical g-Al2O3 (two types) or by impreg-

nating spherical granules of aluminum hydroxide

precursors of oxides 1 and 2. We have designed an

original impregnation procedure and apparatus, which

are described elsewhere [73,75]. In [74] detailed

studies of the Mg/alumina system have been published

and the mechanism of the strengthening effect of Mg

has been suggested. We have shown that only when
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Mg2� is introduced into aluminum hydroxide granules

(independently of how the latter are prepared), Mg

strengthens the g-Al2O3 granules.

Summing up all the data we may draw the following

conclusions:

1. Alumina strengthening occurs due to the forma-

tion of cation–anion solid solutions of Mg in

alumina.

2. Such solid solutions form only from the solid

solutions of pseudoboehmite structure when Mg

is introduced into aluminum hydroxide.

3. Cation–anion solid solutions decrease the defect-

ness of granules on a micron scale.

4.3. La/Al2O3 system

Results of a complex study of the effect of lantha-

num cations on the thermal and mechanical stability

(phase composition, mechanical strength, specific sur-

face) of alumina depending on the introduction pro-

cedure and dope amount, calcination temperature and

time are described in [81–84]. Even a small amount of

the dope (up to 5% with La2O3) causes deceleration of

the a-Al2O3 formation. At higher concentrations the

transition of q- to a-Al2O3 is completely suppressed

and alumina is stabilized either in q-form or in a

mixture of g- and d-forms.

Therefore, it is possible to stabilize the transient

forms of alumina up to 12008C. Key factors determin-

ing the thermal stability of alumina in the La2O3–

Al2O3 system are:

1. The effect of lanthana at the same introduction

procedure is determined by the type of alumina

used.

2. The introduction procedure of lanthana has a dras-

tic effect on the change of the thermal stability.

Thus, La introduction via the oxide granule

impregnation (series I and II) is more efficient in

comparison to the La salt introduction into AH

granules.

3. There is an optimum amount of La for each intro-

duction procedure and each type of initial g-Al2O3

which completely suppresses the phase transitions

in Al2O3.

The observed results allow us to conclude that the

lanthana stabilizes the transition aluminas when a

solid solution of La ions forms in the structure of

the low-temperature aluminas. The presence of La in

the alumina lattice prevents the diffusion of Al ions

and the rearrangements into the high-temperature

forms.

For convenience, in the next section we shall con-

sider phase transitions observed in the Ce/Al2O3

system. Then in a separate section we shall unite

the results concerning the main physical–chemical

and structure–mechanical properties of alumina mod-

ified with La or Ce.

4.4. Ce/Al2O3 system

We performed our studies with the same samples of

spherical aluminum hydroxide and oxide. We intro-

duced Ce from its salts exactly as in the La/Al2O3

system, and we performed calcination in the same

manner as well. The Ce content calculated as CeO2

ranged from 1 to 13 wt% [85].

Like in the La2O3–Al2O3 system the strongest

stabilization effect at the same way of Ce introduction

was observed with the samples obtained from amor-

phous aluminum hydroxide (series II). This was

proved by the largest absolute difference in the content

of d- and a-Al2O3 in these samples as compared to that

of the pure support. The stabilizing effect is related to

the stronger interaction of the dope with the alumina,

as the latter contained c-Al2O3 besides g-Al2O3 due to

peculiarities of its preparation. Most probably, not

only g-Al2O3, but also c-Al2O3 interacts with Ce ions.

The latter is more defective and disordered. That is

why we observed no c- and k-Al2O3 at 5508C and

9008C, respectively, as in the La2O3–Al2O3 system

(unlike in the non-doped aluminum of the series).

In comparison to the La2O3–Al2O3 system, CeO2–

Al2O3 never shows a phase in which Ce has reacted

with Al2O3 in the X-ray patterns in the whole tem-

perature range studied. Most likely, the Ce–Al2O3

system has two Ce-containing phases: (i) Ce oxide

not interacting with alumina and imposing no stabiliz-

ing effect; (ii) highly disperse Ce compounds with

alumina, which are not revealed in the X-ray patterns,

but nevertheless affect the thermal stability of alu-

mina. We failed to identify this phase. However, we

believe in its existence judging from the fact that the

intensities of CeO2 profiles in mechanical mixtures

and in our samples did not coincide at the same
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concentration of Ce oxide. This assumption is con-

firmed by the X-ray studies performed on Pt–Ce–

Al2O3 [86]. This paper discusses a highly disperse

product forming at 5508C. This product results from

the Ce interaction with the support and is Ce aluminate

with a perovskite-like structure. This interaction is

quite limited (not more than 5 mass% CeO2 interacts

with Al2O3).

Note that according to the data of other researchers

[87], who used complex physical–chemical methods

to study the thermal stability of alumina modified by

Ce, the latter stays mainly as a disperse phase on the

surface non-interacting with alumina. The authors of

[87] explain this phenomenon by the fact that Ce has a

weaker effect on the stability of alumina than La

whose ions enter the alumina structure.

Thus, X-ray studies of two systems, La2O3–Al2O3

and CeO2–Al2O3, prepared with the same alumina

samples according to the same procedure and calcined

at the same conditions allow us to conclude that

alumina stabilization by Ce is weaker than by La.

Such a behavior relates to the limited character of the

interaction of ceria with the support.

4.5. Structure and chemical properties of spherical

alumina modified with La and Ce ions

One of the publications [88] concerns the struc-

tural–mechanical properties of alumina modified by

La and Ce ions.

4.5.1. Specific surface area

The specific surface area of doped aluminas was

shown to be stabilized at temperatures ranging from

9008C to 12008C. Thus at 11008C the specific surface

area of La-modified alumina was 3–6 times larger

(depending on the alumina preparation procedure and

dope amount) than that of ‘‘pure’’ alumina. The most

pronounced stabilization effect was observed for sam-

ples containing 5% of La2O3. Therefore, the dope

cation interacted actively with the support producing a

solid solution with the structure of the corresponding

alumina form.

The specific surface area of Ce-modified alumina

exceeded that of ‘‘pure’’ alumina only by a factor

of 1.2–2 upon calcination within the 900–12008C
range independent of the alumina preparation condi-

tions.

Note that the stabilization effect on the BET surface

area was more pronounced in the system La2O3–

Al2O3 than in CeO2–Al2O3 also at T>12008C. The

reason is the presence of lanthanum hexaaluminate,

La2O3�11Al2O3, whose concentration increases with

the content of La2O3. Hexaaluminate is known [89] to

have a layered structure that retains its large surface at

high temperatures. In the CeO2–Al2O3 system no

cerium hexaaluminates were registered [90]. CeO2

or Ce3� compounds with alumina were coarsely dis-

perse and had a small BET surface area [91].

4.5.2. Pore structure

We have studied the pore structure of samples for

both doped and undoped alumina at 5508C and

11008C. At 5508C the pore structure of modified

samples practically did not differ from that of pure

alumina. As the temperature increased, La- and Ce-

modified samples behaved differently. Thus the pore

volume (V�) of CeO2–Al2O3 practically did not

change at 11008C in comparison to that at 5508C as

in pure alumina, whereas the average pore radius was

1.3 times smaller than for pure alumina.

In the La2O3–Al2O3 system V� increased in com-

parison to that of non-modified alumina at 11008C, the

effective pore radius being three times less than for

CeO2–Al2O3. Therefore, sintering was certainly

decelerated, and decelerated more efficiently for

La2O3–Al2O3.

4.5.3. Granule strength

Since mechanical strength and mechanical stability

are the main properties of the granular catalysts work-

ing in the fluidized bed (under local overheating), the

effect of modifying dopes on the strength of alumina

granules and the change of the sample strength in

calcination was studied in [88].

Fig. 10 shows how the mechanical strength of

granules (Pav) depends on the calcination temperature

for ‘‘pure’’ alumina and for alumina doped by La and

Ce. Apparently, at T>9008C all samples had the same

mechanical strength. Raising the calcination tempera-

ture to 11008C resulted in an increase of Pav for the

‘‘pure’’ alumina granules, which was very sharp for

the samples containing 5 wt% of CeO2. The strength

of the samples containing 5 wt% of La2O3 increased

only at T>12008C. La-doped samples thus did not

differ in this parameter from the ‘‘pure’’ alumina.
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Obviously, CeO2 is a more efficient dope than La2O3

with regard to the mechanical strength. Most likely,

the strength of modified samples changes with the

transformation of the phase composition of these

samples. According to the data obtained in [85], at

T<9008C a highly disperse Ce-containing phase is

present besides the Al2O3 and CeO2 phases. It is

not registered by the X-ray analysis due to the very

low content. Since the mechanical strength of samples

does not depend on the Ce content over the whole

temperature range, we assume that the content of this

X-ray amorphous phase is the same in all samples and

does not depend on the concentration of CeO2. There-

fore, the strengthening is caused by an increase of the

number of contacts, but by the strengthening of single

contacts due to the interaction of the primary alumina

particles with the dope.

For the La2O3–Al2O3 system [81] the low-tempera-

ture X-ray amorphous compound decomposes at

T>12008C producing a-Al2O3 and La hexaaluminate,

thus not providing a high strength of the single con-

tacts.

4.5.4. Study of structural–mechanical properties of

supports after calcination for prolonged

periods of time

In order to investigate how La–Al2O3 and Ce–

Al2O3 behave during prolonged calcination at

10008C, we have studied the change of SBET for

samples with the optimum dope content (5% of

La2O3 or 2% of CeO2). These data are shown in

Fig. 11.

The sharpest change of SBET occurred for all the

samples during the first 5 h of calcination. A longer

calcination decreased SBET of non-modified samples,

but not of the La-containing sample.

La-samples of alumina obtained from the gibbsite

TDP (series 11) had the largest specific surface area

after calcination for 30 h. For Ce-samples, stabiliza-

tion of the surface area after 30 h calcination at

10008C did not depend on the way of the alumina

preparation.

SBET dropped during calcination for a long period of

time activation due to a change in the phase composi-

tion. d-Al2O3 formed during the first hours of calcina-

tion at 10008C, changing the particle morphology and

package. As it is shown in [81,85], the pure oxide of

the above spherical d-Al2O3 support (1) had only the

traces of a-Al2O3 after 2 h calcination, whereas there

was up to 50% of a-Al2O3 in a differently prepared

alumina sample, viz. the d-Al2O3 support (2) produced

via TPD processing. A longer calcination of pure

alumina facilitates the phase transition to a-Al2O3

reducing SBET. For some aluminas this transition was

completed after calcination for 20 h. However, in

other aluminas this transition was over already after

10 h. The content of the d-phase grew with calcination

time in all samples modified by La, but the traces of a-

Al2O3 appeared only after 30 h. In the Ce-doped

samples the d-Al2O3 content also grew, but a-Al2O3

traces appeared after 20 h for one and after 10 h for

another alumina. Meanwhile, the dispersity of CeO2

particles did not increase.

Note that the modified samples did not lose their

strength during a long time calcination at 10008C, and

were mechanically stable. The granule strength of La-

doped samples of above d-Al2O3 supports (1) and (2)

Fig. 10. Influence of calcination temperature on mechanical

strength of alumina: 1 – pure Al2O3; 2 – 5% CeO2/Al2O3; 3 –

5% La2O3/Al2O3.
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after calcination for 30 h at 10008C was 58.5 and

33 MPa, respectively. With the Ce-doped samples it

was 54 and 30 MPa, respectively.

The results obtained agree well with our X-ray data

on the La2O3–Al2O3 and CeO2–Al2O3 systems. Thus

La introduction into g-Al2O3 produces a solid solution

of La oxide based on the g-Al2O3 structure where La

ions substitute Al. This imposes limitations on the

transitions to d-, q- and a-Al2O3. So, a large specific

surface area is retained, and the mechanical properties

of modified samples better resist high temperatures.

Unlike La2O3–Al2O3, alumina modified by CeO2

does not show essential stabilization of the disperse

structure of Al2O3. This is caused by the limitations on

the interaction of alumina with Ce ions.

Therefore, modifying alumina with La and Ce ions,

one can obtain alumina supports well resisting the

effect of high temperatures.

4.6. Alumina containing two dopes simultaneously

Properties of alumina modified by the cations of

two- or three-valent metals and interaction mechan-

isms discussed in Section 4.5.4 allow us to assume

that introducing simultaneously two elements into

alumina we may obtain a new family of supports

exhibiting unique behavior. Moreover, studying such

systems we may confirm or oppose our assumption on

the mechanisms of the dope effects.

Below we shall consider the properties of alumina

simultaneously containing Mg and La or Si and La

dopes.

4.6.1. Mg–La/Al2O3 system and its properties

The X-ray studies show [81,84] that Mg and La ions

present together in alumina improve its thermal sta-

bility, which is estimated from the content of a-Al2O3

formed at the given temperature, in comparison to the

earlier studied La2O3–Al2O3 system.

Mg and La ions simultaneously present in alumina

stabilize the solid solutions based on the g-Al2O3

structure. The co-existence of Mg and La that favor

to occupy different cation positions in the oxygen

anion lattice in the g-Al2O3-based solid solution does

not allow the rearrangement of the solid solution

structure typical for other ions. Moreover, the stabi-

lized ‘‘rough’’ structure of the low-temperature solid

solution facilitates the entrance of La into the support

structure. Unlike the La2O3/Al2O3 system, here La

ions diffuse mainly into the structure of solid mixed

La–Mg/g-Al2O3 at rising temperatures. If the solid La

solution in alumina at T>12008C yields

La2O3�11Al2O3, the solid La–Mg–g-Al2O3 solution

produces 2MgO–La2O3�11Al2O3. Both compounds

Fig. 11. Influence of calcination time at 10008C on SBET of

alumina: (a) with 5% La2O3. 1 – Al2O3 support (1); 2 – Al2O3

support (2); 3 – La2O3/Al2O3 support (1); 4 – La2O3/Al2O3 support

(2); (b) with 5% CeO2. 1 – Al2O3 support (1); 2 – Al2O3 support

(2); 3 – CeO2/Al2O3 support (1); 4 – CeO2/Al2O3 support (2).

Support (1): spherical g-Al2O3 prepared from commercial pseudo-

boehmite; support (2): spherical g-Al2O3 produced by TDP

processing.

66 Z.R. Ismagilov et al. / Catalysis Today 47 (1999) 51–71



have a hexagonal packing of the oxygen lattice, as a-

Al2O3, and are related, but have a higher symmetry.

Stabilization of Mg and La ions in the respective

tetrahedral and octahedral positions hinders the Al ion

diffusion yielding the high-temperature oxides. Cal-

cination at 14008C shows that it is necessary to

optimize the ratio of Mg and La cations in the structure

to stabilize the low-temperature solid solution. We

may consider the mixed solution La–Mg–g-Al2O3

with Mg:La�1:1 as a low-temperature form of

2MgO–La2O3�11Al2O3. To transit into the high-tem-

perature form, this solid solution must be appropri-

ately ordered with regard to the cation position

occupation by La and Mg. According to the diffraction

data, an La deficit yields a set of solid solutions or

stoichiometric aluminum–magnesium spinel.

Therefore, the thermal stability of alumina simul-

taneously doped with two- and three-valent cations

preferring to occupy different cation positions in the

oxygen lattice of the low-temperature alumina results

from the hindering of structure rearrangements in the

structure of the mixed low-temperature solid solutions

at increasing temperatures.

Structural–mechanical properties of alumina simul-

taneously doped with two- and three-valent cations

have been studied in [84]. It was shown that the

mechanical strength and thermal stability increased

in this case.

4.6.2. Mg–Ce/Al2O3 system

As in the case of Mg–La/Al2O3, Mg was introduced

into the spherical alumina hydroxide granules and

cerium into g-Al2O3 via incipient wetness impregna-

tion with nitrate solutions. Sample properties were

studied after calcination at 550–13008C.

X-ray methods used to study the phase composition

of alumina doped with Mg and Ce showed that Mg and

Ce ions present in alumina did not increase its thermal

stability in comparison to the CeO2/Al2O3 and MgO–

La2O3/g-Al2O3 systems.

This effect is caused by the fact that only a small

part of Ce introduced is able to interact with the

support to stabilize as Ce3� and slightly improve

the thermal stability. The interaction product decom-

poses at higher temperatures, yielding a separate phase

of cerium oxide, a-Al2O3 and a stoichiometric spinel.

The major part of Ce introduced during impregnation

transforms from Ce3� to Ce4� due to peculiarities of

Ce chemistry to give the CeO2 phase having no effect

on the thermal stability of the support.

Note that unlike the system MgO–La2O3–Al2O3,

MgAl11CeO19 (ASTM 26-879) was not formed here at

T>11008C. In the former system La almost completely

interacts with the support yielding MgAl22LaO19 at

the same temperatures.

Fig. 12 shows how the specific surface area of

modified alumina changed with the calcination tem-

perature. For comparison, we present data for ‘‘pure’’

alumina within the same figure (curve 1). Apparently,

aluminas containing both Mg and Ce had the largest

specific surface area at 900–10008C. The specific

surface area of the aluminas modified solely with

Mg and of ‘‘pure’’ alumina, decreased in the above

temperature range. Ce-doped alumina retained its

surface up to 11008C.

Fig. 13 and Table 4 show how the sample strength

depended on the calcination temperature. Apparently,

only the samples containing both Mg and Ce or Mg

alone retained their high mechanical strength that even

increased with temperature.

All the data obtained for the Mg–Ce/Al2O3 system

prove that two- and three-valent cations both present

in alumina enhance the effects of each other and allow

one to improve the thermal and mechanical stability of

alumina (though not so considerably as in Mg–La/

Al2O3).

Therefore, only if a uniform solid mixed solution of

ions forms in the low-temperature alumina, it is

possible to obtain a support exhibiting high thermal

stability. Moreover, the ions introduced must occupy

respective tetrahedral or octahedral cation positions in

the structure.

Fig. 12. Dependence of SBET of alumina on temperature: 1 – pure

Al2O3; 2 – 2.5% MgO/Al2O3; 3 – 5% CeO2/Al2O3; 4 – Mg–Ce/

Al2O3.
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4.6.3. La–Si/Al2O3 system

It is known that SiO2 introduced into alumina

may substantially improve its thermal stability [63–

66,92].

For us it was interesting to compare the SiO2/Al2O3

system with Si–La/Al2O3. As shown in [83,93–95],

introduction of SiO2 (sol) into the plasticized paste of

pseudoboehmite aluminum hydroxide obtained from

TDP before molding allowed us to increase the ther-

mal stability of alumina. So, SBET of modified Al2O3

at 12008C was 2.5 times higher than that of pure

alumina.

Based on all our data, we have chosen the following

composition to synthesize Si–La/Al2O3:

2:5% SiO2 � 5% La2O3 � 92:5% Al2O3

SiO2 was introduced as a sol into the plasticized paste

of TDP before HAM. Lanthanum was introduced into

the spherical granules (diameter 2–3 mm) of g-Al2O3

via incipient wetness impregnation with La nitrate

solution. Then the granules were dried at 1108C and

calcined at 550–13008C (2 h at each temperature).

Fig. 13. Influence of calcination temperature on mechanical

strength of alumina: 1 – pure Al2O3; 2 – 2.5% MgO/Al2O3; 3 –

5% CeO2/Al2O3; 4 – Mg–Ce/Al2O3.

Table 4

Properties of spherical alumina

No. Dope SBET (m2/g) Strength (MPa) Phase composition

5508C
1 – 200 24 g-Al2O3

2 La 180 26 g*-Al2O3

3 Si 210 22 g-Al2O3

4 Ce 185 21 g-Al2O3�CeO2

5 Mg 180 44 g*-Al2O3

6 La–Si 190 32 g*-Al2O3

7 La–Mg 160 38 g*-Al2O3

8 Ce–Mg 180 38 g*-Al2O3�CeO2

12008C
1 – 7 28 a-Al2O3

2 La 29 35 LaAlO3 (traces)�a-Al2O3�La2O3�11Al2O3

3 Si 40 28 g-Al2O3�40% a-Al2O3

4 Ce 14 35 a-Al2O3�CeO2

5 Mg 10 60 MgAl2O4�a-Al2O3

6 La–Si 80 38 g*-Al2O3�d-Al2O3 (�50%)

7 La–Mg 23 65 a-Al2O3�MgAl11LaO19�g**-Al2O3

8 Ce–Mg 23 60 MgAl2O4�a-Al2O3�CeO2

13008C
1 – 6 30 a-Al2O3

2 La 28 44 a-Al2O3�La2O3�La2O3�11Al2O3

3 Si 28 30 a-Al2O3

4 Ce 8 36 a-Al2O3�CeO2

5 Mg 6 65 MgAl2O4�a-Al2O3

6 La–Si 26 48 a-Al2O3 (traces)�q-Al2O3�La2O3�11Al2O3 (traces)

7 La–Mg 14 70 a-Al2O3�MgAl11LaO19

8 Ce–Mg 10 65 MgAl2O4�a-Al2O3�CeO2

g* – solid solution of Me cation on the base of g-Al2O3.

g** – continuous number of low temperature solid solutions of La and Mg cations.
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Table 4 shows the main properties of the system

synthesized and compares it with ‘‘pure’’ alumina and

alumina containing solely SiO2 (2.5%) or La2O3

(5 wt%).

Apparently, La and Si both present in the system

decelerated the phase transitions in alumina at rising

temperatures. Thus the specific surface area remained

large. The best stabilization effect was observed at

T�10008C. At 11008C SBET of the samples containing

La–Si was twice higher than that of La/Al2O3 and Si/

Al2O3. Calcination at 13008C removed the difference

between the SBET of La/Al2O3, Si/Al2O3 and ‘‘pure’’

alumina, while the SBET of La–Si/Al2O3 was 3–4 times

higher. Note that the phase composition of these

systems was considerably different. The a-Al2O3

phase appeared in La–Si/Al2O3 only at T�13008C
as traces. No lanthanum aluminate phase was regis-

tered in all high-temperature samples (T>10008C) of

the combined system. Lanthanum hexaaluminate

appeared only at 13008C. There were no other com-

pounds indicating the interaction of La and Si oxides.

Note that the stabilization effect for the La–Si/

Al2O3 system was far higher than that of Mg–La/

Al2O3. Thus 15% of a-Al2O3 formed in Mg–La/Al2O3

after calcination at 12008C (see Table 4), and SBET of

this sample was four times smaller than that of La–Si/

Al2O3 containing no a-Al2O3 at this temperature. At

13008C there was only a-Al2O3 in Mg–La/Al2O3

(5 wt% La2O3), whereas this phase was present only

as traces in La–Si/Al2O3.

5. Conclusion

The data obtained in the fundamental studies

allowed us to suggest a technological solution for

the synthesis of spherical alumina with high mechan-

ical strength and thermal stability.

Such alumina supports for catalysts operating in

moving- or fluidized bed reactors can be prepared via

the hydrocarbon–ammonia molding of pseudoboeh-

mite aluminum hydroxide.

We suggested a new technology to produce pseu-

doboehmite aluminum hydroxide based on the ther-

mal decomposition of gibbsite in the catalytic heat

generator.

New spherical supports with unique properties were

synthesized by modifying alumina with various dopes.
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Abstract

Catalysts supported on metals are widely used today, but room still remains for further improvement of catalyst

characteristics. The subject of this paper is the application of a plasma spray for the deposition of alumina coatings on metal

substrates of different geometry (plates, foams) for subsequent synthesis of catalysts. The alumina layer sprayed successfully

solves two different problems: (i) it serves as a washcoat on which a catalyst is synthesized, and (ii) it protects the metal

surface from oxidation at high temperatures. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Plasma spraying; Metal-supported catalysts; Washcoating

1. Introduction

The development of new environmentally clean and

energy safe technologies is one of today’s important

tasks. Examples are gas and oil processing, motor fuel

production, catalytic removal of VOCs from gas

streams and purification of wastewater containing

organic compounds. Catalysts to be used in these

processes must possess high thermal stability and wear

resistance properties.

Application of metal substrates as catalyst supports

is becoming more common. Metals have some advan-

tages that make their application in catalysis more

attractive than ceramic supports. Their advantages

include their high mechanical strength and heat con-

ductivity characteristics. Protection of catalytic coat-

ings against mechanical shock and chemical exposure

to the reaction medium and the conservation of the

catalytic activity at high temperatures are the main

problems when metal-supported catalysts are used.

The preparation of materials with strong contact

between the catalytic layer and the metal surface at

high temperatures is also a very complicated task.

Plasma spray technology offers the possibility of

preparing solid surface coatings on metals which will

exhibit high mechanical and thermal stabilities. The

application of plasma spray methods makes it possible

to support both preliminary inert washcoats as well as

catalytically active coatings.

Plasma spray of washcoatings of alumina, titania,

zirconia, etc., will allow one to solve successfully the

problem of adhesion of the active component to the

metal surface and to protect the metal-substrates from

Catalysis Today 51 (1999) 411–417
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aggressive medium and improve their durability for

high temperature use. Moreover, the plasma spray

method will give an opportunity to design composite

materials consisting of different combinations of

plasma-sprayed catalytic and protective layers.

It is important to note that there are no strict

limitations on the geometry of granulated or mono-

lithic supports when plasma spray methods are used.

Both substrates of simple geometry (flat surfaces) and

complex substrates (foam materials and honeycomb

monoliths) can be applied successfully.

Although plasma spray techniques are well-devel-

oped and in common use today, information on the

application of these methods in catalysis is rather

scarce. Traditionally, plasma spraying is applied when

the formation of dense, non-porous protective layers is

necessary and this makes the direct use of this method

in catalysis rather complicated.

A number of papers have shown that the porous

structure of sprayed coatings depends significantly on

the jet outflow regime (laminar, transient or turbulent):

the chemical composition and flow rate of the plasma-

forming gas, the plasma torch power, the spraying

distance, etc. For example, an increase of the plasma-

forming gas flow rate and spraying distance leads to a

growth of the porosity of the coating and this is

accompanied by lower adhesion [1–3]. Changing

the particle size of the powder sprayed also allows

regulation of the physicochemical characteristics of

the layers deposited: the phase composition, the por-

osity, the specific surface area and the thermal con-

ductivity properties [4,5].

Several publications have been devoted to the

application of plasma spraying for the synthesis of

catalysts. Two different approaches have been used for

the synthesis of catalysts: (i) preliminary spraying of a

gradient layer with various additives, followed by

deposition of an active component; and (ii) direct

spraying of a catalytically active component on a

support surface [6–8].

The subject of this paper is the application of

direct current (dc) plasma torch [9,10] with the

interelectrode insert (IEI) for the atmosphere plasma

spraying of the alumina coatings under different

regimes of the jet outflow (laminar, transient or

turbulent) on the metal substrates of different geome-

tries (plates, foams) for subsequent synthesis of

catalysts.

2. Experimental conditions and procedure

Operating modes of plasma torch with IEI (see

[9,10]) were provided by the variation of the

plasma-forming gas (air) flow rate over a wide range

(from 0.5 up to 2.5 g/s); this made it possible to change

the velocity of the particles and their aggregate state,

and therefore, the coating micro- and macrostructure

over the wide range. The main regimes of the plasma

torch operation and outflowing jets are presented in

Table 1.

The main advantages of the plasma torch used

[9,10], as compared with conventional plasma torches

are: (i) application of IEI provides a possibility to

increase the plasma torch power by increasing the arc

voltage (rather than the arc current, as usually); this

increasing the continuous operating life of the plasma

torch electrodes; (ii) the detected frequency of the arc

shunting in plasma torches of this type is one or two

orders of magnitude higher in comparison with the

large scale shunting (low-frequency) in plasma gen-

erators with a self-setting arc length, other conditions

being equal; (iii) within a specific range and at equal

gas flow rate, pressure, discharge chamber diameter,

arc current and other parameters, the mean mass

temperature of the gas at the outlet of the output

electrode of a plasma torch with IEI is always higher

than in a plasma generator with a self-setting arc mean

length; this is explained by a higher electric field of the

turbulent arc and by a possibility of varying the IEI

length; (iv) realization of a ‘‘diffusive’’ arc attachment

on the anode surface provides an axial symmetry of

the exhausting plasma flow, this increasing the stabi-

lity and reproducibility of the parameters of the high-

temperature flow in the repeated torch activation; (v)

the use of air as a working gas, when there are no strict

requirements to the gas composition, reduces substan-

tially the cost of plasma technologies and speeds up

the equipment pay-back and (vi) the use of the plasma

torch operating mode with a quasi-laminar jet outflow

makes possible new effective technologies of powder

(primarily oxide) materials and surface treatment.

The principal scheme of the powder plasma spray-

ing set-up, used in this work, is presented in Fig. 1.

Alumina powders differing in phase composition and

particle size (a-Al2O3 20–80 and g-Al2O3 90–500 mm)

were used to spray a washcoating layer on titanium

plates and nickel foam materials. The active phase was
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synthesized by impregnation of the plasma sprayed

layer with lanthanum and cobalt cations. In some

cases, the modification of the plasma-sprayed layer

was provided by the deposition of lanthanum-contain-

ing g-Al2O3 to increase the specific surface area of the

washcoating layer. For comparison, the same catalysts

on Ni foam supports were synthesized using the

technique described in reference [11], which includes

a direct synthesis of a g-Al2O3-containing washcoat on

the metal surface by a chemical method without the

formation of plasma-sprayed layer.

X-ray analysis of the samples was carried out using

a HZG-4 diffractometer with copper radiation in the

2� range of 20–558. To specify the parameters of the

solid solutions and of the perovskite composition, the

data were obtained in the range of 2� of 62–728. The

specific surface areas of the samples were measured

by the BET method and the pore volumes of the

sprayed layers were calculated using the water capa-

city technique. The morphology of the catalysts was

characterized by SEM. The catalytic activity was

Table 1

Main regimes of the plasma torch operating and outflowing jets

Flow rate of plasma-forming gas (air) Gg (g sÿ1) 0.5 0.75 1.0 1.25 2.0 2.5

Arc current I (A) 255 250 245 240 220 210

Arc voltage U (V) 180 200 210 220 250 270

Efficiency of electric energy utilization � (%) 45 50 60 65 70 72.5

Effective thermal power of outflowing

plasma jet (kW)

20.6 25.0 30.8 34.3 38.5 41.1

Regime of the plasma jet outflow and approximate

length of powder thermal treatment zone in axial

direction, Lr (m)

Laminar Laminar–

transient

Transient Transient Turbulent Turbulent

0.15 0.09 0.075 0.06 0.05 0.05

Mean-mass temperature of plasma prior to

powder injection section/K

8450 7600 7400 7150 6400 6150

Mean-mass velocity of plasma prior to powder

injection section (m sÿ1)

460 570 720 815 1020 1160

Characteristic times of heating (ms) corresponding

to particles of different size (mkm)

20 0.96 0.6 0.46 0.35 0.24 0.22

40 1.5 0.96 0.71 0.55 0.38 0.33

70 2.1 1.3 1.0 0.77 0.54 0.49

90 2.4 1.6 1.1 0.89 0.65 0.58

200 3.9 2.5 1.9 1.5 1.1 0.99

300 5.3 3.4 2.6 2.0 1.5 1.3

400 6.5 4.1 3.1 2.5 1.8 1.6

500 7.6 4.8 3.6 2.9 2.1 1.8

Fig. 1. Schematic diagram of the plasma spray set-up.
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tested for the methane oxidation reaction in a flow set-

up; the reaction mixture was 1% CH4 in air with a

volume velocity of 400 hÿ1.

3. Result and discussion

As mentioned before, the jet outflow regime and

powder particle size define physicochemical charac-

teristics of coatings sprayed. A preliminary study of

the influence of the plasma regimes on the properties

of alumina powders plasma treated and cooled in

water has been performed. The results for g-Al2O3

powder are presented in Table 2.

A comparison of cross-section views of initial and

plasma-treated and cooled in water particles of g-

Al2O3 showed that in the latter case the pellet consists

of a core and a shell (Fig. 2). The densities of these

two basic areas are different. A comparison of the

scanning electron micrographs of the initial and

the plasma-treated and cooled in water particles and

the analysis of XRD data allow us to suggest that the

particle core consists of g-Al2O3 phase, while the

particle shell is made of a-Al2O3. It seems that the

use of large particles for spraying and high cooling

velocities leads to the formation of a cool core and a

hot melted shell. This conclusion was confirmed by

the numerical modeling of the temperature distribu-

tions inside the particles of g-Al2O3. The method used

is described in reference [10]; it took into account the

temperature gradient under heating and complicated

aggregate state of the particle.

At the same time, experiments on the plasma spray-

ing of alumina of different phase composition and

particle size on titanium plates showed that the proper-

ties of plasma sprayed layers are quite similar and do

not depend significantly on the jet outflow regime used

(Table 3).

When a-Al2O3 was sprayed on titanium plates, the

coatings were characterized by a low specific surface

area; meanwhile, their pore volume increased when

the spraying regime was changed from laminar to

turbulent.

Table 2

Properties of g-Al2O3 after plasma treatment and cooling in water

Particle size

(mm)

Flow rate

(g sÿ1)

Regime Specific surface

area (m2 gÿ1)

Phase composition Ia/Ig
a

90–200 0.5 Laminar 2.2 a-Al2O3, g-Al2O3 30

90–200 1.0 Transient 22 a-Al2O3, g-Al2O3 13

200–300 0.5 Laminar 19 a-Al2O3, g-Al2O3 25

200–300 1.0 Transient 76 a-Al2O3, g-Al2O3 11

300–400 0.5 Laminar 67 a-Al2O3, g-Al2O3 8

300–400 1.0 Transient 104 a-Al2O3, g-Al2O3 6

400–500 0.5 Laminar 119 a-Al2O3, g-Al2O3

a Ia/Ig ratio of intensities of line d/n�2.085 (a-Al2O3) and d/n�1.990 (g-Al2O3).

Fig. 2. Micrograph of a cross-section view of (a) initial and (b) plasma-treated g-Al2O3 particles.
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It was established that the dependence of the

regime on the coating properties was the same when

g-Al2O3 was sprayed. Moreover, in the latter case, the

spraying regime influenced the quantitative propor-

tions of the a-Al2O3 and q-Al2O3 phases of the coat-

ings and their specific surface areas. The maximum

pore porosity and minimum a-Al2O3 phase content

were registered when a transient jet outflow regime

was used.

The disagreement in the data for the phase compo-

sitions and the specific surface area for g-Al2O3 pow-

ders plasma treated and cooled in water and for g-

Al2O3 sprayed on Ti plates may be explained by

significant differences in the quenching rate in the

experiments performed. The formation of dense layers

when g-Al2O3 was sprayed on titanium plates was

confirmed by scanning electron microscopy (Fig. 3).

It is obvious that the contact between the alumina and

the metal surface was rather strong and uniform. The

sprayed layer had a complicated structure, consisting

of dense areas and macropores of different forms and

sizes.

The direct deposition of the active La–Co compo-

nent on these supports leads to the formation of

LaCoO3 and Co3O4 phases, as shown by XRD. The

quantities of the supported active component did not

exceed 2 wt% because of the low porosity of the

sprayed alumina layer. A modification of the sprayed

layer by La-containing g-Al2O3 allowed an increase of

this value by one order of magnitude. The phase

composition of the modified catalyst after the deposi-

tion of the active La–Co component was more com-

plex. Besides the presence of the LaCoO3 and Co3O4

phases, LaAlO3 perovskite was also formed.

The procedure described was applied to the synth-

esis of catalysts on Ni foam supports. The external

surface of a-Al2O3 sprayed on the metal foam support

had a complex structure; there were a number of splats

differing in appearance and thickness (Fig. 4). The

modification of the plasma-sprayed alumina coating

by La-containing g-Al2O3 leads to the formation of a

top layer on the plasma sprayed alumina (Figs. 5 and

Fig. 6). SEM showed also the presence of an inter-

mediate region sprayed between a top layer consisting

of g-Al2O3 and dense plasma sprayed a-Al2O3 coat-

ing. This layer is probably formed at the end of the

spraying process (the ‘‘switching off’’ moment) when

a moderate temperature regime is realized, this lead-

ing to the formation of a layer with higher porosity

than the basic one.

The SEM study of catalysts supported on Ni foams

coated by plasma-sprayed alumina and modified by

La-containing g-Al2O3 revealed that the La–Co com-

ponent was concentrated in the modifying layer

(Fig. 6). XRD showed the formation after calcination

at 10008C of the main LaAlO3 phase and a solid

solution based on g-Al2O3.

Table 3

Properties of alumina sprayed on titanium plates

Particle

size (mm)

Type of

alumina sprayed

Flow

rate (g sÿ1)

Regime of plasma

jet outflow

Specific surface

area (m2gÿ1)

Phase

composition

Pore volume

(cm3 gÿ1)

40 a-Al2O3 0.75 Laminar–transient 0.2 a-Al2O3 0.052

40 a-Al2O3 1.25 Transient 0.2 a-Al2O3 0.065

40 a-Al2O3 1.75 Turbulent 0.2 a-Al2O3 0.167

90–200 g-Al2O3 0.5 Laminar 0.2 a,q-Al2O3 0.068

90–200 g-Al2O3 0.75 Laminar–transient 0.4 a,q-Al2O3 0.075

90–200 g-Al2O3 1.0 Transient 0.6 a,q-Al2O3 0.166

Fig. 3. Micrograph of a cross-section view of g-Al2O3 plasma-

sprayed on Ti.
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Changes of the characteristics of the samples fol-

lowing various temperature treatments were examined

by XRD and BET measurements and their activities

for the methane oxidation reaction were also deter-

mined. An increase of the calcination temperature

from 6008C to 10008C caused a decrease in the

BET area of the samples from 20 to 8 m2/g, while

the temperature to give 50% methane conversion

increasing from 4608C to 6108C.

The properties of the catalysts developed were

compared with those of catalysts having the same

phase composition and BET surface area but synthe-

sized without the use of a plasma-sprayed alumina

layer. The catalysts calcined at temperatures from

6008C to 10008C demonstrated the same level of

activity as catalysts synthesized using the plasma

technique. A difference in the activity between these

types of catalysts appeared when the duration of

calcination at 10008C was increased from 3 to 9 h.

There was no decrease in the activity of the catalyst

with a plasma-sprayed alumina layer whereas the

temperature to give 50% conversion rose from

6008C to 6558C for the catalyst prepared without a

plasma-sprayed layer (Fig. 7). It appeared that a

plasma-sprayed washcoating layer consisting of alu-

mina on a Ni foam support prevented the nickel from

Fig. 4. Micrograph of plasma-sprayed alumina on a Ni foam

support.

Fig. 5. Micrograph of a modifying g-Al2O3 layer supported on a

plasma-sprayed alumina.

Fig. 6. Micrograph of a cross-section view of a catalyst consisting

of La–Co on a Ni foam support.

Fig. 7. Temperature dependencies of methane conversion (1% CH4

in air) on catalysts: (~) La–Co/Ni, plasm., Tcalc�10008C for 3 h;

(~) La–Co/Ni, Tcalc�10008C for 3 h; (*) La–Co/Ni, plasm.,

Tcalc�10008C for 9 h; (*) La–Co/Ni, Tcalc�10008C for 9 h.
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becoming oxidized more successfully and increased

the thermal stability of the catalyst.

4. Conclusion

In this paper we have presented our first results

of a comprehensive study of catalysts prepared on

metal supports for high temperature combustion

developed using plasma spray methods. Undoubtedly,

application of the plasma spray technology in this

area is very promising. Experiments performed on

metal supports of different geometry have shown

that a sprayed alumina layer has a strong and uni-

form adhesion to the metal surface. The gradient

layer sprayed successfully solves two different

problems: (i) it serves as a washcoat on which a

catalyst can subsequently be synthesized; and (ii) it

protects the metal surface from oxidation at high

temperatures.
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Abstract

The local structure of the Fe, Co and Nb surroundings of niobium doped
Sr(Co/Fe)O3−x perovskites was studied by EXAFS spectroscopy. The samples
were prepared by ceramic method at T = 1250 ◦C. In order to vary the
oxygen content, the samples were (i) slowly cooled in the furnace, (ii)
quenched in liquid N2 and electrochemically oxidised. According to EXAFS
data, the Nb and Fe cations occupy octahedral positions even at low oxygen
content. At the same time, the Co cations seemingly occupy highly distorted
octahedral positions. It should be noted that the mean Co-O distance (∼1.84 Å)
is much shorter than the mean Fe-O (∼1.92 Å) distance in this case. It
was assumed that oxygen vacancies are mainly located near cobalt cation
positions.

1. Introduction

Nonstoichiometric oxides Sr(Co/Fe)O3−x exhibiting the mixed
electron/oxygen conductivity, are intensively studied as candidate
oxygen membranes for catalytic partial methane oxidation and
syn.gas production reactors [1–3].

Distribution and location of oxygen vacancies in a non-
stoichiometric oxide are important for understanding the
mechanism of oxygen transportation (the main functional
property of an oxide) and structural transformations in the
membrane material regarding the oxygen concentration.

Doping or introduction of different cations into the non-
stoichiometric oxide crystal structure is a promising way to
improve permeability, chemical and mechanical stability of
oxygen membranes.

XRD is usually used to obtain information on the structure
of doped oxides. Unfortunately, this method has a number of
drawbacks. First, nonstoichiometric oxides can possess a number
of point defects as oxygen vacancies, providing a distortion of
the cation local surrounding. Since these vacancies are likely
disordered, the standard diffraction methods can not be used for
their analysis.

The second problem arises when oxides are doped by cations of
elements with close scattering abilities. Sometimes these cations
are located in several non-equivalent crystallographic positions
and one should establish how different chemical element cations
are distributed among these positions.

To distinguish them, one should apply some special techniques
such as anomalous diffraction (using synchrotron radiation) along
with the standard methods.

The above problems can be solved by EXAFS, which is both
the local and selective method. This method permits one to study
local structure of every chemical element surroundings regardless
of the sample crystallization degree.

*e-mail: kriven@inp.nsk.su

In this work EXAFS spectroscopy was used to study
the SrCo0.7Fe0.2Nb0.1O3−x perovskites with different oxygen
concentrations.

2. Experimental

The SrCo0.7Fe0.2Nb0.1O3−x samples were synthesized from stoi-
chiometric amounts of SrCO3, Fe2O3, Co3O4, and Nb2O5, which
were thoroughly mixed in an AGO-2 planetary ball mill. Prior to
this, ethanol was added to the reagents to prepare a paste-like mix-
ture which was then treated in a mill for 30 seconds. After drying
and calcination at 950 ◦C for 8 h, the mixture was retreated in a
mill for 30 s. The pellets prepared from the oxide mixture were
placed into a furnace at 1250 ◦C and held there for 12 h. To prepare
SrCo0.7Fe0.2Nb0.1O3−x with low oxygen concentration (3 − x) ∼
2.5, the samples were quenched in liquid nitrogen, if the sam-
ples were slowly cooled in the furnace oxygen content increased
to (3 − x) ∼ 2.7. The samples electrochemically oxidized in 1 M
KOH [4] possessed the highest value (3 − x) ∼ 2.9. According to
XRD the samples with different oxygen content were monopha-
sic and all X-ray reflections were indexed in perovskite cubic cell.
The increase of oxygen concentration in SrCo0.7Fe0.2Nb0.1O3−x

samples is accompanied by the slight decrease of perovskite cubic
parameter. XRD study was carried out on DRON-3M diffractome-
ter with graphite monochromator using CuK� radiation. Samples
SrCoO2.5, SrFeO2.5 (brownmillerite type) and SrCoO3, SrFeO3

(perovskite type) were used as reference samples.
EXAFS spectra of the Nb-K, Co-K, Fe-K edges for all

the samples were obtained at the EXAFS Station of Siberian
Synchrotron Radiation Center (SSRC). The storage ring VEPP-
3, with electron beam energy of 2 GeV and an average stored
current of 80 mA, has been used as the source of radiation.
The X-ray energy was monitored with a channel cut Si(111)
monochromator. The all EXAFS spectra of the Nb-K, Co-K,
Fe-K edges were recorded under transmission mode, using two
ionization chambers as detectors. The samples were prepared
as pellets with thickness varied to obtain a 0.5–1.0 jump at the
Nb-K, Co-K, Fe-K absorption edges. The EXAFS spectra were
treated using the standard procedures [5]. The radial distribution
function of atoms (RDF) was calculated from the EXAFS spectra
in k3�(k) as the modulus of Fourier transform at the wave number
interval 3.8–12.0 Å−1. Curve fitting procedure with EXCURV92
[6] code was employed to determine precisely the distances and
coordination numbers in similar wave number intervals after
preliminary Fourier filtering using the known XRD data for the
SrCoO2.5, SrFeO2.5 (brownmillerite type) and SrCoO3, SrFeO3

(perovskite type) bulk compounds. Debye-Waller factors are fixed
(all the values are equal to 0.005 Å2).

EXAFS spectra of the cobalt, iron and niobium local
surrounding were used to calculate effective coordination
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Table I. EXAFS data (R – distances (Å); N – effective
coordination numbers) describing Fe and Co local surroundings
for reference samples.

Reference samples

SrFeO2.5 SrFeO3 SrCoO2.5 SrCoO3

Bond type R, Å N R, Å N R, Å N R, Å N

Fe-O, Co-O 1.92 2.7 1.92 3.3 1.82 2.0 1.88 3.7
Fe-Sr, Co-Fe 3.19 0.8 3.29 1.5 3.19 1.1 3.25 1.1
Fe-Fe, Co-Co 3.96 1.7 3.95 7.5 3.87 1.5 3.86 5.6

Table II. EXAFS data (R – distances (Å); N – effective
coordination numbers) describing Nb local surrounding for
SrCo0.7Fe0.2Nb0.1O3−x samples.

SrCo0.7Fe0.2Nb0.1O3-x

x ∼ 0.5 x ∼ 0.3 x ∼ 0.1

Bond type R, Å N R, Å N R, Å N

Nb-O 1.95 6.2 1.95 6.9 1.94 7.7
Nb-Sr 3.35 1.9 3.36 3.0 3.34 3.9
Nb-Co, Fe 3.98 3.6 3.95 6.3 3.93 9.1

Table III. EXAFS data (R – distances (Å); N – effective
coordination numbers) describing Co local surrounding for
SrCo0.7Fe0.2Nb0.1O3−x samples.

SrCo0.7Fe0.2Nb0.1O3-x

x ∼ 0.5 x ∼ 0.3 x ∼ 0.1

Bond type R, Å N R, Å N R, Å N

Co-O 1.82 1.7 1.85 2.3 1.93 3.2
Co-Sr 3.19 0.6 3.22 0.7 3.33 1.3
Co-Co, Fe 3.89 1.4 3.89 2.7 3.94 4.9

Table IV. EXAFS data (R – distances (Å); N – effective
coordination numbers) describing Fe local surrounding for
SrCo0.7Fe0.2Nb0.1 O3−x samples.

SrCo0.7Fe0.2Nb0.1O3-x

x ∼ 0.5 x ∼ 0.3 x ∼ 0.1

Bond type R, Å N R, Å N R, Å N

Fe-O 1.93 3.5 1.94 3.8 1.93 5.1
Fe-Sr 3.28 0.9 3.34 1.7 3.32 2.3
Fe-Co, Fe 3.93 2.8 3.94 5.0 3.93 7.0

numbers and distances Me-O and Me-Me in three coordination
spheres (Tables I–IV). This way was chosen to analyze
coordination numbers, because both doping and a change in the
oxygen stoichiometry result in changes in average coordination
numbers and distortion degrees of the coordination polyhedron.
All nearby Me-O distances merge into one peak due to
insufficient spatial resolution of the method. In this case, effective
coordination number becomes the only available value providing
the information on a true change in the coordination number due
to oxygen vacancies and differences between interatomic Me-O
distances.

Fig. 1. Radial distribution function (RDF) curves describing a) Fe and b) Co local
surrounding of reference samples: (solid line) – SrFeO3, SrCoO3; (dashed line) –
SrFeO2.5, SrCoO2.5.

3. Results and Discussion

RDF curves, describing Fe and Co local surroundings, of reference
samples are shown in Fig. 1. RDF curves, describing Co, Fe,
Nb local surroundings of SrCo0.7Fe0.2Nb0.1O3−x samples are
presented in Fig. 2–4. EXAFS data (R – distances (Å); N –
effective coordination numbers) for SrCo0.7Fe0.2Nb0.1O3−x and
reference samples are shown in Tables I–IV. XRD data, for
reference and SrCo0.7Fe0.2Nb0.1O3−x samples, are presented in
Table V.

Structural data on cubic perovsikte AB3 (A = Sr, B = Co,
Fe, Nb) suggest that 6 oxygen atoms are observed in the cation
first coordination sphere in position B. The second and third
coordination spheres contain 8 strontium atoms and 6 metal atoms,
respectively. The latter sphere can involve all metals, excepting
strontium. A particular composition of the third coordination
sphere depends on distribution of three metal cations through the
compound bulk.

Reference samples: Diffraction data on samples SrMeO3−x

(Me = Co, Fe; x = 0.5, 0.0) (Table V) comply with the literature
evidence [7–10]. The oxides whose composition approximates the
ideal perovskite SrMeO3 have a cubic structure, but their effective
coordination numbers (Fig. 1, Table I) for first spheres (Me-O) are
low for both iron and cobalt containing perovskites. This indicates
that random microdistortions exist in the structure as the long-
range ordering (manifesting itself in diffraction) preserves. Note
that the distortion degrees are close in both compounds.

Samples SrMeO2.5 are crystallized in the brownmillerite type.
It is of interest that for the cobalt sample, the unit cell parameter

C© Physica Scripta 2005 Physica Scripta T115
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Fig. 2. Radial distribution function (RDF) curves describing Nb local surrounding
of SrCo0.7Fe0.2Nb0.1O3−x samples: a) x ∼ 0.5; b) x ∼ 0.3; c) x ∼ 0.1.

Fig. 3. Radial distribution function (RDF) curves describing Co local surrounding
of SrCo0.7Fe0.2Nb0.1O3−x samples: a) x ∼ 0.5; b) x ∼ 0.3; c) x ∼ 0.1.

Fig. 4. Radial distribution function (RDF) curves describing Fe local surrounding
of SrCo0.7Fe0.2Nb0.1O3−x samples: a) x ∼ 0.5; b) x ∼ 0.3; c) x ∼ 0.1.

along axis a significantly differs from that of the iron oxide. In
EXAFS data (Fig. 1, Table I), this difference manifests itself as a
decrease in the average interatomic distance Co-O by ∼0.1 Å.
Whereas for the iron oxide, a transition to a brownmillerite
structure does not affect average interactomic distances. For the
cobalt sample, a great decrease in the effective coordination
number of Co-O exceeds the probable decay value associated with
a stoichiometry distortion and indicates large distortions in the
cobalt environment with decreasing oxygen amount as compared
to iron. Analysis of the changes in the interatomic distances and
coordination numbers observed for the third coordination sphere
permit one to arrive at the same conclusion. Therefore, though the
iron and cobalt containing brownmillerite structures are similar
in appearance, their local structures differ.

Additionally it should be noted that the sub-lattice of Co and
Fe cations exhibits high symmetry. Some distortions are observed
only in the oxygen sub-lattice and in the Me-Sr distances.

SrCo0.7Fe0.2Nb0.1O3−x samples: XRD (Table V) suggests that
all the synthesized samples (regardless of oxygen concentration)
belong to the perovskite type and are crystallized into a cubic
syngony. As oxygen concentration decreases, lattice parameters
increase.

As noted above, all coordination numbers have relative
values, which primarily evidence the degree of distortion of the
local surrounding for given chemical element. According to the
obtained data (Fig. 2, Table II), the niobium surrounding is highly
symmetric and does not depend on the oxide stoichiometry. It is
likely that the oxidation degree of niobium in all complexes is
+5, the ion radius being small.
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Table V. XRD data for references and SrCo0.7Fe0.2Nb0.1O3−x samples.

Reference samples SrCo0.7Fe0.2Nb0.1O3-x

SrCoO2.5 SrFeO2.5 SrCoO3 SrFeO3 x ∼ 0.5 x ∼ 0.3 x ∼ 0.1

Brownmillerite (orth.) Perovskite (cub.) Perovskite (cub.)

Exper. Lit. [7] Exper. Lit. [8] Exper. Lit. [9] Exper. Lit. [10] Exper.

a 5.477 5.456 5.664 5.671 3.824 3.840 3.855 3.855 3.926 3.886 3.856
b 15.746 15.664 15.553 15.590
c 5.575 5.556 5.528 5.528

The local surrounding of iron and cobalt radically differs
(Fig. 3, 4; Tables III, IV). Thus, an increase in the oxygen
concentration results in the increase in the iron coordination
number only. For cobalt, changes in the effective coordination
number are more complex. Since a change in the average
coordination number is accompanied by an increase in the
average interatomic distance Co-O. Within the limits of
experimental error, distances Co-Co, Fe are constant. But the
lattice parameter grows with oxygen removal. On studying
the local distortions in cubic KNbO3 [11–13], this observation
was interpreted as a partial irregular shift of cations from
their crystallographic positions and a turn of octahedrons being
relative to each other, which is associated with a symmetry
breakdown due to removal of some oxygen. Based on the
above, one can assume that similar distortions are primarily
associated with cobalt surrounding. Analysis of the EXAFS
data suggest that local distortions accumulate with decreasing
oxygen concentration on retention of macrosymmetry (long-range
ordering). Thus, the introduced cations are not equivalent and
the larger part of distortions is associated with cobalt. Indeed
(Tables II–IV) a decrease in the oxygen concentration in the
structure SrCo0.7Fe0.2Nb0.1O3−x perovskites most strongly affects
cobalt.

It is likely that iron and niobium are in the non-distorted
octahedral at (3 − x) = 2.5 − 3.0, whereas cobalt can also occupy
strongly distorted octahedral positions if oxygen is in deficiency.
The cobalt local surrounding becomes more symmetric (more
regular octahedral positions) with further decreasing oxygen
deficiency.

It should be noted that the average distance Co-O for the
modified perovskite in oxygen deficiency corresponds to that in
SrCoO2.5 having a brownmillerite structure.

On oxygen saturation the structure of all studied samples
becomes more ordered, which manifests itself as appearance of
new peaks in the region of large distances and a considerable rise
in coordination numbers for the existing distances.

4. Conclusions

Using the EXAFS method to study modified perovskite-
like SrCo0.7Fe0.2Nb0.1O3−x system, it was shown that oxygen
vacancies are mainly located near cobalt cation positions.
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Abstract
A synergetic effect in the catalytic activity has been found after palladium introduction in Mn–Al–O systems. The magnitude of the synergetic

effect depends on the types of the oxidic manganese species: oxide Mn3O4, spinel (Mn, Mg)[Mn, Al]2O4 or hexaaluminate (Mn, Mg)LaAl11O19.

The synergetic effect of Pd and manganese-containing compounds is observed only if palladium is introduced to the low-temperature precursor of

the manganese alumina spinel or manganese hexaaluminate. The synergetic effect is not observed when high-temperature samples with formed

spinel or hexaaluminate phases are modified with Pd.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Methane combustion; Bicomponent catalyst; Manganese oxides; Hexaaluminate; Manganese–alumina spinel; Palladium oxide; Synergetic effect
1. Introduction

Catalytic combustion of fuels is regarded as an attractive

alternative to flame combustion. Catalytic combustion provides

high combustion efficiency and low emission of air pollutions

such as NOx, CO, and unburned hydrocarbons [1–3]. At

present, house hold appliances [4], catalytic boilers [5,6], gas

turbines [2,7–12] and technical processes [4,6,13] have

commercial potential for applications of catalytic combustion.

The catalytic materials must be active and stable in a wide

temperature range from 500 to 1300 8C in order to ensure

effective combustion of hydrocarbon fuel, including low-

calorie fuel (or lean mixtures), in stable operation. At high

temperatures, the catalysts are required to maintain a high

surface area and catalytic activity, and to have high thermal

shock resistance. On the other hand, the catalysts must have a

low light-off temperature.

The existing catalysts for high-temperature combustion of

hydrocarbon fuel may be divided into two categories: (1)

catalysts based on noble metals, mostly Pd and Pt; (2) catalysts
* Corresponding author. Tel.: +7 383 3306219; fax: +7 383 3397352.

E-mail addresses: zri@catalysis.ru, ZRI@catalysis.nsk.su

(Z.R. Ismagilov).
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based on transition metal oxides, mostly, spinels, perovskites

and hexaaluminates.

Among the catalysts of the first group, catalysts containing

Pd are the most active in oxidation of methane [7] and

unsaturated hydrocarbons [14]. Pd catalysts are more stable

than Pt catalysts with respect to thermal sintering in the

oxidizing environment. The upper temperature limit of their use

is about 950–1000 8C [15,16]. However, the use of Pd at

temperatures above 800 8C is limited due to PdO conversion to

Pd metal at 750–800 8C, which has lower activity in oxidation

reactions than PdO [17].

Among the catalysts of the second group, manganese oxides

are the most promising material for synthesis of high-

temperature catalysts due to high thermal stability of supported

Mn oxides [18–20] and significant increase of the catalytic

activity in deep oxidation of hydrocarbons, e.g. n-C4H10,

benzene and cumene [18], observed after calcination at 900–

1100 8C (called a thermal activation effect [18]). The thermal

stability of manganese–alumina catalysts can be increased (up

to 1300 8C) by doping with lanthanum, magnesium or cerium

oxides [19,21], particularly, using disordered alumina for

synthesis of the catalysts [21]. In this case, high-temperature

Mn and Al compounds can be formed, e.g. spinels, perovskites

and hexaaluminates of various compositions. This provides

high thermal stability of manganese–alumina catalysts [19,21]

mailto:zri@catalysis.ru
mailto:ZRI@catalysis.nsk.su
http://dx.doi.org/10.1016/j.cattod.2006.06.036
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and contributes to the overall activity of the catalysts [9,10]. In

a number of studies it has been reported that partial substitution

of the Al site in the hexaaluminate lattice by a Mn cation results

in improvement of the oxidation activity without lowering the

heat resistance [9,10,22]. Lanthanum–strontium–manganese

and barium–manganese hexaaluminates has been recognized as

some of the successful designs in hexaaluminate catalysts

[9,10,12,22–25].

Considering of numerous publications on performance of Pd

catalysts supported on pure alumina we conclude that

potentialities of improving of thermal stability and combustion

activity of this system (Pd/Al2O3) are mostly limited. During

synthesis of high-temperature catalysts it is necessary to take

into account that it is important to secure uniform distribution

and high dispersity of the supported active component on the

support to obtain materials with high reactive surface area at

high temperatures. One of the technical solutions of this

problem is synthesis of spinels and/or hexaaluminates having

crystal lattices with strict positions of cations, e.g. Mnn+ ions.

Manganese hexaaluminate having high thermal stability and

sufficient specific surface area [9,10,23] can be used to support

Pd and simultaneously contribute to the reactivity of the whole

catalytic system. In addition, a synergetic effect is observed in

hydrocarbon oxidation reactions, methane oxidation in

particular [7,26–32], for most low-temperature catalytic

systems containing a noble metal and a transition metal oxide

[14,26–29]. This effect may be important for development of

catalysts for high-temperature fuel combustion processes as

well.

In this work we have studied the main physicochemical and

catalytic properties of high-temperature catalysts containing Pd

and/or manganese oxides in methane oxidation as a function of

the type of the manganese-containing compound (MnOx,

MnAl2O4, MnLaAl11O19), palladium concentration (0.2–

2 wt.%) and palladium deposition sequence. X-ray diffraction

(XRD), X-ray microanalysis, and TPR have been used for

characterization of the catalysts and understanding of the

synergetic effect of Pd and manganese hexaaluminate.

2. Experimental

2.1. Alumina materials

Granulated alumina was prepared by hydrocarbon-ammonia

moulding from pseudoboehmite aluminum, drying and

calcination at 550 8C [33].

Granulated alumina modified by magnesium oxide

(2.8 wt.%) was also used for hexaaluminate preparation.

The modifying additive was introduced by immersion of

‘‘raw’’ granule of pseudoboehmite aluminum into magnesium

nitrate solution followed by drying and calcination at 550 8C
[33].

For both types of granulated aluminas, XRD phase

composition was 85–90% of g-Al2O3 and 10–15% of x-

Al2O3, the specific surface area was close to 170 m2/g, and the

total pore volume, 0.5 cm3/g.
2.2. Catalyst preparation

2.2.1. Pd catalyst supported on (g + x)-Al2O3

The Pd catalysts were prepared by wet impregnation of

granulated (g + x)-Al2O3 by chloropalladic acid solution,

drying at 110 8C and annealing in air at 600, 900 and

1200 8C for 4 h. The Pd loading ranged from 0.25 to 2 wt.%.

The specific surface areas of the samples calcined at 900 and

1200 8C were 90 and 12 m2/g, respectively.

2.2.2. Manganese oxides catalysts supported on (g + x)-

Al2O3

Two series of supported manganese oxides catalysts were

prepared.

The first series were manganese-containing catalysts

supported on pure granulated (g + x)-Al2O3. The catalysts

were prepared by wet impregnation of granulated (g + x)-

Al2O3 with a manganese nitrate solution followed by drying at

110 8C. The catalysts were calcined at 500 and 900 8C or

1200 8C for 4 h. The manganese loading was 5 or 10 wt.%

MnO2. The type of manganese oxide: MnO2, Mn2O3, Mn3O4 or

MnAl2O4, was regulated by calcination of the air-dried

catalysts at different temperatures. The specific surface areas

of the samples calcined at 900 and 1200 8C were in the range of

85–90 and 3.8–5.5 m2/g, respectively.

The second series were manganese-containing catalysts

supported on granulated (g + x)-Al2O3 modified by lanthanum

and/or magnesium oxide. These catalysts contained

MnLaAl11O19 or (Mg, Mn)LaAl11O19 hexaaluminates as the

main active component.

The hexaaluminate catalysts of composition MnLaAl11O19

were prepared by successive wet impregnation of granulated

(g + x)-Al2O3 with lanthanum and manganese nitrate solutions

followed by drying at 110 8C and calcination at 500 8C. The

La2O3 loading was 5–18 wt.%, and the MnO2 loading was 3–

10 wt.%. For hexaaluminate formation the samples were

calcined at 1200 8C for 4 h. The specific surface area was in the

range of 12–14 m2/g.

The hexaaluminate catalysts of composition (Mg, Mn)

LaAl11O19 were prepared with using granulated (g + x)-Al2O3

modified by MgO. The lanthanum oxide and manganese (as

MnO2) loadings introduced by wetness impregnation were 18

and 2–2.3 wt.%, respectively. The calcination temperature was

1200 8C. The specific surface area was equal to 14 m2/g.

2.2.3. Supported PdMn oxide catalysts

Manganese–alumina catalysts prepared by methods

described above were used for synthesis of binary PdMn

catalysts. Manganese–alumina catalysts and manganese hex-

aaluminates were doped with palladium by impregnation of the

low-temperature catalysts with chloropalladic acid of desired

concentration followed by calcination at 600, 900 and 1200 8C.

The Pd concentration in the catalysts was 0.25, 0.5, 1 and

2 wt.%.

Catalysts with Pd (0.5 wt.%) introduced after calcination of

the manganese–alumina catalyst at 1200 8C were prepared for

comparison.



S.A. Yashnik et al. / Catalysis Today 117 (2006) 525–535 527

Fig. 1. XRD patterns of catalysts supported on alumina and calcined at 1200 8C
for 4 h: 0.8Pd/Al2O3 (1), 0.8Pd/4.8MnO2/Al2O3 (2), 4.8MnO2/Al2O3 (3),

4.9MnO2/2.8MgO–18La2O3/Al2O3 (4), and 1.5Pd/4.9MnO2/2.8MgO–

18La2O3/Al2O3 (5). Unmarked XRD peaks are a-Al2O3 on 1–3 curves and

hexaaluminate on 4, 5 curves.
The catalysts are denoted as xPd/yMnO2/zLa2O3/Al2O3-T,

where x, y and z are Pd, MnO2 and La2O3 loadings (in wt.%), T

is calcination temperature (in 8C).

2.3. Physicochemical methods

The contents of Mn, La, Mg oxides and Pd were determined

by atomic absorption spectroscopy with inductively coupled

plasma (AAS-ICP), employing a BLYRD analyzer.

The XRD analysis of the samples was carried out using a

HZG-4C (Freiberger Prazisionmechanik) diffractrometer with

monochromatic Cu Ka irradiation. The phase compositions

were determined using diffraction patterns recorded in the 2u

range 10–708. The diffraction patterns were identified using the

JCPDS database [34].

Temperature-programmed reduction (TPR) experiments

were carried out using 10% H2 in Ar with a flow of 40 ml/

min in a laboratory instrument equipped with a thermal

conductivity detector. The temperature was raised from 25 to

900 8C with 10 8C/min rate. Before performing the TPR

experiments, the samples were first pretreated in oxygen at

500 8C for 30 min and cooled to room temperature, then

flushed with Ar flow. The weight of the samples was 100 mg

and the particle size was 250–500 mm. Water produced

during the TPR experiment was removed using a cold trap.

Calibration for the hydrogen consumption was carried out by

CuO reduction.

The distribution of Mn and Pd on the catalyst surface was

studied using a MAP-3 microanalyzer. The samples were

anchored in epoxy resin and polished. The probe diameter was

2 mm, the working voltage was 25 kV. Al Ka, Mn Ka, Pd Ka

lines were analyzed.

Specific surface areas (SBET, m2/g) of the samples were

determined using thermal desorption of argon.

2.4. Catalytic activity tests

The catalytic activity in methane oxidation was studied

using a flow reactor in the temperature range of 200–700 8C at a

space velocity of 1000 and 24,000 h�1. The methane

concentration in the feed was 1 vol.% in air. The granulated

catalyst in amount of 1 cm3 was used in the experiments. The

catalytic activity was characterized by the temperature at which

50% methane conversion was achieved (T50%).

3. Results and discussion

To determine the synergetic effect of Pd and manganese

oxides in deep oxidation of methane, three types of catalysts

were prepared, and their catalytic and physicochemical

properties were studied:
� P
d catalysts supported on (g + x)-Al2O3;
� M
anganese–alumina catalysts containing MnOx, MnAl2O4 or

MnLaAl11O19 as the active component;
Fig. 2. TPR spectra of 0.8 Pd/Al O catalyst calcined at 600 8C (1) and 1200 8C
� B

2 3

(2).
inary catalysts containing Pd and MnOx, MnAl2O4 or

MnLaAl11O19;
� B
elow we shall discuss the physicochemical and catalytic

properties of these types of catalysts individually.
3.1. Catalytic properties of Pd catalysts supported on

(g + x)-Al2O3

According to the XRD data, a well-crystallized PdO phase

with large particle size (>30 nm) and Pd metal are present in

the catalysts with Pd loading above 0.5 wt.% after calcination at

1200 8C (Fig. 1, curve 1). A wide hydrogen H2-consumption

peak at 80–200 8C corresponding to reduction of PdO particles

is observed in the TPR spectrum of 0.8Pd/g-Al2O3 catalyst

calcined at 600 8C (Fig. 2, curve 1). The PdO particles are, most
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Fig. 3. Temperature of 50% methane conversion (T50% CH4
) on Pd catalysts

supported on alumina (&) or 3MnO2/2.8MgO–18La2O3/Al2O3 (*) vs. Pd

loading. The catalysts were calcined at 1200 8C for 4 h. Test conditions: 1 vol.%

CH4 in air, 1000 h�1.
likely, observed in the TPR spectra of this catalyst calcined at

1200 8C as a week wide H2-consumption peak in the

temperature range of 200–300 8C (Fig. 2, curve 2). Also a

hydrogen desorption peak at 78–86 8C is observed in the TPR

spectra (Fig. 2, curve 2). Comparison of the TPR spectra of the

catalysts calcined at 600 and 1200 8C suggests that the

observed hydrogen desorption peak is due to the presence of Pd

metal particles. This assumption is in good agreement with the

results reported by Farrauto et.al. [17] and Lyubovsky co-

workers [35] who observed irreversible PdO conversion to Pd

during calcination of supported Pd/Al2O3 catalysts in air at

800–900 8C. PdO conversion to Pd is usually considered to be

the cause of the methane oxidation activity decrease with the

temperature increase [17]. However, it has been shown that the

catalytic activity in methane oxidation grows after PdO

conversion to Pd metal, especially at elevated temperatures

[35].
Table 1

XRD composition and catalytic activity of the supported manganese–alumina cata

No. Catalyst Manganese loading,

wt.% as MnO2

Calcination

temperature (8C)

XRD co

1 5MnO2/Al2O3 5.4 500 g*-Al2O

MnO2 (

900 a-Al2O

g*-Al2O

1200 a-Al2O

(Mn, A

2 10MnO2/Al2O3 9.45 500 g*-Al2O

(D � 20

900 a-Al2O

g*-Al2O

1200 a-Al2O

(Mn, A

g*-Al2O3 and d*-Al2O3 are solid solution of Mn3+ in structure of g-Al2O3 and d-Al2O

solution of Al3+ in structure of Mn3O4 spinel.
a Measured at 1000 h�1, 1 vol.% CH4 in air.
The experimental data on the catalytic activity of Pd

catalysts supported on g-Al2O3 after high-temperature anneal-

ing at 1200 8C for 4 h are shown in Fig. 3 for different Pd

concentrations (0.12–1.5 wt.%). One can see that the catalytic

activity in methane oxidation grows when the Pd concentration

increases from 0.12 to 0.8 wt.%. Meanwhile, the temperature of

50% methane conversion (T50% CH4
) decreases from 520 to

390 8C (Fig. 3). Note that the increase of the calcination

temperature of 0.8Pd/g-Al2O3 catalyst from 600 to 1200 8C
results in the increase of its catalytic activity in methane

oxidation that is observed as an decrease of 50% methane

conversion temperature from 430 to 390 8C.

3.2. Physicochemical and catalytic properties of

manganese–alumina catalysts

Two series of manganese–alumina catalysts containing

MnOx, MnAl2O4, MnLaAl11O19 as the active component and

their catalytic performance in methane oxidation will be

discussed. The desired crystalline phase of manganese-

containing compounds was obtained by varying the manganese

concentration (3–10 wt.%), concentration of the modifying

agents (MgO and La2O3) added to the alumina supports (5–

21 wt.%) and the final calcination temperature.

3.2.1. Influence of the calcination temperature

Table 1 presents the phase compositions of two manganese–

alumina catalysts supported on alumina as a function of the

annealing temperature (the first series). The active component

of the catalyst with 5 wt.% MnO2 after calcination at 500 8C
consists of highly dispersed MnO2. The increase of the

calcination temperature to 900 and 1200 8C results in

successive phase transformation of MnO2 to b-Mn2O3 and

Mn3O4. The phase transformations of manganese oxides are

made more complicated by the interaction of MnO2 and b-

Mn2O3 with alumina to form a solid solution of Mn3+ cations in

g-Al2O3 (a = 7.93–8.17 Å), which decomposes at 1200 8C to
lysts calcined at different temperature

mposition SBET (m2/g) Temperature of X%

CH4 conversiona (8C)

T50% CH4
T50% CH4

3 (a � 7.910 Å);

D � 80 Å)

130 485 570

3 + d*-Al2O3;

3 (a � 7.93–7.94 Å); b-Mn3O4

82 400 465

3; (Mn, Al)[Al]2O4 (a � 8.097 Å);

l)[Mn]2O4 (a � 8.285 Å)

3.8 530 660

3 (a � 7.910–8.115 Å); MnO2

0 Å); b-Mn2O3 (D � 300 Å)

115 445 535

3 + u-Al2O3;

3 (a � 7.93–8.17 Å); b-Mn3O4

75 420 525

3; (Mn, Al)[Al]2O4 (a � 8.078 Å);

l)[Mn]2O4 (a � 8.27 Å)

3.0 575 700

3, respectively (Mn, Al)[Mn]2O4 are Mn3O4 spinel doped Al3+ cations or solid
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a-Al2O3 (Fig. 1, curve 3) and manganese-aluminum spinel

(Mn, Al)[Al]2O4 (normal spinel, a = 8.078 Å). Note that

Mn3O4 spinel, most likely, is doped with Al3+ cations (solid

solution of Al3+ cations in spinel structure of Mn3O4) (Mn,

Al)[Mn]2O4 as indicated by the lattice parameters

(a = 8.285 Å). It is in a good agreement with [36]. The authors

of [36] have observed a phase transformation of MnOx/Al2O3

system starts at 950 8C with the formation of a metastable non-

stoichiometric manganese–alumina cubic spinel and none-

quilibrium solid solution of Mn3+ ions in the structure of g-

Al2O3, which decomposes to a-Al2O3 modified by Mn3+ ions

and nanocrystalline b-Mn3O4 particles doped with Al3+ ions.

The increase of the manganese concentration in the catalyst

to 10 wt.% leads to the formation of large quantities of well-

crystallized oxide compounds with particle size�20–30 nm. In

addition to crystallized MnO2 phase, the diffraction pattern

contains peaks characteristic of b-Mn2O3 and a solid solution

based on Al3O3 spinel structure with the lattice parameter a

�8.115 Å even after calcination at 500 8C. A calcination

temperature increase results in the phase transformation of

manganese oxides to Mn3O4 and perfection of the solid solution

of Mn3+ in the Al2O3 structure with the formation of (Mn,

Al)[Al]2O4 spinel.

Fig. 4 presents the TPR profiles for 5% MnO2/Al2O3 catalyst

annealed at various temperatures from 500 to 1300 8C. The

chosen calcination temperature range may be divided into three

regions where the catalytic activity is significantly different

(Table 1). In the 500–800 8C calcination temperature range the

catalysts shows the methane oxidation activity typical for oxide

catalysts. The TPR spectra of the sample calcined at 500 8C
(Fig. 4, curve 1) is characterized by three H2-consumption

peaks at 330, 400 and 445 8C, and H2/Mn molar ratio equal to

0.85. The increase of the calcination temperature to 600–

800 8C is accompanied by the disappearance of the peak at

330 8C, a slight shift of the peaks at higher temperatures to 445–
Fig. 4. TPR spectra of 5MnO2/Al2O3 catalyst calcined at 500 8C (1), 800 8C (2), 90

with the structure of hexaaluminates (Mn, Mg)LaAl11O19 (7).
485 8C (Fig. 4, curve 2) and a decrease of the H2/Mn molar ratio

to 0.54–0.58. Comparison of the TPR and XRD data indicates

that in the low-temperature catalysts calcined at 500 8C
manganese mostly exists as MnO2. During the TPR experiment

it is reduced first to Mn2O3 (330 8C), then to Mn3O4 (400 8C)

and to MnO (445 8C). In the catalysts annealed at 600–800 8C
manganese is stabilized as Mn2O3 with, most likely, larger

particle size than in the catalysts calcined at 500 8C. These TPR

profiles of low-temperature supported MnOx catalysts are

similar to those exhibited by bulk manganese oxides [37,38]

and MnOx crystallites on the alumina surface [14,38,39].

As shown previous publications [18,19,21,36], the increase

of the calcination temperature of manganese–alumina catalysts

from 500 to 900 8C results in an increase of their activity in

methane [19,21], n-C4H10 [18] and CO [36] oxidation. For

instance, T50% CH4
was about 400 and 485 8C, respectively, for

5% Mn/Al2O3 samples calcined at 900 and 500 8C [19].

According to the XRD data (Table 1) the active component of

the former catalyst consists of Mn3O4 doped by Al3+ and solid

solution of Mn3+ ions in the structure of g-Al2O3, about 70–

80% of all manganese atoms being in the Mn3O4 spinel. The

sample calcined at 900 8C is characterized by a wide H2-

consumption peak in the low-temperature region of the TPR

spectrum (150–500 8C, Fig. 4, curve 3), which splits into three

peaks at 170, 265 and 410 8C when the calcination temperature

is increased to 1000–1100 8C (Fig. 4, curve 4).

Further increase of the calcination temperature to 1200 and

1300 8C leads to a decrease of the catalytic activity (Table 1)

and shift of the TPR peaks to higher temperatures (Fig. 4,

curves 5 and 6), which indicates that the formed manganese-

containing compounds are more difficult to reduce. The H2/Mn

molar ratio in the TPR spectra of the catalysts annealed

at 1000–1300 8C was 0.45–0.42. Comparison of the TPR

and XRD data shows that easily (170–270 8C) and difficultly

(310–480 8C) reducible compounds correspond to Mn3O4
0 8C (3), 1100 8C (4), 1200 8C (5), and 1300 8C (6). TPR spectrum of catalysts
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spinel doped with Al3+ cations and (Mn, Al)[Al]2O4 spinel

doped with Mn3+ cations, respectively. Taking into account the

data reported in [36], the TPR peak in the temperature range

around 480 8C or higher might be also due to reduction of Mn3+

cations in a-Al2O3 structure. The analysis of the physico-

chemical and catalytic properties of the samples annealed at

900–1100 and 1200–1300 8C leads to a conclusion that Mn3O4

spinel has higher catalytic activity. This conclusion agrees well

with the results reported by Tsyrulnikov et al. [36]. It was

shown in [36] that the formation of nanocrystalline particles of

b-Mn3O4 phase doped with Al3+ ions during calcination of the

MnOx/Al2O3 system at 950 8C leads to a sharp increase of the

activity in deep hydrocarbon oxidation reactions.

3.2.2. Influence of the modifying agents

Table 2 summarizes the crystalline phases identified by XRD

for Mn catalysts supported on alumina modified by La and Mg

oxide (the second series). a-Al2O3, hexaaluminate and spinel

(Mg, Mn)Al2O4 are the main crystalline phase observed in the

samples calcined at 1200 8C. Perovskite-type oxides, such as

LaMnO3 or LaAlO3, were not detected. The data reported in

Table 2 show that it is possible to change the ratio of the spinels

and hexaaluminate formed in the catalyst after calcination at

1200 8C by varying the atomic (Mn + Mg)/La ratio. Manganese

oxide introduced in the amount exceeding the stoichiometric

(Mn + Mg)/La ratio is stabilized after the high-temperature

annealing as (Mg, Mn)[Al]2O4 spinel. Its lattice parameter

grows with the manganese concentration (Table 2).

When the sample with the La loading around 18–21 wt.%

La2O3 and atomic ratio (Mn + Mg)/La equal to 1 was calcined

at 1200 8C, the hexaaluminate phase was only one observed by

XRD. These samples were characterized by a number of

intensive XRD diffraction peaks at 2u = 32.08, 33.98, 368,
Table 2

XRD composition and catalytic activity of the supported manganese-lanthanum-al

No. Catalyst Chemical composition XRD

La2O3

(wt.%)

MnO2

(wt.%)

(Mn + Mg)/La

(at.%)

1 3MnO2/5La2O3/MgO–Al2O3 5 3 3.5 a-Al2
HAM

2 5MnO2/5La2O3/MgO–Al2O3 5 5 4.2 a-Al2
HAM

3 7MnO2/5La2O3/MgO–Al2O3 5 7 5 a-Al2
HAM

4 10MnO2/5La2O3/MgO–Al2O3 5 10 6.2 a-Al2
HAM

5 5MnO2/12La2O3/MgO–Al2O3 12 5 1.7 a-Al2
HAM

6 10MnO2/12La2O3/MgO–Al2O3 12 10 2.5 a-Al2
(Mn,

HAM

7 3.5MnO2/18La2O3/MgO–Al2O3 18 3.5 1.0 HAM

8c 3.5MnO2/18La2O3/Al2O3 18.9 10 1.0 HAM

The granulated alumina modified by MgO (2.8 wt.%) were used for high-tempera
a Measured at 1000 h�1, 1 vol.% CH4 in air.
b HAM, d/n220 � 1.4004 Å is manganese hexaaluminate (Mg, Mn)Al11LaO19.
c Prepared on granulated alumina (without MgO addition).
39.28, 42.78, 44.98, 60.08, and 678 (Fig. 1, curve 4).

Hexaaluminates based on LaAl11O18, MnLaAl11O19 and

MgLaAl11O19 are characterized in the JCPDS database by a

practically the same set of diffraction peaks with similar

intensities. Thus, the analysis of the XRD spectra indicates that

high-temperature catalysts doped with magnesium appear to

contain a hexaaluminates with different composition. As for

manganese oxide, Mn2O3 is known to be transformed into

Mn3O4 above ca. 1000 8C. The diffraction peak characteristic

of Mn3O4 is at 2u = 36.18, 32.38 and 28.98, numbers in

parentheses are relative intensities. Although two intense peaks

at 36.18 and 32.38 were superimposed on the peaks attributable

to the hexaaluminate phase, the complete disappearance of the

diffraction peak at 28.98 might mean that at these temperatures

manganese oxide no longer exists in the form of Mn3O4. The

lack of diffraction peaks typical for the spinel-type oxide

(2u = 30.88 and 64.28), indicates that MnAl2O4 is not formed in

this sample. Taking into account the fact that the crystallinity

degree of hexaaluminate itself was poor, this suggests that

supported manganese oxide reacts with alumina during

calcination at high temperatures to form manganese-containing

hexaaluminate at 1200 8C and above. Stabilization of rare earth

elements, e.g. La3+ and/or Mg2+ cations, in a mixed solid

solution based on the g-Al2O3 structure in tetrahedral and

octahedral positions, correspondingly, is known to limit

substantially the diffusion of Al3+ ions leading to the formation

of a-Al2O3 and result in the formation of hexaaluminates

MgLaAl11O19 [40] and La2O3�11Al2O3 [41] after calcination at

high temperatures. A similar result was reported by Zhang et al.

[42] who also observed the formation of La–b-Al2O3 phase

doped at Mn2+ cation when the low-temperature sample with

La2O3�19Al2O3 composition was impregnated with manganese

nitrate solution and calcined at 1000–1200 8C.
umina catalysts calcined at 1200 8C

composition SBET

(m2/g)

Temperature of X%

CH4 conversiona (8C)

T50% CH4
T50% CH4

O3; (Mg, Mn)[Al]2O4, a � 8.128 Å;
b, d/n220 � 1.4004 Å

9 470 560

O3; (Mg, Mn)[Al]2O4, a � 8.128 Å;

, d/n220 � 1.4004 Å

6 490 570

O3; (Mg, Mn)[Al]2O4, a � 8,134 Å;

, d/n220 � 1.4004 Å

14 520 600

O3; (Mg, Mn)[Al]2O4, a � 8,166 Å;

, d/n220 � 1.4004 Å

6 545 625

O3 (trace); (Mg, Mn)[Al]2O4, a � 8.120 Å;

, d/n220 � 1.4004 Å

9 480 570

O3 (trace); (Mn, Mg)[Al]2O4, a � 8.171 Å;

Al)[Mn, Al]2O4, a � 8.276 Å

, d/n � 1.4011 Å

7 520 600

, d/n220 � 1.3993 Å 14 460 560

, d/n220 � 1.4022 Å 17 450 550

ture catalyst preparation.
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The high-temperature samples (1200 8C) where manganese

mostly exists as manganese hexaaluminate are characterized by

a wide H2-consumption peak with a maximum at 370 8C and

H2/Mn ratio in the range of 0.2–0.3 (Fig. 4, curve 7). It well

known that Mn2+ cations in MnO are not reduced by hydrogen

to metal until temperatures as high as 1700 8C [43]. Hence, it

reasonable to assume that the H2-consumption peak at 370 8C is

due to Mn3+ cations doping the hexaaluminate structure.

Comparison of the catalytic activity of Mn–Al–O catalysts

containing different high-temperature manganese compounds:

(Mn, Mg)[Al]2O4 spinel and (Mn, Mg)LaAl11O19 hexaaluminate

suggests that the formation of manganese hexaaluminate makes

it possible to improve both the catalytic activity in methane

oxidation and the thermal stability of the catalyst. For example,

T50% CH4
was equal to 530 8C (Table 1, no. 1) and 460 8C

(Table 2, no. 7) for high-temperature (1200 8C) catalysts

containing manganese as (Mn, Al)[Al]2O4 spinel and hexaalu-

minate, respectively. It should be noted that the catalytic activity

of the samples based on MnLaAl11O19 (Table 2, no. 8) and (Mn,

Mg)LaAl11O19 (Table 2, no. 7) hexaaluminates were identical at

the same total concentration of the hexaaluminate phase in the

catalyst, with T50% CH4
¼ 450� 460 �C.

Thus, according to the XRD data (Table 2), it has been shown

that is possible to stabilize different oxidic manganese species by

varying the synthesis conditions of manganese–alumina cata-

lysts: manganese oxide loading, modification of the alumina with

La2O3 or/and MgO and calcination temperature. The nature of

the manganese compounds MnO2, Mn2O3, Mn3O4, (Mn,

Mg)Al2O4 or (Mn, Mg)Al11O19 determines the catalytic activity

of the manganese–alumina catalysts and the temperature range of

their use. As it will be shown below, the type of the manganese

compound has a significant effect on the appearance of a

synergetic effect in the catalytic activity of Pd-containing

manganese–alumina catalysts.

3.3. Physicochemical and catalytic properties of supported

PdMn oxides catalysts

Fig. 1 presents the XRD patterns of high-temperature

catalysts containing manganese oxides with Pd. XRD
Table 3

XRD composition and catalytic activity of the binary Pd–Mn catalysts calcined at

No. Catalyst Chemical composition (wt.%) Tcalc
a

(8C)

S

(

La2O3 MnO2 Pd

1 0.5Pd/5MnO2/Al2O3 – 2.74 0.57 900 8

2 0.5Pd/5MnO2/Al2O3 – 2.74 0.57 1200

3 0.5Pd–MnLaAl11O19 La2O3, 18.9;

MgO, 2.8

1.98 0.58 1200 1

4 0.5Pd/MnLaAl11O19 La2O3, 18.9;

MgO, 2.8

1.98 0.53 500 1

5 Pd/(Mn, Al)[Al]2O4 MgO, 2.8 3.28 0.5 500

a Final calcination temperature of binary Pd–Mn catalysts.
b Measured at 1000 h�1, 1 vol.% CH4 in air.
composition are summarized in Table 3. High-temperature

annealing of manganese–alumina catalysts doped with Pd can

result in the formation of three main oxidic manganese phases.

The type of the resulting phase is determined by the manganese

loading, composition of the modifying additives and calcina-

tion temperature. As in the case of one-component catalysts,

Mn3O4 spinel doped with Al3+ cations (or solid solution of Al3+

cations in Mn3O4 structure) is formed after calcination at

900 8C (Table 3, no. 1). Crystallized phases of (Mn, Al)[Al]2O4

spinel (Table 3, no. 2) and manganese hexaaluminate (Table 3,

no. 3) are observed after calcination at 1200 8C. The optimum

method to obtain manganese hexaaluminate is to add

manganese, lanthanum and magnesium oxides in the atomic

ratio (Mn + Mg)/La�1 to the granulated (g + x)-Al2O3 (Fig. 1,

curve 5). Thus, the palladium introduction to the low-

temperature manganese–alumina catalysts does not affect the

formation of high-temperature manganese compounds.

According to the XRD data presented in Fig. 1, curves 2

and 5, palladium exists in high-temperature binary catalysts

as PdO particles (2u = 33.98) and Pd metal (2u = 40.158). The

ratio of PdO and Pd phases depends on the calcination

temperature of the binary catalyst. At the same palladium

concentration in the catalysts, the concentration of palladium

metal grows with the calcination temperature increase from

900 to 1200 8C in good agreement with the results reported by

Lyubovsky co-workers [35]. At the same palladium con-

centration in the catalysts, the amounts of PdO and Pd

observed by XRD after calcination at 1200 8C are smaller in

manganese–alumina samples (Fig. 1, curve 2, 0.8Pd/5MnO2/

Al2O3-1200) than in alumina ones (Fig. 1, curve 1, 0.8Pd/

Al2O3-1200). So, it appears that introduction of manganese

cations to alumina improves the PdO stability to reduction to

Pd metal. The suppression of PdO dissociation was first

observed for NiO addition to Al2O3 support [44]. It was found

that PdO supported on Al2O3 and mixed Al2O3–36NiO oxides

was completely reduced to Pd metal at 800 and 860 8C,

respectively [44].

For convenience during discussion of the results of TPR and

catalytic experiments let us divide high-temperature binary Pd–

Mn catalysts into three groups: spinel-type oxide Mn3O4,
1200 8C

BET

m2/g)

XRD composition Temperature of X%

CH4 conversionb (8C)

T50% CH4
T50% CH4

5 a-Al2O3 + d*-Al2O3; g*-Al2O3; b-Mn3O4 340 450

5.4 a-Al2O3; (Mn, Al)[Al]2O4, a � 8.060 Å;

PdO (>300 Å) and Pd

415 515

4 MnLaAl11O19 (d/n220 = 1.3993 Å);

PdO (>300 Å) and Pd

360 420

2 MnLaAl11O19 (d/n220 = 1.3993 Å);

PdO (>500 Å)

400 480

2.4 a-Al2O3; (Mn, Al)[Al]2O4, a � 8.125 Å;

PdO (>500 Å)

480 590
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Fig. 5. TPR spectra of binary 0.5Pd/5MnO2/Al2O3 catalysts calcined at 500 8C
(1) and 1200 8C (2). TPR spectrum of binary 1.5Pd/3MnO2/2.8MgO–18La2O3/

Al2O3 catalysts with the structure of hexaaluminates (Mn, Mg)LaAl11O19 (3).
spinel-type oxide MnAl2O4, and hexaaluminate-type oxides

MnLaAl11O19 and (Mn, Mg)LaAl11O19.

TPR profile of the binary Pd–Mn catalyst containing

according to XRD spinel-type oxide Mn3O4 is presented in

Fig. 5, curve 1. The TPR profile of binary Pd–Mn catalyst

calcined at 900 8C only shows a H2-consumption peak at

around 105 8C with to reduction of PdO crystallites to Pd metal.

The peak at 135 8C is due reduction of Mn3+ cation in Mn3O4

spinel to MnO. The weak peak at 330 8C should be ascribed to

the reduction of large Mn3O4 particles to MnO or to the

reduction of Mn3+ cations stabilized in the solid solution in the

alumina structure.

TPR profiles of the binary Pd–Mn catalyst containing

according to XRD spinel-type oxide MnAl2O4 and hexaalu-

minate-type oxide are presented in Fig. 5, curve 2 and curve 3,

respectively. Independent of the type of the high-temperature

manganese-containing compound, all binary Pd–Mn catalysts

calcined at 1200 8C were characterized by H2-desorption peak

at 82 8C, related to Pd metal particles. Clear peaks at 170–

265 8C observed in the TPR profile of binary Pd–Mn catalyst
Fig. 6. Methane conversion over 5MnO2/Al2O3 (*), 0.5Pd/Al2O3 (~) and 0.5Pd

condition: 1 vol.% CH4 in air, 24,000 h�1.
with spinel-type oxides (Fig. 5, curve 2) and manganese

hexaaluminate (Fig. 5, curve 3) as the main active component

are due to reduction of Mn3+ cation doping the structures of

MnAl2O4 or a-Al2O3 and MnLaAl11O19. Note that for high-

temperature binary Pd–Mn catalyst the H2/Mn ratio varies in

the range of 0.16–0.28, which is 3–10 times lower than for high-

temperature Mn catalyst with similar phase composition.

So, the presence of Pd strongly affects the reduction profile

of all catalysts containing different manganese oxides. The

reduction temperature, the shape and the number of peaks are

changed. Binary Pd–Mn catalysts containing spinel-type oxide

Mn3O4 or manganese hexaaluminate are almost completely

reduced at the temperature, at which the reduction of the

samples consisting these Mn compounds alone is only starting.

The TPR profile of binary Pd–Mn catalysts containing

manganese–alumina spinel is also shifted to lower temperature.

However, the shift is much smaller. The lower reduction

temperature of MnOx in the presence of Pd has been observed

for binary Pd–Mn catalysts supported on Al2O3 and calcined at

800 8C [14], but has not been observed for the catalyst calcined

at 350 8C [39]. The lower reduction temperature of MnOx in the

mixed samples is usually explained by two reasons [14]. Both

require strong interaction between Pd and MnOx. First, noble

metals catalyze the reduction of MnOx by hydrogen spill-over

during the TPR experiment [14]. Second, the mobility of the

lattice oxygen in MnOx is increased [14].

Fig. 6A presents the data on the catalytic activity of high-

temperature binary 0.5Pd/5MnO2/Al2O3 catalyst calcined at

900 8C. According to the XRD data, most of manganese in the

manganese–alumina catalyst after calcination at 900 8C exists

as spinel-type oxide Mn3O4 and a solid solution of Mn3+ in

(g + d)-Al2O3 and is reduced in hydrogen at 135–170 8C. The

palladium introduction (0.5 wt.%) to the low-temperature

5MnO2/Al2O3 catalyst makes it possible to increase its activity

in methane oxidation. At 1000 h�1 the temperature of 50%

methane conversion was 340 8C, which is lower by 60–70 8C
than those of single-component 0.5Pd/Al2O3 and 5MnO2/

Al2O3 (Table 1, no. 1) samples calcined at 900 8C. Note that the

largest differences in the activity of binary and single-

component catalysts were observed at low temperatures and

long contact times.
/5MnO2/Al2O3 (&) catalysts calcined at 900 8C (A) and at 1200 8C (B). Test
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Fig. 6B shows the data on activity of high-temperature

binary 0.5Pd/5MnO2/Al2O3 catalyst calcined at 1200 8C.

According to the XRD data, most manganese in the

manganese–alumina catalyst calcined at 1200 8C is in the

form of spinel-type oxide (Mn, Al)[Al]2O4 of variable

composition, which is reduced in hydrogen at 300–450 8C.

Palladium addition to the low-temperature 5MnO2/Al2O3

catalyst followed by calcination at 1200 8C increases its

methane oxidation activity. At 1000 h�1 the temperature of

50% methane conversion was 415 8C (Table 3, no. 2), which is

lower by 115 8C than that of single-component 5MnO2/Al2O3

sample (Table 1, no. 1) calcined at 1200 8C. However, the

catalytic properties of binary Pd–Mn catalyst practically do not

surpass those of 0.5Pd/Al2O3 catalyst calcined at 1200 8C.

The data on the catalytic activity of high-temperature binary

Pd–Mn catalysts where the active manganese oxide is

hexaaluminate are presented in Figs. 3 and 7. One can see

that the addition of just 0.5 wt.% Pd to the catalysts based on

hexaaluminate MnLaAl11O19 significantly decreases the 50%

methane conversion temperature (Fig. 3). The data presented in

Fig. 3 show that the increase of Pd concentration in binary Pd–

Mn catalysts from 0.5 to 1–2 wt.% leads to an increase of the

catalytic activity. Modification of manganese hexaaluminate

with 1–2 wt.% Pd leads to the decrease of the 50% methane

conversion temperature from 450–465 to 360 8C at 1000 h�1

and from 600 to 415 8C at 24,000 h�1 (Fig. 7).

Thus, we have shown that the nature of the manganese

oxide—Mn3O4, (Mn, Mg)Al2O4 or (Mn, Mg)Al11O19 has a

significant effect on the catalytic activity of high-temperature

binary Pd–Mn catalysts. An increase of the catalytic activity

after palladium addition to manganese–alumina catalysts is

observed only for the catalysts where the main active

component is Mn3O4 spinel or MnLaAl11O19 hexaaluminate.

The catalytic activity data show good correlation with the

TPR data. As it has been discussed above, binary Pd–Mn

catalysts containing spinel-type oxide Mn3O4 or manganese

hexaaluminate are almost completely reduced at the tempera-

ture, at which the reduction of the sample of based only on Mn

compounds is just starting. In our TPR experiments the

decrease of the reduction temperature of oxidic manganese
Fig. 7. Methane conversion over 3MnO2/2.8MgO–18La2O3/Al2O3 (*), 1.5Pd/Al2
1200 8C. A sample with Pd deposited after the formation of hexaaluminate (&) is

100 wt.%. Test conditions: (A) 1 vol.% CH4 in air, 1000 h�1, (B) 1 vol.% CH4 in
species is observed even for single-component Mn catalysts

after calcination at 900–1100 8C. Similar changes of the TPR

profile are also observed for high-temperature Mn catalysts

modified by La2O3 where the main active component is

hexaaluminate. The shift of the TPR profile to lower

temperatures suggests that supported MnO2 and Mn2O3 are

dispersed during the high-temperature calcination. In our

opinion, the high-temperature dispersion of manganese on the

alumina provides for the interaction of Mn3+ and/or Mn4+ ions

with the g-Al2O3 structure to form solid solutions at the stage of

low-temperature manganese oxides. Calcination at 900–

1100 8C leads to decomposition of the solid solutions and

formation of finely dispersed particles of Mn3O4 spinel and a-

Al2O3 [11,29]. According to the XRD data and earlier results

[36], some Mn3+ cations remain in the form of a solid solution

of Mn3+ in the alumina structure (g-, d-, u-, a-Al2O3) [36], as

indicated by the increase of g-Al2O3 lattice parameter to 7.93–

8.15 Å (Table 1). It should be noted that the formation of

nanoscale defective Mn3O4 particles is believed to cause

thermal activation of Mn catalysts [36].

The TPR results show that the reduction rate of oxidic

manganese species grows after Pd introduction, indicating

strong interaction between Pd and the Mn oxides. In addition to

the reasons suggested in [14,39], the lower reduction

temperature of MnOx in the binary Pd–Mn catalysts may be

due to MnOx dispersion in the Al2O3 structure during the Pd

deposition stage. The MnOx dispersion may result from its

partial dissolution in the impregnating solution of Pd precursor

(pH�1). This leads to an increase of the concentration of Mn3+

cations stabilized in the alumina structure after calcination at

500 8C. Similar to single-component Mn catalysts [18,36],

calcination of binary Pd–Mn catalysts at 900 8C results in

decomposition of these solid solution and formation of Mn3O4

nanoparticles and high-temperature forms of Al2O3 modified

by Mn3+ cations. Raising the temperature over 1200 8C leads to

the formation of a-Al2O3, manganese–alumina spinel and/or

hexaaluminate doped by Mn3+. It should noted that while finely

dispersed particles of manganese oxides MnO2, Mn2O3 and

Mn3O4 are easily dissolved in solutions with pH �1,

manganese extraction from the structure of high-temperature
O3 (~), and 1.5Pd/3MnO2/2.8MgO–18La2O3/Al2O3 (&) catalysts calcined at

shown for comparison. The calculated concentration of (Mg, Mn)LaAl11O19 is

air, 24,000 h�1.



S.A. Yashnik et al. / Catalysis Today 117 (2006) 525–535534
compounds, e.g. MnAl2O4 or MnLaAl11O19, is possible only at

elevated temperatures. In this case, the observation of the

synergetic effect in the catalytic activity of binary Pd–Mn

catalysts will depend not only on the nature of the manganese

oxides, but also on the catalyst preparation procedure.

To check this hypothesis, we studied the catalytic activity of

binary Pd–Mn samples modified with Pd after the formation of

spinel (Table 3, no. 5) or hexaaluminate (Fig. 7A; Table 3, no. 4)

phases. After the addition of 0.5 wt.% Pd in 5MnO2/Al2O3

catalyst calcined at 1200 8C and containing manganese–

alumina spinel, T50% CH4
was 480 8C, which is higher than

for 0.5Pd/Al2O3 catalyst (Fig. 3, 430 8C). The deposition of

0.5 wt.% Pd on the high-temperature sample containing the

manganese hexaaluminate phase leads to an increase of the

catalytic activity of the initial catalyst. However, the activity

growth was much weaker than for modification of the low-

temperature hexaaluminate precursors followed by the forma-

tion of hexaaluminate phase at 1200 8C. T50% CH4
was 400 8C,

which is lower by 60 8C than for the initial Mn–Al catalyst and

by 30 8C than for 0.5Pd/Al2O3. Indeed, the synergetic effect of

Pd and manganese oxides is observed only if palladium is

introduced at stage of the low-temperature precursor of the

manganese–alumina spinel or manganese hexaaluminate. The

synergetic effect is not observed when high-temperature

samples with formed spinel or hexaaluminate phases are

modified with Pd.

4. Conclusions

The possibility of stabilization of various oxidic manganese

species by variation of the loadings of MnO2 (3–11 wt.%),

La2O3 (5–21 wt.%) and MgO (2–3 wt.%) in catalysts prepared

on granulated (g + x)-Al2O3 at calcination temperatures 900

and 1200 8C is demonstrated.

A strong synergetic effect in the catalytic activity in methane

oxidation has been observed after introduction of 0.5–2 wt.%

Pd to manganese–alumina catalysts stabilized in the form of

Mn3O4 spinel doped with Al3+ cations or as hexaaluminate

(Mn, Mg)LaAl11O19.

The synergetic effect of palladium and Mn3O4 or

MnLaAl11O19 provides a low light-off temperature and high

efficiency of the catalyst at high temperatures. The formation of

high-temperature hexaaluminates MnLaAl11O19 and (Mn,

Mg)LaAl11O19 improves the thermal stability of the catalyst,

making it possible to increase the operation temperature of Pd

catalysts up to 1000–1200 8C.
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Abstract
Nonstoichiometric perovskite-related oxides (e.g. ferrites and cobaltites, etc.) are characterized by fast oxygen transport at ambient

temperatures, which relates to the microstructural texturing of these materials, consisting wholly of nanoscale microdomains.

We have developed a heterogeneous diffusion model to describe the kinetics of oxygen incorporation into nanostructured oxides. Nanodomain

boundaries are assumed to be the high diffusivity paths for oxygen transport whereas diffusion into the ordered domains proceeds much slower. The

model has been applied for qualitative evaluation of oxygen diffusion parameters from the data on wet electrochemical oxidation of nanostructured

perovskite SrCo0.5Fe0.2Ta0.3O3�y samples.

Using Laplace transform methods, an exact solution is found for a ramped step-wise potential, allowing fitting of the experimental data to

theoretical curves (in Laplace transforms). A further model generalization is considered by introducing additional parameters for the size

distribution of domains and particles.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Heterogeneous oxygen diffusion; Nanostructured perovskites; Electrochemical oxidation
1. Introduction

Mixed ionic electronic conducting (MIEC) oxides, in

particular perovskite related materials, possessing high oxygen

mobility, are of interest for applications such as SOFC electrodes,

sensors and membranes for oxygen separation and partial

oxidation of hydrocarbons in catalytic membrane reactors [1]. It

is evident that the basic knowledge on the mechanism of oxygen

transport in perovskites is necessary for the development of these

devices and for modelling of their functioning.

In order to describe oxygen transport properties usually

homogeneous diffusion of oxygen ions through random

distributed vacancies is suggested [1]. It should be mentioned,

however, that MIEC perovskite-related oxides are grossly

nonstoichiometric and doped materials which can be considered

as homogeneous solid solutions with a high concentration of

structural defects (oxygen vacancies, dopant ions, etc.) only at
* Corresponding author. Tel.: +7 383 3394298.

E-mail addresses: zhogin@inp.nsk.su (I.L. Zhogin), nemudry@solid.nsk.su

(A.P. Nemudry).

0920-5861/$ – see front matter # 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2006.02.088
temperatures higher then point of order-disorder transition

(T > Tt). At T < Tt structural ordering is observed in these

materials, either a total one with the formation of superstructures

where the defects are assimilated as structural elements, or a

partial one with the formation of stoichiometric microdomains

separated by disordered interfaces (domain boundaries, extended

defects, etc.). In the latter case, defects, e.g. oxygen vacancies,

are redistributed inhomogeneously along the material: some of

them are ordered inside the microdomains as structural elements,

whereas the rest of the overstoichiometric defects are ejected to

the vicinity of the interfaces where they have higher mobility.

Such a situation has been described in the microdomain concept

by J.C. Anderson [2] and was confirmed experimentally in the

works of M.Á. Alario-Franco, J.-C. Grenier and P. Hagenmuller

[3–5]; unmixing of nonstoichiometric and doped oxides with

perovskite-related structures at T < Tt results in the formation of

coherently stacked microdomains of 5–50 nm in size and mobile

oxygen ions situated in the vicinity of the microdomain

boundaries.

Another reason for the intrinsic inhomogeneity of non-

stoichiometric and doped MIEC perovskites relates to a strong

tendency toward phase separation in systems with strongly

mailto:zhogin@inp.nsk.su
mailto:nemudry@solid.nsk.su
http://dx.doi.org/10.1016/j.cattod.2006.02.088
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Nomenclature

U(t) voltage pulse between the sample and refer-

ence electrodes (V)

t0 time of linear growth of voltage pulse (s)

h dimensionless parameter of the (step in) vol-

tage pulse

J(t) current passing through the electrochemical

cell (A)

t time measured after start of the voltage pulse

(s)

p parameter of Laplace transform (1/s)

Û( p), Ĵ( p) Laplace transforms

Q = Ĵ(0) total charge serving as normalizing factor (C)

x radial coordinate in a sphere (m)

R radius of sample particles (m)

r radius of nanodomains (R� r)

nd concentration of nanodomains (1/m3)

v1; v2 volume fractions occupied by nanodomains

and interfaces (v1 ¼ 4pr3nd=3; v2 ¼ 1� v1)

D1 coefficient of slow diffusion in nanodomain

(m2/s)

D2 effective fast diffusivity (due to interfaces)

c1, c2 oxygen concentration in nanodomains and

interfaces, respectively

c1 = gc2 condition at boundary between nanodomain

and interface (inter-domain region)

t1 = r2/D1 first diffusion time (s)

t2 = R2/D2 second diffusion time (for ‘‘fast’’ diffusion)

a ¼ gv1=v2 dimensionless parameter of the model (a, t1,

t2 form full set of fitting parameters)

k ¼
ffiffiffiffiffiffiffiffiffiffi
p=D

p
useful parameter to write current transform

(1/m)

F(y), f(y) functions of dimensionless argument used to

write solution to the model of heterogeneous

diffusion ½y ¼ pt; f ðyÞ ¼ Fð ffiffiffiyp Þ�
n = QM/mF charge transfer (e�/formulae unit); here M is

molecular weight of the sample, m weight of

the sample, F Faraday constant

n/2 a number of intercalated oxygen ions per

formulae unit

Tt order-disorder transition temperature
correlated electrons. Electron conducting oxides with transition

metals having different charges (for example, Mn3/4+, Co3/4+,

Cu2/3+, etc.) and magnetic states can break into a stable state

made of nanoscale coexisting clusters because of complicated

electron-phonon and magnetic interactions [6].

So, at T < Tt MIEC oxides can be considered as

nanostructured materials which are known to be able to show

enhanced ionic transport properties owing to the high density of

disordered interfaces [7]. In order to develop an adequate

mathematical model describing oxygen transport at T < Tt, it is

necessary to take into account heterogeneous character of

oxygen diffusion in nanostructured perovskites.
Previously, as reported by Goldberg et al. [8,9], one of us

proposed a model for oxygen diffusion in microdomain

textured perovskites in which the domain boundaries are high

diffusivity paths and changes in the oxygen stoichiometry in

domains occurs due to a two-phase reaction. In the present work

we continue modeling the oxygen transport in nanostructured

materials having the channels for enhanced oxygen diffusion,

however, unlike the previous papers, here we assume that

oxidation of microdomains occurs as a result of one-phase

reaction. To describe oxygen transport in such a system, we

generalized the model of heterogeneous diffusion proposed by

Bokshtein et al. [10] for description of diffusion processes in

polycrystalline metals.

Since MIEC perovskites exhibit fast oxygen transport even

at room temperature [11], the model was applied for the

evaluation of oxygen diffusion parameters from the data on wet

electrochemical oxidation of nanostructured perovskite

SrCo0.5Fe0.2Ta0.3O3�y samples in 1 M KOH at ambient

temperatures. The choice of the material is because

SrCo0.5Fe0.2Ta0.3O3�y samples possess high oxygen transport

properties and enhanced chemical stability in reducing

environments and can be considered as promising membrane

materials for partial oxidation of hydrocarbons [12].

Thus, the objectives of this work are: (1) the development of

a mathematical model describing oxygen transport in

nanostructured oxides in which the domain boundaries are

the channels for enhanced oxygen diffusion, whereas oxygen

penetration into domains occurs as a result of one-phase

reaction; (2) its adaptation for the analysis of current transients

under electrochemical oxidation of nanostructured materials;

and (3) experimental verification with the samples of practical

interest.

2. Experimental

The samples of SrCo0.5Fe0.2Ta0.3O3�y nonstoichiometric

perovskite were synthesized by solid-state reaction from the

corresponding metal oxides and carbonates with preliminary

homogenization of the starting materials in a planetary ball

mill. A stoichiometric mixture of the powders was calcined at

900 8C, pressed in pellets, annealed in air at 1400 8C for 6 h and

cooled in the furnace. Different oxygen stoichiometry of

materials was achieved by (a) slow cooling in the furnace, (b)

annealing at 950 8C in a quartz ampoule under dynamic

vacuum (P � 103 Pa) and quenching of the sample in the

ampoule to room temperature in water.

Phase analysis was performed by means of X-ray diffraction

with DRON 3, whereas the oxygen content was determined by

iodometric titration and thermogravimetry. Electron micro-

scopy was applied for microstructural studies.

Electrochemical experiments were performed at room

temperature by means of potentiostat/galvanostat PI-50-1

(three-electrode cell, 1 M KOH electrolyte, Hg/HgO reference

electrode) with working electrodes of SrCo0.5Fe0.2Ta0.3O3�y

polycrystalline material (17–18 mg) pressed into Pt grids along

with 1 wt.% of Teflon and 15–20 wt.% of acetylene black.
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Chronopotentiometric investigation of the anode oxidation

of SrCo0.5Fe0.2Ta0.3O3�y in the galvanostatic mode combined

with in situ X-ray diffraction was carried out to study the

mechanism of phase transformations under the changes in the

oxygen stoichiometry of the samples. For the kinetics studies

(potentiostatic mode) the working electrode was placed in a cell

at 25 8C and was maintained up to equilibrium potential U0. At

t = 0 a voltage pulse between the working electrode and

reference electrode is applied. Re-equilibration through

diffusion of oxygen into the working electrode material takes

place. The rate of re-equilibration can be measured easily by

monitoring the electric current passing through the cell. A more

detailed description of electrochemical techniques can be found

in refs. [13,14,11].

3. Theoretical model

Similar to the model of spheres filling a half-space (grains in

a thick metal plate, see [10]), we consider a model in which the

small spheres are inside large ones (nanodomains inside the

perovskite powder particles). The simple geometry of our

model allows us to derive an exact solution for the current

passing through the cell using the Laplace transform method.

The inverse Laplace transformation to determine the original

function is not possible in the analytical form (in analytical

functions; this is the reason why one usually analyzes only the

asymptotic current behavior at short and long times) [14].

Though there are computational methods to do the inverse

Laplace transformations [15], they require intensive calcula-

tions (double Fourier transforms). Therefore, we have chosen

another way to compare our experiment with the model. After

we perform numerical Laplace transformation of the measured

current function, Jexp(t), (as well as potential function, if it is

measured and is not given ‘‘analytically’’ with potentiostate)

we adjust the experimental transform, Ĵexp( p), with model

curves Ĵth( p) (which depend on the applied potential profile).

However, computer inversion of the Laplace transform may

be useful for verifying the best approximation, or for the better

choosing among several minima, if they occur.

A two-level model of spheres is used to describe the current

passing through an electrochemical cell under potential of a

chosen profile.

3.1. Diffusion in a spherical particle

The diffusion equation for a spherical particle, when the

space derivatives (Laplacian) are reduced to differentiation

over the radius, is written as follows:

@ðx cÞ
@t
¼ D

@2ðx cÞ
@x2

: (1)

here c(t, x) is the concentration of the diffusing species, R the

particle radius, and x the radial coordinate, 0 � x � R. For

initial and boundary conditions we have

cðt< 0; xÞ ¼ 0; cðt; x ¼ RÞ ¼ cRðtÞ:
Using the Laplace transform of c(t, x)

ĉð p; xÞ�
Z1

0

cðt; xÞe� pt dt

turns partial derivatives (1) into an ordinary differential equa-

tion

@2ðxĉÞ
@x2

¼ p

D
xĉ: (2)

Applying a boundary condition, ĉ( p, R) = ĉR( p), one can easily

find the exact solution to Eq. (2),

ĉð p; xÞ ¼ ĉRð pÞ
kR

sinhðkRÞ
sinhðkxÞ

kx
; k ¼

ffiffiffiffiffiffiffiffiffiffi
p=D

p
: (3)

Diffusion current (and electric one, if diffusing component

carriers charge q), passing through the whole particle boundary,

may be expressed as follows:

JðtÞ ¼ 4pq

ZR

0

@cðt; xÞ
@t

x2 dx;

Ĵð pÞ ¼ 4pq
pĉRð pÞR
sinhðkRÞ

ZR

0

sinhðkxÞx dx: (4)

One may expect that the diffusion coefficient to be independent

of the concentration, provided that the oxygen content in the

perovskite lattice changes only slightly, e.g. Dy < 0.1. For this

purpose the amplitude of potential pulse, UA, applied to the cell,

should be small enough. We assume that the access of oxygen

ions to the particles is not limited and, hence, there is a linear

dependence between concentration and the potential

cRðtÞ
cA
¼ UðtÞ

UA
:

In our experiments we used the potential steps of the following

form (see Fig. 6a):

UðtÞ
UA
¼

0; t< 0

hþ ð1� hÞt=t0; 0 � t � t0;
1; t> t0

8<
:

this gives the Laplace transform (0 � h � 1):

pĉRð pÞ
cA

¼ hþ ð1� hÞ 1� e� pt0

pt0

ð�!p! 0
1Þ: (5)

Introducing the value Q = Ĵ(0) = 4pR3qcA/3 for a total charge

passed through the cell, and using Eqs. (3)–(5) we obtain

(t = R2/D is a characteristic diffusion time for a sphere of

radius R;
ffiffiffiffiffiffi
pt
p ¼ kRÞ

Ĵð pÞ
Q
¼ pĉRð pÞ

cA
Fð ffiffiffiffiffiffipt
p Þ; (6)
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Fig. 1. Regions of slow (white) and fast (grey) diffusion.
where

FðyÞ� 3cothðyÞ
y

� 3

y2

�
�!y! 0

1� y2

15
þ � � �

�
: (7)

3.2. Heterogeneous diffusion model: spheres of two types

Let us imagine that the particles in the sample are

heterogeneous (see Fig. 1) and contain domains of a typical

size r, where the diffusion rate is small, D1, and interfaces

(regions neighboring with domains boundaries), where the

diffusion rate is high, D2. More exactly, let us consider D2 as an

effective diffusion coefficient for a porous particle, obtained,

when all domains are removed, as if they are non-permeable for

diffusion, i.e. D1 = 0. This effective coefficient may change not

only with temperature, but also with parameters related to the

nanodomain structure, such as oxygen content, quenching rate,

etc.

If diffusion coefficient D1 is small but not equal to zero, then

the diffusion equation should reflect oxygen incorporation

inside the domains. One may assume that the concentration

along the boundary of each domain is approximately the same

(since transport to the boundary is fast) and proportional to the

current local concentration:

c1rðtÞ ¼ gc2ðx; tÞ:

Therefore, we may write an effective diffusion equation in a

heterogeneous particle instead of Eq. (1):

qv2

�
@c2

@t
� D2

@2ðxc2Þ
x@x2

�
¼ �ndJ1ðt; xÞ:

Here nd is the concentration of domains, J1/q the diffusion

current into domains, v1 ¼ 4pr3nd=3; v2 ¼ 1� v1 are volume

fractions for regions of slow and fast diffusion, respectively.

After the Laplace transformation we obtain (taking into account

Eqs. (5) and (6)):

@2ðxĉ2Þ
@x2

¼ p

D2

xĉ2ð1þ aFð ffiffiffiffiffiffiffiffipt1

p ÞÞ; (8)

where a ¼ gv1=v2 is proportional to the ratio of above men-

tioned volume fractions (see Fig. 1).

As was mentioned in [10], the equilibrium concentrations

(of diffusant) along the boundaries and inside the domains (i.e.
grains in [10]) may not coincide. Therefore, the dimensionless

parameter a may include not only geometry but also the

concentration factor g.

One may derive the final expression for the current using

Eq. (8) (it is necessary to remember that the particle is

heterogeneous):

Ĵð pÞ ¼ 4pR2D2

@ĉ2

@x

����
x¼R

¼ Q
pĉ2Rð pÞ

cA
� 1þ a f ð pt1Þ

1þ a
f ð pt2½1þ a f ð pt1Þ�Þ:

(9)

Here notations f ðyÞ�Fð ffiffiffiyp Þ; t1� r2=D1; t2�R2=D2 (see

Eqs. (5)–(7)) are introduced.

3.3. Assembly of particles, particle size distribution

If powder particles are of different sizes, then the current

expression (6) and expression (9) should be integrated with the

function of volume (mass) distribution of particles, M(R) (norm

per unit):

Ĵð pÞ
Q
¼ pĉRð pÞ

cA

Z1

0

FðkRÞMðRÞ dR:

If the ‘relative’ dispersion of the distribution,

DR ¼
hðR� R0Þ2i

R2
0

ðR0 ¼ hRiÞ;

is small, we retain only the first correction term, changing

functions in (9) or (6) as follows (prime means differentiation

by argument):

FðkRÞ!F	ðkR0Þ ¼ FðkR0Þ þ
1

2
k2R2

0F00ðkR0ÞDR; (10)

where

y2F00ðyÞ ¼ 6

�
1þ y2

sinh2y

��
1þ y

tanhy

�
� 24

y2
:

One may obtain this correction by e.g. integration with formal

distribution (delta functions):

MðRÞ ¼ dðR� R0Þ þ
1

2
d00ðR� R0ÞDRR2

0;

which has proper first two moments. Saddle-point integration

with the Gaussian distribution M(R) / exp(�(R/R0�1)2/2DR)

gives the same result.

In a similar manner one may correct for the size dispersion

of nanodomains, Dr, and dispersion of parameter a, Da, as well.

4. Experimental results and computation

AccordingtotheX-raydiffractiondata,SrCo0.5Fe0.2Ta0.3O3�y

samples obtained either by slow cooling or by quenching in

vacuum are single-phase and have cubic perovskite structure
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Fig. 2. Diffraction patterns of samples SrCo0.5Fe0.2Ta0.3O3�y: (1) as prepared,

(2) after annealing in vacuum (P � 103 Pa) at 950 8C and quenching.

Fig. 4. In situ anodic oxidation of SrCo0.5Fe0.2Ta0.3O2.7+x: (a) potential U vs.

charge transfer n, (b) change of unit-cell parameters with n, n/2 = x.
with the parameters 3.934 Å and 3.952 Å, respectively (Fig. 2).

Iodometric titration showed that quenching of the samples in

vacuum causes a decrease in oxygen content (3 � y) from 2.92 to

2.70.

In spite of the fact that XRD suggests single-phase behavior,

the HREM data show that the quenched samples possess a

nanodomain texture (Fig. 3) with a typical domain size of about

10 nm. Such a situation is typical for the nanostructured

materials with coherent/semicoherent stacking of domains: in

terms of X-ray diffraction they behave as homogeneous single

phases [2–5].

In order to determine the mechanism of oxidation of the

nanostructured SrCo0.5Fe0.2Ta0.3O3�y perovskite, we carried

out chronopotentiometric measurements of the electrochemical

anodic oxidation of the samples in the galvanostatic mode,

combined with in situ X-ray diffraction studies. Measurements

of the potential of the working (sample) electrode versus the

charge that passed through the electrochemical cell (n = JtM/

mF), which is connected through a simple relation with the

amount of inserted oxygen x = n/2, provide evidence of phase

transitions in the oxide under the changes of the oxygen

stoichiometry. The character of phase transitions can be judged
Fig. 3. High resolution image of SrCo0.5Fe0.2Ta0.3O2.7 sample possessing

nanodomain texture.
about from the shape of U—n curve and in situ X-ray

diffraction data. Fig. 4 shows the results of chronopotentio-

metry and evaluation of the in situ XRD data.

Monotonous changes in the unit cell parameters and

potential versus charge transfer provide evidence of one-phase

mechanism of oxidation [11,16].

For kinetic studies, we used the powdered samples with

particle size distribution shown in Fig. 5.

So, in the course of preliminary studies nanostructured

SrCo0.5Fe0.2Ta0.3O2.7 perovskite samples were obtained,

particle size distribution for powdered samples and the size

of nanodomains were determined. It was shown that sample

oxidation occurs as a result of one-phase reaction; the potential

range within which the oxidation of the sample occurs was

determined.

After that, kinetic studies of potentiostatic oxidation of

SrCo0.5Fe0.2Ta0.3O2.7 perovskite were carried out according to
Fig. 5. Mass distribution of particles over size.
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Fig. 6. Applied potential (a) and current transient (b) vs. time.

Fig. 7. Normalized Laplace transform of experimental data (solid; Q = 0.44 C)

and fitting model curves for inhomogeneous (dot) and homogeneous (dash;

a = 0) model.
the procedure described in the Experimental section and in

[11,13,14]; the analysis of current transients was also carried

out (optimization of parameters t1, t2 and a) with the help of

the Laplace transformation.

Fig. 6 shows U(t) and Jexp(t) functions versus time, obtained

in one of experiments. The time of current measurement

averaging was 1 s. This obstacle somewhat distorted the current

plot at short times.

Computations were performed in MatLab. For the data,

presented in Fig. 6, potential step parameters are the following

(see Eqs. (5) and (9)):

h ¼ 7=55:25; t 0 ¼ 958; %t 0 in seconds:

After Ĵexp( p)/Q was calculated (exponential slope at long times

(t > 3000 s) was considered analytically), correction for the

time of microammeter integration (1 s) was introduced:

JeL ¼ JeL: 	 p:=ð1� expð� pÞÞ; %1s:

Then optimization over three parameters entering the model

function of current (Eq. (9)) was done.

Computing results are shown in Fig. 7, model parameters for

theoretical curve (dotted line) being as follows:

t1 ¼ 49 s; t2 ¼ 19� 103 s;a ¼ 4:8:
Using values r � 10 nm, R = 32 mm, one may estimate diffu-

sion coefficients

D1 ¼ 2� 10�13 cm2=s;D2 ¼ 5� 10�10cm2=s:

Let us note that fitting by the homogeneous model gives

essentially larger errors (see dashed curve in Fig. 7), and yields

another value: t2 = 15 � 104 s.

5. Discussion and conclusions

In the present work we suggest a model describing oxygen

transport in nanostructured materials having the channels for

enhanced oxygen diffusion. Formally, we generalize the model

of heterogeneous diffusion proposed by Bokshtein et al. [10] to

describe diffusion processes in polycrystalline metals. Unlike

the model of heterogeneous diffusion in which the grain spheres

closely fill the semi-space, we consider another version of

geometry: nanodomain spheres (r) form larger spheres which

are the particles (radius R, R� r) of the oxide under

investigation. So, the model proposed by Bokshtein et al. is

a particular case of our model when the radius R tends to

infinity. Changes in the geometry are due to the necessity of

adapting of the model to the experimental conditions. For an

express estimation of the oxygen transport properties of MIEC

materials, we proposed using relatively simple techniques of

wet electrochemistry. However, one should keep in mind that

the model is valid within the temperature range (T < Tt) of

existence of nanodomain texture. The question to what extent

the wet electrochemical data correspond to the high-tempera-

ture data obtained under actual performance conditions is the

subject of further investigations.

Using the Laplace method we have obtained an exact

solution in transforms to our model. The inverse transition to

the original is impossible in the analytical form; in such cases

the consideration is usually limited to the analysis of the

asymptotic behavior. Correspondingly, in the experiment one
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analyzes either the initial region for short time or the region of

long times (in comparison with the characteristic time of

diffusion for this geometry) [13,14].

To analyze the electrochemical data (current transients), we

realized a new approach allowing us to use the current

transients as a whole: we carry out the numerical Laplace

transform for the experimental current curve, then make the

fitting procedure, compare the obtained transform with the

analytical solutions of the model.

An important parameter of the model, along with the radius

of domains r and radius of particles R, coefficients of fast (along

domain boundaries, D2) and slow diffusion (inside domains,

D1), is a dimensionless parameter a which has a sense of the

ratio of fraction of inserted oxygen which finally (after

equilibration) gets into the region of slow diffusion (domains)

or into the region of fast diffusion (interfaces). According to our

calculations, the part of new oxygen connected with highly

conducting interfaces accounts for 100%/(1 + a) = 17% of the

all inserted oxygen.

With our developed model, we have shown that nanostructur-

ing results in heterogeneous oxygen diffusion in domains and

along the interfaces; the difference in diffusion coefficients may

attain several orders of magnitude. The most important issue is

that stationary flux of oxygen ions through nanostructured

perovskite membranes at temperatures lower than the point of the

order–disorder transition Tt is determined mostly by coefficient

D2. Since activation energy Ea, necessary for the oxygen ions

migration along the domain boundaries (d.b.), may be essentially

lower than that for the bulk (b.) diffusion, Ea(d.b.)�l/2 Ea(b.)

[17], oxygen permeable membranes made of nanostructured

oxides are able to provide several orders of magnitude higher

oxygen fluxes at the working temperatures below the order–

disorder transition point.

We shall further study the kinetics of nanostructured

perovskites oxidation at various temperatures to determine

the activation energy for oxygen ion migration along the

interfaces and inside the domains and develop the method for

measuring oxygen diffusion parameters in the nanostructured

materials. Comparing the data obtained at low temperature by

means of relatively simple wet electrochemical technique with

the data related to oxygen permeability at high temperatures,

we might define the mechanism of oxygen transport in
nanodomain textured oxides, elucidate the factors determining

the high values of oxygen fluxes in these materials and open the

strategies to develop new oxygen-conducting materials

operating at moderate temperature.
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A B S T R A C T

The phase stability of SrCo0.8Fe0.2O3�d perovskite doped with niobium was studied by in situ high-

temperature X-ray diffraction in the temperature range of 30–1000 8C and oxygen partial pressure 0.2–

10�5 atm. The stability of the cubic perovskite structure in a wide range of oxygen partial pressures is the

main advantage of SrCo0.8�xFe0.2NbxO3�d (x = 0.1–0.3) system in comparison with SrCo0.8Fe0.2O3�d. It is

suggested that equilibrium of the thermal expansion with changes of the oxygen non-stoichiometry

leading to the same lattice parameters in the oxidizing and reducing environments at the catalytic

temperatures is a necessary requirement for stable operation of perovskite as an oxygen-conducting

membrane. In the case of SrCo0.8�xFe0.2NbxO3�d perovskite this condition is met at x = 0.2. This makes the

SrCo0.6Fe0.2Nb0.2O3�d composition promising for application as oxygen-conducting membrane.

� 2009 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /cat tod
1. Introduction

Dense oxygen-permeable membranes with mixed electronic–
ionic conductivity based on perovskite-like oxides are of increasing
interest during past years for novel separation of oxygen from air
inside a reactor. Pure oxygen then can be used in different catalytic
oxidation processes such as partial oxidation of methane [1–5] or
ethane [6], oxidative coupling of methane [7,8], etc. During the
process one side of the membrane where the air is fed contacts
with atmosphere with high oxygen partial pressure. Meanwhile,
the other side of the membrane where the catalytic reaction takes
place is subjected to the environment with low oxygen pressure
and the oxygen gradient across the membrane can reach extremely
high values. Oxygen mobility in oxygen-conducting perovskites at
elevated temperatures and the presence of an oxygen gradient
across the membrane can result in its structural transformation,
e.g. change of the oxygen non-stoichiometry or phase transforma-
tions. Consequently, to sustain stable catalytic oxidation process
an oxygen-conducting membrane must possess structural stability
under conditions with large oxygen gradients at the temperatures
of the catalytic reaction.
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Catalysis, Prosp. Akad. Lavrentieva 5, Novosibirsk 630090, Russia.
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The application of perovskite-type oxides as oxygen-conduct-
ing membranes was first demonstrated in 1985 [9], and
SrCo0.8Fe0.2O3�d was shown to have the highest oxygen flux. This
composition was later studied in detail by many researchers. It was
found that at low oxygen pressures this material undergoes a
perovskite–brownmillerite structural transformation and as a
result destruction of the membrane during the process was
observed [10,11]. To improve the stability of strontium cobaltite in
a wide oxygen pressure range it was suggested to substitute the
main cation in the initial structure by another cation. For example,
a cycle of studies was devoted to SrCo0.8Fe0.2O3�d modification
with barium [4,6,12]. It was shown that the barium introduction
to the system improves the stability of the perovskite phase
Ba0.5Sr0.5Co0.8Fe0.2O3�d at oxygen partial pressures range 1–
10�5 atm [12]. However, a detailed study revealed that during
operation the oxygen rich membrane side was subjected to
segregation of Sr and Ba, whereas the oxygen lean side of the
membrane was enriched with cobalt [4,6]. A significant change of
the component ratio on different membrane sides during
operation resulting in the membrane destruction was also
observed for the material where strontium was partially sub-
stituted with lanthanum La0.6Sr0.4Co0.2Fe0.8O3�d [13]. Complete
strontium substitution for other elements, e.g. Sm in
Sm0.4Ba0.6Fe0.8Co0.2O3�d, did not yield a stable composition. In
this case the air side of the membrane was enriched with Ba and Co,
whereas the catalytic side was enriched with Fe and depleted with
Ba [14]. Other attempts to improve the stability of the
SrCo0.8Fe0.2O3�d system included substitution of B-cation in

mailto:pod@catalysis.ru
http://www.sciencedirect.com/science/journal/09205861
http://dx.doi.org/10.1016/j.cattod.2009.01.017


Fig. 1. XRD patterns of SrCo0.8Fe0.2O3�d recorded at different temperatures in air (a)

and under vacuum (b).
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perovskite, e.g. cobalt substitution for zirconium or cerium [15,16].
Such substitution led to improvement of the system stability in the
reducing environment. Unfortunately, in this case the oxygen
conductivity was much lower.

In this paper the physicochemical properties of strontium
cobaltide SrCo0.8Fe0.2O3�d doped with niobium were investigated.
We studied its structure, phase transformations in the oxidizing
and reducing environments in the temperature range of 30–
1000 8C and under conditions of partial methane oxidation. The
choice of niobium as the modifying element was based on the two
main factors. Niobium cations can stabilize the cubic structure
after introduction into the perovskite lattice in wide range of
oxygen non-stoichiometry 3 � d [17]. Also doping with niobium
makes it possible to improve the reduction stability of system
containing transition metals [18]. The structural stability of
perovskites was studied by in situ high-temperature X-ray
diffraction, which is successfully used for investigation of phase
transformations as a function of temperature and gas phase
[12,19].

2. Experimental

The SrCo0.8�xFe0.2NbxO3�d (x = 0–0.3) samples were synthe-
sized by ceramic method [17] using SrCO3, Fe2O3, Co3O4 and Nb2O5

as precursors. Depending on the composition, the final calcination
temperature was varied from 1100 to 1250 8C.

In situ high-temperature X-ray diffraction was carried out using
a Bruker D8Advance diffractometer and an Anton Paar HTK-16
high temperature chamber in oxygen partial pressure window 0.2–
10�5 atm. It was shown in [20] that major perovskite changes, i.e.
chemical expansion, initially increases faster in this oxygen
pressure window and then plateaus at lower oxygen pressure
10�5–10�15. A sample was deposited on the platinum heater plate
and heated at 1 8C/s rate from 30 to 1000 8C in air or in vacuum
(10�5 atm). The cooling rate was equal to 1 8C/s. When the desired
temperature was reached, the sample was maintained at this
temperature for 20 min followed by registration of diffraction
pattern in 2u range 20–708 with 0.058 step and 5 s accumulation at
each point.

The microstructure of the samples was studied using a JEM
2010 transmission electron microscope with an attachment for
elemental analysis.

Temperature-programmed reduction (TPR) was carried out in
10% H2 in Ar mixture at 40 ml/min flow rate and 10 8C/min heating
rate from ambient temperature to 900 8C.

To study the stability of perovskites in partial methane
oxidation, the samples (0.5–1 mm fraction) were placed in a
tubular reactor fed with the reaction mixture containing 70 vol.%
Ar, 20 vol.% CH4 and 10 vol.% O2 at 50,000 h�1 flow rate. The
composition of the reaction mixture and the products was
analyzed by gas chromatography using a TCD detector.

3. Results

The chemical, phase and mechanical stability of the
membrane in the oxidizing and reducing environments at
temperatures of catalytic processes (700–1000 8C) is an impor-
tant factor for choice of the optimal perovskite composition for
application as an oxygen-conducting membrane. To evaluate
these factors we studied the stability of SrCo0.8�xFe0.2NbxO3�d

(x = 0–0.3) samples during heating in the air and in vacuum up
to the 1000 8C.

When SrCo0.8Fe0.2O3�d was heated in air from 30 to 1000 8C the
perovskite structure was registered in the whole temperature
range. The XRD pattern of the sample cooled from 1000 8C to
ambient temperature practically matched that of the initial sample
(Fig. 1a). On the contrary, when the sample was heated under
vacuum (Fig. 1b) a significant structural transformation was
observed at 800 8C. This transformation resulted in the formation
of a phase corresponding to brownmillerite structural type that
was formed due to the ordering of oxygen vacancies. When the
sample was cooled down under vacuum the brownmillerite
structure with Pnma space group and lattice parameters
a = 5603 Å, b = 15,776 Å, c = 5479 Å was preserved. These para-
meters are close to those of Sr2Fe2O5 and Sr2Co2O5 with
brownmillerite structural type. The obtained results are in good
agreement with the literature data showing that SrCo0.8Fe0.2O3�d

perovskite is stable in the oxidizing atmosphere and is subjected to
perovskite–brownmillerite structural transformation in the redu-
cing environment [10–12].

The structure of SrCo0.7Fe0.2Nb0.1O3�d sample looses stability
during heating in air starting from 800 8C (Fig. 2a). The cubic
structure of the initial perovskite with Pm3m symmetry is
distorted resulting in the splitting of 1 1 0, 2 0 0 and 2 1 1 reflexes
and change of their relative intensities. When the sample was
heated under vacuum (Fig. 2b) the splitting of the individual
reflexes at 800 8C was more evident. At 1000 8C all the observed
reflexes were split. When the sample was cooled down under
vacuum the structural distortion was preserved resulting in the
reflex splitting untypical for the cubic phase. It is important to note
that in the high temperature interval the lattice parameters in the
air and in vacuum differed by 0.02 Å (Fig. 3a).



Fig. 2. XRD patterns of SrCo0.7Fe0.2Nb0.1O3�d recorded at different temperatures in

air (a) and under vacuum (b). The splitting of 2 0 0 reflex at 1000 8C is shown as an

example.

Fig. 3. Temperature dependence of the lattice parameters of SrCo0.7Fe0.2Nb0.1O3�d

(a), SrCo0.6Fe0.2Nb0.2O3�d (b) and SrCo0.5Fe0.2Nb0.3O3�d (c).
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The SrCo0.6Fe0.2Nb0.2O3�d sample preserved the cubic perovs-
kite structure in the whole temperature range studied both in the
air and in vacuum (Fig. 4). This fact indicates that this system is
very stable in the oxidizing and reducing environments. The
changes observed during heating in the air were reversible, so that
the lattice parameters before and after heating were identical. It is
very important that the lattice parameters of this sample in the air
and in vacuum at temperatures above 700 8C are the same within
the experimental error (Fig. 3b).

The structure of SrCo0.5Fe0.2Nb0.3O3�d sample was more stable
with respect to temperature than that of SrCo0.7Fe0.2Nb0.1O3�d but
less stable than that of SrCo0.6Fe0.2Nb0.2O3�d (Fig. 5). No peak
splitting was observed during heating in air. Only their relative
intensities at different temperatures changed, most likely, due to
variation of the oxygen concentration in the sample. The changes
observed during heating under vacuum were more significant. The
splitting of the 2 2 0 peak was observed starting from 400 8C and
the 2 0 0 peak was split starting from 800 8C. In the 800–1000 8C
temperature range the lattice parameters in air and in vacuum
differed by �0.015 Å (Fig. 3c).

The niobium introduction into SrCo0.8�xFe0.2NbxO3�d resulted
in a continuous growth of the initial perovskite lattice
parameter at room temperature in air from 3.871 Å at x = 0 to
3.920 Å at x = 0.3. For all three samples SrCo0.8�xFe0.2NbxO3�d

(x = 0.1–0.3) cooling in air returned the lattice parameters to the
initial values. However, when the samples were cooled down in
vacuum, their lattice parameters were increased by �0.025,
0.035 and 0.013 Å, respectively (Fig. 3). The TEM with elemental
analysis showed that initial composition of perovskite particle
SrCo0.6Fe0.2Nb0.2O3�d at the surface and in the bulk were
identical Fe:Co:Sr:Nb = 11:25:53:11 (at.%). After the sample
was heated under vacuum to 1000 8C and cooled down, the
distribution of the elements across the particle did not change
beyond the experimental error. Consequently, the observed
increase of the sample lattice parameters after cooling under
vacuum can be related only to changes in the perovskite oxygen
non-stoichiometry. It is important that the perovskite–brown-
millerite structural transformation observed for SrCo0.8Fe0.2O3�d



Fig. 4. XRD patterns of SrCo0.6Fe0.2Nb0.2O3�d recorded at different temperatures in

air (a) and under vacuum (b).

Fig. 5. XRD patterns of SrCo0.5Fe0.2Nb0.3O3�d recorded at different temperatures in

air (a) and under vacuum (b). The splitting of 2 2 0 reflex at 400 8C is shown as an

example.

Fig. 6. TPR profiles of SrCo0.8Fe0.2O3�d and SrCo0.6Fe0.2Nb0.2O3�d.
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in reducing environment was not found for Nb-doped samples
during heating under vacuum. This proves that Nb plays an
important role in stabilization of the perovskite cubic structure.

The reduction stability of SrCo0.8Fe0.2O3�d and
SrCo0.6Fe0.2Nb0.2O3�d samples was also studied by TPR. The TPR
profile of SrCo0.8Fe0.2O3�d has three major peaks at T1 = 545 8C,
T2 = 634 8C, and T3 = 751 8C (Fig. 6). Doping with niobium altered
the TPR profile. The low-temperature peak shifted to lower
temperatures by 35 8C and its relative area increased. The
maximum positions of the other two peaks did not change
whereas their relative peak areas decreased. The amounts of
hydrogen consumed in the 25–900 8C temperature range were
0.00643 mol/g for SrCo0.8Fe0.2O3�d and 0.00428 mol/g for
SrCo0.6Fe0.2Nb0.2O3�d. This indicates that the Nb-doped perovskite
is more stable to reduction.

The investigation of SrCo0.6Fe0.2Nb0.2O3�d sample in partial
oxidation of methane showed that this sample was not active by
itself. The methane conversion was 3.5%, with CO and H2

selectivities equal to 40% and 30%, respectively. The phase
composition of SrCo0.6Fe0.2Nb0.2O3�d was preserved during the
reaction but the perovskite lattice parameter increased by 0.019 Å.
This proves that the oxygen non-stoichiometry was changed
during reaction and is in agreement with the data obtained in the
XRD chamber (Fig. 7).

4. Discussion

In this study the structural stability of Nb-doped
SrCo0.8Fe0.2O3�d system in the oxidizing and reducing environ-
ments was studied by in situ high-temperature XRD. Its stability is
an important factor determining the applicability of this material
as an oxygen-conducting membrane. The main advantage of
SrCo0.8�xFe0.2NbxO3�d (x = 0.1–0.3) in comparison with
SrCo0.8Fe0.2O3�d is the preservation of the perovskite cubic
structure both in the oxidizing and reducing environments and,
consequently, the absence of the perovskite–brownmillerite
structural transformation.

The analysis of the perovskite lattice parameters in the
oxidizing and reducing environments in the high temperature



Fig. 7. XRD patterns of SrCo0.6Fe0.2Nb0.2O3�d before and after methane partial

oxidation reaction.
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region (T > 700 8C) is crucial during the investigation of the
structural and mechanical stability of the membrane material. The
presented data indicate that the perovskite lattice parameters of all
three samples depend on temperature in a non-linear way. The
temperature dependence of the lattice parameters of the studied
samples is determined by two processes: perovskite thermal
expansion and change of the oxygen non-stoichiometry 3 � d due
to the loss of a part of oxygen upon heating and reoxidation during
cooling in the oxygen-containing environment. The conclusion on
a significant dependence of the oxygen non-stoichiometry on the
lattice parameter was made on the basis of our high-temperature
experiments carried out under vacuum. When the sample was
heated under vacuum to 1000 8C followed by cooling to room
temperature, the perovskite lattice parameter was increased in
comparison with the initial value by 0.025 Å for x = 0.1, 0.035 Å for
x = 0.2 and 0.013 Å for x = 0.3. As transmission electron microscopy
coupled by elemental analysis showed that the Fe:Co:Sr:Nb ratio in
the cooled samples was constant, the lattice parameter growth can
be attributed only to the change of the oxygen non-stoichiometry,
namely, an increased concentration of oxygen vacancies. Indeed, it
was measured by iodometric titration [21] that the oxygen
concentration in the initial SrCo0.6Fe0.2Nb0.2O3�d sample was 2.7
and it decreased after heating under vacuum to 2.6.

Two processes proceeding in perovskite system upon heating, i.e.
loss of oxygen and thermal expansion, result in the lattice parameter
growth. However, these processes are not completely independent
because the change of the oxygen concentration in the sample seems
accompanied by a significant decrease of the thermal expansion
coefficient. Indeed, the straight lines connecting the values of the
lattice parameters at room temperature and at 1000 8C for samples
cooled under vacuum have substantially lower slope than the
corresponding lines drawn for samples cooled in air (Fig. 3).
Although the linear expansion law does not seem to hold in this case,
this fact appears to indicate that the thermal expansion coefficient
decreases when the concentration of oxygen vacancies increases.

Thus, the concentration of oxygen vacancies grows with
temperature. This results in an increase of the lattice parameter
but simultaneously decreases the thermal expansion coefficient.
Therefore, it can be concluded that stable perovskite operation in the
oxidizing and reducing environments requires equilibrium of these
two processes, leading to the same lattice parameters in both
environments in the temperature range of the catalytic process
(T > 700 8C). The chemical composition of the samples is a regulated
parameter that can be varied to achieve the desired result—equal
lattice parameters in the oxidizing and reducing environments. The
change of the chemical composition after introduction of Nb5+

cations with large charge appears to result in a change of the oxygen
non-stoichiometry both at low and high temperatures, which
eventually determines the lattice parameter. For samples
SrCo0.7Fe0.2Nb0.1O3�d and SrCo0.5Fe0.2Nb0.3O3�d the differences of
the lattice parameters at high temperatures are significant (0.02 and
0.015 Å, correspondingly). Consequently, they would lead to
tensions during operation of these materials as membranes and
would result in destruction under conditions with different oxygen
partial pressure on the two sides of the membrane. On the contrary,
the lattice parameters of SrCo0.6Fe0.2Nb0.2O3�d are the same in the
oxidizing and reducing environments. Hence, it is natural to expect
that no mechanical tensions will appear during operation of a
membrane with this chemical composition.

5. Conclusions

A series of samples SrCo0.8Fe0.2O3�d, SrCo0.7Fe0.2Nb0.1O3�d,
SrCo0.6Fe0.2Nb0.2O3�d, SrCo0.5Fe0.2Nb0.3O3�d were studied by in situ
high-temperature XRD in a wide oxygen partial pressure range
(0.2–10�5 atm). Perovskite with SrCo0.6Fe0.2Nb0.2O3�d composition
demonstrated the highest stability, apparently, due to equilibrium
between the thermal expansion process and changes of the oxygen
non-stoichiometry at temperatures above 700 8C. Consequently,
perovskite with this composition is the most stable both from the
phase composition and from the mechanical strength viewpoints. It
preserves the ideal perovskite cubic structure and has about the
same values of lattice parameters in air and under vacuum at high
temperatures. The latter property makes SrCo0.6Fe0.2Nb0.2O3�d

perovskite the most promising among listed materials for further
study. The final conclusion on possibility of the use of Nb-doped
perovskites as oxygen-conducting membranes will be made based
on the oxygen transport performance and stability of membrane
during operation in real catalytic process, these experiments are in
progress.
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Abstract. The published data on the preparation and theThe published data on the preparation and the

dispersion-structural properties of nano-sized TiOdispersion-structural properties of nano-sized TiO22 areare

considered. Attention is focused on its sol ± gel synthesisconsidered. Attention is focused on its sol ± gel synthesis

from different precursors. The possibilities for the purpose-from different precursors. The possibilities for the purpose-

ful control and stabilization of properties of TiOful control and stabilization of properties of TiO22 nano-nano-

powders and sols are analyzed. Information onpowders and sols are analyzed. Information on

physicochemical methods used in studies of the particlephysicochemical methods used in studies of the particle

size and the phase composition of nanodisperse TiOsize and the phase composition of nanodisperse TiO22 isis

presented. The prospects of using nano-sized TiOpresented. The prospects of using nano-sized TiO22 inin

medicine and nanobiotechnology are considered. The bib-medicine and nanobiotechnology are considered. The bib-

liography includes 95 referencesliography includes 95 references..

I. Introduction

Due to its unique properties, nano-sized titanium dioxide

represents a promising research subject for various modern

fields of science and technology, including microbiology,

nanobiotechnology and fundamental medicine. Thus the

most popular directions include the design of a new gen-

eration of drugs based on synthetic nanobioconstructs

containing TiO2 nanoparticles and aimed at curing cancer

and viral or genetic diseases. The necessity of developing

new approaches to fight against these diseases is associated

with the limitations inherent in conventional methods of

therapy and profilaxis. Thus for viral infections, the therapy

efficacy tends to decrease due to permanent mutation of

viruses.

Development of methods for the targeted impact on

injured RNA and DNA molecules includes studies of the

conjugates of oligonucleotides containing biologically

active or photoreactive ligands targeted to a certain frag-

ment of a nucleic acid.1 ± 3 Numerous oligonucleotides and

their derivatives capable of an in vitro selective effect on

nucleic acids were synthesized. The main problem of these

studies was associated with the absence of reliable and

efficient methods for the drug delivery to cells, because

viruses are localized inside a cell and oligonucleotides fail to

effectively penetrate there due to their high molecular

weight and the hydrophobic nature of cell membranes. To

solution of this problem, the methods of nanotechnology

and nanobiotechnology oriented at employing nanopar-

ticles as drug-loaded `nanovectors' are engaged.4 Thus

oligonucleotides were immobilized on TiO2 nanoparticles.5

Covalently linked TiO2 ±DNA nanocomposites were shown

to possess the unique property of a light-inducible nucleic

acid endonuclease.6

The first publication 7 on the use of titanium dioxide in

microbiology for photoelectrochemical sterilization of

microbial cells dates back to 1985; since that time, the

number of studies devoted to the bactericidal effect of

nanodisperse TiO2 with respect to different pathogenic

bacteria is being permanently increased.8 ± 17 Data on the

efficient blood purification from residual viruses by filtering

it through nanoceramic membranes or nanofibres contain-

ing nanostructured TiO2 are documented.18

Recently, publications have appeared devoted to studies

on the possibility of using TiO2 in oncology.19 ± 22 This is

associated with the quest for an alternative to two main

methods of treating malignant tumours, i.e., radio- and

chemotherapy. For example, it was demonstrated 22 that the

growth of the Ls-174-t culture of human colon carcinoma
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cells can be suppressed by treating these cells with a dilute

TiO2 colloid solution followed by irradiation. The tumour

cells were effectively killed in vitro by photoexcited TiO2

nanoparticles. The survival ratio after 30-min irradiation

decreased rapidly with the increase in TiO2 concentration.

In Russia, studies devoted to the development of syn-

thetic nanoconstructs involving TiO2 particles for the tar-

geted genome cleavage are of the innovating nature and

largely represented by proceeding of conferences.23 ± 27 It

was demonstrated 27 that nanocomposites built of titanium

dioxide nanoparticles with immobilized polyamine-contain-

ing oligonucleotides interact with 30-mer [32P]RNA and

[32P]DNA targets. It was shown that UV irradiation of

complexes formed results in modification of the targets.

Nanocomposites based on complexes of amorphous TiO2 ±

polylysine nanoparticles with oligonucleotides exhibited

antiviral activity, which was especially pronounced under

UV radiation carried out 2 ± 3 h after infection. Obviously,

the prerequisite for the use of TiO2 in such constructs was

its nanoscale size and colloidal state, which ensured the

efficient penetration of nanostructures into cells.

The low cytotoxicity of TiO2 nanoparticles was

noted,25, 26 which, however, differed for different cell cul-

tures and depended on the titanium dioxide phase compo-

sition. The low toxicity of TiO2 nanoparticles was also

demonstrated in another study 28 where a well-known in

vitro procedure was used that assesses the organism

response to dust from the induction of proinflammatory

cytokines IL-6 and IL-8 generated by respiratory tract

epithelium cells treated with relevant particles. It was

shown that nanoparticles of commercial metal oxides

including TiO2 are not too toxic with respect to lung cells

as compared with the environmental dust particles. It also

followed from the results of this study that contrary to

expectations, the metal oxide nanoparticles were not more

toxic than micron-sized particles.

Nano-sized titanium dioxide finds wide application in

other modern scientific and technological fields including

photocatalysis, electrochemistry, optics, microelectronics,

in the production of dyes, ceramics, cosmetics, gas sensors,

inorganic membranes, dielectrics, in the synthesis of meso-

porous film coatings, catalysts for environmental cleaning

processes, etc.29 ± 44

Thus, the synthesis and stabilization of nanodisperse

forms of TiO2 is a challenge for science and practice.

The most popular method of synthesis of disperse

deposits of metal oxides including TiO2 is their precipita-

tion from the solutions of the corresponding salts with

ammonia, alkalis and alkali-metal carbonates. Numerous

studies have shown that the minimum size of primary

particles is independent of the nature of the precipitating

agent being equal to 45� 10 �A.45 Depending on the syn-

thesis conditions, the primary particles coalesce to form

different-sized aggregates. The degree of aggregation

depended on many factors and was controlled by the syn-

thesis conditions. Varying the temperature, the synthesis

time and pH of the medium allowed fabrication of titanium

dioxide with different phase compositions, namely, amor-

phous TiO2, anatase, brookite or rutile.

The present review summarizes studies on the synthesis

of nano-sized titanium dioxide and the control and stabili-

zation of the dispersed state, morphology and phase com-

position of TiO2 nanoparticles and also discusses the

prospects of their use in nanobiotechnology.

II. The effect of the synthesis conditions
on the degree of dispersion, phase composition
and properties of titanium dioxide

According to early studies,45 hydrolysis of different tita-

nium compounds (titanium alkoxides and inorganic salts,

mainly, TiCl4) in aqueous solutions with low pH (2 ± 6)

resulted in basic salts with variable compositions as the

primary products. At higher pH, titanium dioxide hydrates,

presumably, with the composition TiO(OH)2 or

TiO2
. nH2O, where n depends on the ageing and drying

conditions, form.

Freshly precipitated titatium(IV) dioxide hydrate exhib-

ited high adsorbability with respect to both cations and

anions; the content and the nature of impurities in TiO2

depended on the pH of the medium and the nature of both

the precipitating agent and the starting titanium com-

pound.45 According to the data from transmission electron

microscopy (TEM), the TiO2 gel represented spherical non-

porous particles with the sizes 30 ± 60 �A aggregated into

chains and bunches. The gel specific surface (S ) varied from

250 to 500 m2 g71 (Refs 45 and 46) and depended on the

precipitation conditions and the presence of impurities

(Fig. 1, 2).45

5 10 pH

300

400

Sm2 g71

1

2

Figure 1. Dependence of the specific surface of titanium dioxide

hydrate on the pH of the medium in the course of sedimentation at

room temperature (1 ) and 70 8C (2).45

1

2

25

30

logS (m2 g71)

0 0.05 0.10

Cl content /mequiv g71

Figure 2. Dependence of the specific surface of titanium dioxide

hydrate on the chloride ion content.45

(1 ) Sedimentation at room temperature, (2) at 70 8C.
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The specific surface of titanium dioxide hydrate formed

upon hydrolysis under hydrothermal conditions also

depended substantially on the temperature and the duration

of the process.47 Strong effect of the initial concentration of

TiCl4 , which determines the reaction medium acidity, on

the degree of crystallinity of the hydrothermal hydrolysis

product was obseved.48

A simple and accessible method of synthesizing pure and

stable nano-sized TiO2 (anatase) under mild hydrothermal

conditions using TiCl4 as the precursor was proposed.49

Solvothermal hydrolysis of titanium ethoxide in anhydrous

ethanol containing strictly definite amount of ultrapure

water, carried out under mild conditions (<200 8C, 2 h),

also afforded pure ultradisperse nanocrystalline anatase

with high specific surface (up to 250 m2 g71).50

Thermal treatment of gels of different titanium dioxide

hydrates resulted in their crystallization to form anhydrous

TiO2 . Depending on the calcination temperature, hydrated

TiO2 could be transformed into anatase, rutile or brookite,

which was accompanied by changes in its specific surface

and porous structure. Thus at temperatures below 600 8C,
crystallization produced anatase with the virtually constant

pore volume and specific surface.51 For higher temper-

atures, the transition of anatase to rutile occurred with

concomitant sharp decrease in both the pore volume and the

specific surface (Fig. 3). Mineral impurities could also exert

a strong effect on the polymorphous transition temperature.

Numerous data have shown that besides the phase compo-

sition, the conditions of thermal treatment of TiO2 gels

determined other important performance characteristics of

titanium dioxide, namely, its morphology and the particle

size.

The production of TiO2 is carried out, most often, by the

sulfate and chloride methods (from ilmenite and TiCl4,

respectively). Titanium tetrachloride can be processed

according to three different schemes, namely, hydrothermal

hydrolysis, vapour-phase hydrolysis and combustion in an

oxygen flow. Recently, the sol ± gel method that affords

TiO2 particles with desired structures and properties has

gained in importance and, hence, has attracted attention

from the viewpoint of development of nanotechnologies.

Titanium alkoxides or titanium tetrachloride were used as

the titanium-containing precursors in the sol ± gel method.

In the following sections, the most significant results in

the control over dispersion, morphology, phase composi-

tion and stability of nano-sized TiO2 are considered.

III. Synthesis of nano-sized TiO2 based
on titanium alkoxides; product dispersion
and phase composition

In the synthesis of TiO2 from alkoxides, titanium tetraiso-

propoxide (from hereon, isopropoxide) and titanium tetra-

butoxide (butoxide) are preferred.

Colloid solutions of TiO2 with different particle sizes

and stability were synthesized 52 from acetylacetone-modi-

fied Ti(OPri)4 using organic solvents that differed in polar-

ity and molar volume. According to data from X-ray phase

analysis, irrespective of the nature of organic solvents used

in the hydrolysis, all freshly prepared sols obtained both

with or without acetylacetone contained amorphous TiO2

that was transformed into the nanocrystalline anatase phase

when heated to 450 8C. However, the use of solvents with

small molar volumes and modification of the precursor with

acetylacetone resulted in stabilization of the TiO2 colloid

solution, which actually was the principal result of the study

cited above. An IR spectroscopic investigation suggested

the formation of a chelate complex of titanium isoprop-

oxide with acetylacetone (Fig. 4), which presumably slowed

down the hydrolysis and condensation and, hence,

decreased the degree of agglomeration of TiO2 particles;

the effect of solvent on the aggregate size (Fig. 5) was

rationalized in terms of the Hansen solubility parameters.

The Hansen solubility parameters found for TiO2 samples

prepared in different solvents in the presence of acetylace-

tone may be useful in the synthesis of stable colloidal TiO2 .

The data of the size of TiO2 particles in colloid solutions

and the degree of their aggregation in dry powders were

obtained using light scattering, scanning electron micro-

scopy (SEM) and TEM.52

Titanium isopropoxide, diethanolamine (DEA) and

ethanol (3 : 1 : 20 by volume) were used 53 as the starting

reagents in the fabrication of TiO2 sols. The mixing order

played an important role. Thus the introduction of EtOH

before DEA led to very fast sedimentation of TiO2 due to

the high reactivity of the alkoxide in ethanol. Hence, first,

half volume of ethanol was mixed with DEA and then

titanium isopropoxide was added; the mixture was stirred

for 30 min and the remaining amount of EtOH was added.

The resulting mixture was vigorously stirred at room

temperature. The obtained sol was stable for a week and

then transformed into gel. A considerable increase in sol

stability was observed with a decrease in its stirring time.
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Figure 3. Changes in the porous structure (a) and the specific surface

(b) of titanium dioxide in the calcination.51
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The sol stability also substantially increased under low

humidity conditions. In the course of drying, the formation

of a xerogel considerably `shrinked' as compared with the

starting gel was observed, the volume decreased five- to

tenfold.

A pure anatase phase with particle sizes of 10 ± 20 nm

was prepared 54 by a very simple low-temperature (100 8C)
procedure using only water as the medium and titanium

isopropoxide as the precursor (without additives). The size,

shape and phase composition of particles were studied by

X-ray phase analysis and TEM.

Nanoparticles of TiO2 obtained by hydrolysis of

Ti(OPri)4 at various pH were studied.55 For the subsequent

preparation of nanopowders with narrow size distribution,

the final suspension was peptized. The effect of pH on the

size and morphology of particles in nanopowders was

evaluated. According to XRD, SEM and TEM data, the

as-prepared powders entirely consisted of the anatase crys-

talline phase. Only the powder prepared in a strongly acidic

solution contained fine spherical particles. It was shown

that the anatase to rutile transformation occurred at tem-

peratures below 600 8C.
In a different study,56 the preparation of colloidal

titania with the concentration of 0.9 mol litre71 involved

hydrolysis of titanium isopropoxide in a mixture of iso-

propyl alcohol with 2 M hydrochloric acid.

In yet another study,57 the synthesis of nanostructural

films involved the preparation of a TiO2 sol by hydrolysis of

titanium isopropoxide in a mixture of ethanol with hydro-

chloric acid (molar ratio Ti(OPri)4 : HCl : EtOH :H2O=

1 : 1.1 : 10 : 10), which was followed by the addition of an

a

b
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4000 3000 2000 �n /cm71
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Figure 4. IR spectra of acetylacetone (a) and titanium dioxide sols

prepared in the presence of acetylacetone in different organic solvents:

THF (b), acetone (c), butanol (d ), chloroform (e), toluene ( f ),

hexane (g).52

(1 ) Peak of the C=O group of the keto form, (2) peak of the C=O

group of the enol form, (3) peak of the C=O group of the chelate

complex.

a

c

e f

b

d

10 nm
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15 mm

Figure 5. SEM microimages of titanium dioxide sols synthesized in

the presence of acetylacetone in acetone (a), butanol (b), toluene (c, e)

and hexane (d, f ).52

Images (e) and ( f ) were obtained at larger magnification.
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aqueous methylcellulose (MC) solution. It was shown that

an increase in the water content and the sol dilution retards

gelation.

Calcination of a titanium dioxide sol afforded TiO2

nanopowder to be used in the preparation of homogeneous

suspensions for the purpose of producing films. The stabil-

ity of TiO2 suspensions was investigaed 57 by measuring the

sedimentation rate. The anatase powder concentration in

liquid was varied (5 mass%± 10 mass%) in the presence

and in the absence of MC. It was shown that the sedimen-

tation rate of the TiO2 nanopowder sharply decreased in the

presence of MC. For example, in 5% and 10% suspensions

containing no MC, the sedimentation took 1 h and 30 min,

respectively, whereas, in the presence of MC the 5%

suspension remained stable for 3 days and the beginning

of the settlement in 10% suspension began after 10 h. Thus,

MC served as the dispersant. The SEM data pointed to a

considerable increase in homogeneity and uniformity of

TiO2 films and their higher specific surface in the presence

of MC (Fig. 6).

The synthesis of nano-sized TiO2 by the sol ± gel method

on the basis of titanium isopropoxide was carried out in the

presence of a peptide, poly-L-lysine (PLL), as an additive.58

In this case, peptide served not only as the dispersant but

also as the structure-determining additive: it was only in the

presence of PLL that tubular TiO2 particles were formed

(Fig. 7 a). The particles retained their shape after calcina-

tion at 700 8C (Fig. 7 b). For a sample obtained in the

absence of PLL, calcination at the same temperature led to

titanium dioxide with irregular structure (Fig. 8). Accord-

ing to XRD data, titanium dioxide obtained in the presence

of PLL and calcined at 700 8C represented anatase with a

rutile admixture. In TEM microimages, nanoparticles with

the anatase diffraction pattern looked as either coupled

tubes with the diameter of 20 nm and the Y-shaped junction

in the lower part or nanorods with the diameter from 10 to

25 nm. Materials based on nano-sized TiO2 with the tubular

structure can successfully be used in medicine, biotechnol-

ogy, microelectronics, optics, etc.58

5 mm

a

b

5 mm

Figure 6. SEM microimages of TiO2 films after thermal treatment

at 500 8C of samples with addition of (a) and without methylcellulo-

se (b).57

500 nm

1 mm

a

b

Figure 7. SEM microimages of TiO2 syntheized in the presence of

poly-L-lysine.58

(a) As-prepared sample, (b) sample after calcination at 700 8C.

1 mm

Figure 8. SEM microimage of a TiO2 sample prepared without poly-

L-lysine after calcination at 700 8C.58
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Nano-sized mixed colloids with the composition PAA±

TiO2 [PAA is poly(acrylic acid)] were synthesized 59 by an

in situ sol ± gel method using titanium isopropoxide and a

PAA solution in butanol. Depending on whether tutanium

isopropoxide was added before or after the complete dis-

solution of PAA, the solid phase separation and gelation

scenarios differed; however, after heating, stable colloidal

solutions were formed in both cases. To confirm the

presence of interactions between PAA and Ti, the PAA : iso-

propoxide : water molar ratio was varied. The formation of

chelate complexes was reliably confirmed by IR spectro-

scopy. Differential scanning calorimetry (DSC) also dem-

onstrated strong interaction between PAA and Ti, which

confined the motion of PAA chains. Moreover, according

to the data from thermogravimetric analysis (TGA), the

thermal stability of PAA chelate was higher as compared

with the free acid. On the whole, as followed from TEM

results, the order in which reagents were mixed and the

PAA : isopropoxide : water molar ratio substantially

affected the size and the shape of PAA ±TiO2 hybrid

aggregates and the degree of aggregation.59

Nanocrystalline TiO2 was deposited from an ethanolic

solution of titanium isopropoxide and hydrogen peroxide

by refluxing at 80 8C for 2 days.60 The resulting particles

were filtered and dried at 100 8C. Elucidation of the role of

subsequent treatment on the physicochemical and electro-

chemical properties of nanocrystalline TiO2 was carried out

using XRD and TEM of as-prepared powder, a sample

calcined at 400 8C and a sample following sonication.

According to the data from X-ray diffraction analysis, all

samples represented the anatase phase. The TEM studies

have shown that the dried sample consisted of uniform

spherical particles measuring 5 nm. In the sample calcined

at 400 8C, the particles retained their spherical shape but

their size increased to 10 nm. The sample subjected to

sonication for 5 h contained a considerable fraction of

particles with the average diameter of 5 nm and the length

of 20 nm.

Mesoporous titanium dioxide with bimodal pore size

distribution was prepared 61 by sonication-assisted hydrol-

ysis of titanium isopropoxide in EtOH : water with the

molar ratio equal to 1:1 (sample R1) and 10:1 (sample

R10) and also in pure water (sample R0). According to

data from XRD, nanostructured xerogels formed after

drying the hydrolysis products of R0, R1 and R10 at

100 8C represented an anatase and brookite mixture, pure

anatase and the amorphous TiO2 phase, respectively.

With the increase in calcination temperature, substantial

changes in the qualitative and quantitative composition of

the samples studied were observed (Fig. 9). Thus in R0

sample, the rutile phase appeared as soon as at 600 8C when

the brookite phase was still present in a noticeable amount;

at 700 8C, virtually all anatase was transformed to rutile. In

R1 sample, small amount of brookite appeared at 400 8C
but disappeared at 600 8C. This was accompanied by an

increase in the anatase fraction, but the rutile admixture

also appeared. At 700 8C, approximately half amount of

anatase transformed to rutile. For amorphous xerogel R10,

anatase nanocrystals appeared only at *373 8C and under-

went no phase transitions up to 600 8C. Only at 700 8C, the
transformation of anatase to rutile started.

Figure 10 shows that phase transitions in samples R0,

R1 and R10 were accompanied by the increase in the size of

TiO2 particles, which was more pronounced at temper-

atures above 500 8C being associated with the rutile for-

mation. All TiO2 powders calcined at 400 ± 600 8C were

characterized by bimodal pore size distributions with max-

imum pore diameters at 2 ± 4 and 16 ± 24 nm. At 700 8C, all
samples demonstrated monomodal pore size distribution as

the result of destruction of fine pores.

Pyrolysis of homogeneous TiO2 gels prepared by

hydrolysis of titanium isopropoxide pretreated with for-

mic 62 or oxalic 63 acids with the aim of controlling the

gelation process was studied. The amorphous titanium

dioxide gel was characterized by FTIR spectroscopy, XRD

and N2 adsorption. Detection, qualitative analysis and

identification of organic impurities in the TiO2 gel and

also the determination of the degree of their removal in the

course of pyrolysis were carried out by TGA methods in

combination with the gas chromatographic analysis and

mass spectrometry.

Titanium isopropoxide was diluted with isopropyl alco-

hol in a flow of nitrogen; then, a carboxylic acid (formic or

oxalic) was added with vigorous stirring, which was fol-

lowed by dropwise addition of hydrochloric acid, which

R0

R1

Xerogel

R10

Xerogel

400 8C
+

700 8C600 8C

400 8C
+

400 8C
+ +

Xerogel

600 8C

600 8C
+

700 8C

+ +
700 8C

+

+

is anatase, is brookite, is rutile.

Figure 9. Fig. 9. Scheme of phase transformations in samples R0, R1

and R10 (see text) for different calcination temperatures.61
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Figure 10. Average particle size of TiO2 in R0 (1), R1 (2) and R10 (3)

samples (see text) at different calcination temperatures.61
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served as the hydrolysis catalyst. This produced an emulsion

that transformed into a uniform gel in 4 days.

The molar ratio Ti(OPri)4 : carboxylic acid : isopropyl

alcohol : water : HCl= 1 : 1 : 20 : 1 : 0.0184 was found to be

optimum.62, 63 However, the physicochemical characteristics

of TiO2 samples synthesized in the presence of formic and

oxalic acids 63, 64 substantially differed.

Thus according to N2 adsorption isotherms, a mesopo-

rous material was formed in the presence of HCOOH that

was characterized by specific surface of 480 m2 g71 and the

average pore diameter of 2.7 nm.62 IR Spectroscopic studies

showed that the sample contained Ti7O7Ti fragments,

formate groups coordinated with titanium and non-hydro-

lyzed titanium isopropoxide. Absorption bands belonging

to organic impurities in the TiO2 gel completely disap-

peared upon heating the samples above 340 8C. According

to data from XRD, the gel represented an amorphous

product that crystallized at temperatures above 400 8C to

form the anatase phase.

According to the data on N2 adsorption, the sample

formed in the presence of (COOH)2 represented a macro-

porous material with specific surface of 18 m2 g71 and the

average pore diameter of 24.4 nm.63 IR Spectroscopic

studies showed that titanium dioxide samples contained

oxalate groups coordinated with titanium and also non-

hydrolysed titanium isopropoxide. Absorption bands of

organic impurities in the TiO2 gel completely disappeared

in samples heated above 550 8C. According to data from

XRD, the original gel also represented an amorphous

product (cf. Ref. 62), but the anatase crystallization

occurred at temperatures above 550 8C.
As was shown by different physicochemical methods

(XRD, IR spectroscopy, TGA, electron spectroscopy of

diffuse reflectance (ESDR), ammonia thermoprogrammed

desorption (TPD), adsorption methods),64 the introduction

of the sulfate ions into TiO2 decreased the particle size,

stabilized the anatase phase and increased both the specific

surface and the pore volume (Table 1). The dependences of

all parameters on the amount of sulfuric acid added in the

impregnation had extrema. The sol ± gel hydrolysis product

of titanium isopropoxide in the presence of nitric acid was

employed for the impregnation. After ageing, the sol

formed was concentrated, dried, impregnated with sulfuric

acid (0.5 mol litre71, 2 ± 10 ml) and calcined.

Among modified methods for the preparation of nano-

sized TiO2, mention should be made of hydrolysis and

condensation of titanium isopropoxide in anhydrous etha-

nol using a cellophane membrane that makes it possible to

control the diffusion rate.65 Hydrolysis combined with

sonication is advantageous controlling the size of titanium

dioxide nanoparticles.66

TiO2 Nanoparticles of different shapes (spherical, cubic

and hexagonal rods) and sizes (50 ± 500 nm) were prepared

from titanium butoxide as the precursor.67 Hydrolysis of

Ti(OBun)4 was carried out in the presence of different

surfactant compositions and concentrations. The prepared

TiO2 nanoparticles were studied for photocatalytic decom-

position of Methyl Orange in fixed film batch reactors. It

was shown that the shape is more important than the size:

TiO2 nanorods had higher photocatalytic activities than

spherical and cubic TiO2 nanoparticles.

The dependence of the morphology, the size and the

crystal structure of nano-sized crystalline titanium dioxide

on the hydrolysis conditions of titanium butoxide was

studied in detail.68 Hydrolysis of Ti(OBun)4 was carried

out at room temperature in inverse micellar systems formed

by an aqueous solution of a mineral acid, cyclohexane and a

surfactant Igepal1 CO-520 [4-(n-C9H19)C6H4O(CH2CH2.

.O)4CH2CH2OH]. The effect of the following hydrolysis

conditions, such as concentration (c) and type of acid

(hydrochloric, nitric, sulfuric or phosphoric), molar content

of water [w=H2O : surfactant and h=H2O : Ti(OBun)4],

and hydrolysis time (t) on the formation, crystal phase,

morphology, and size of the TiO2 particles were investi-

gated.

It was shown that the pH of the reaction medium had a

significant effect on the crystal structure of the obtained

TiO2 nanoparticles. For example, according to TEM data,

an amorphous product was formed when the hydrochloric

acid concentration was below 2 mol litre71, all other con-

ditions being equal. At the HCl concentration of 2 mol

litre71, the resulting TiO2 particles represented a mixture of

anatase and rutile. The pure rutile phase was formed as the

acid concentration reached 2.5 mol litre71. At still higher

HCl concentration (to 4 mol litre71), the amorphous TiO2

was formed again.

In the case of HCl at c=2.5 mol litre71, h=28,

t=20 days and w=3, finely disperse shuttle-like TiO2

nanoparticles with widths 35 ± 40 nm and lengths

150 ± 160 nm with the crystalline structure of rutile were

formed. As the parameter w increased from 3 to 5, both the

widths and the lengths of the particles increased slightly

without changes in their morphology. For w=10, the

particles formed petal-shaped aggregates with retention of

their crystalline structure. It is believed that the aqueous

cores of inverse micelles served as microreactors for the

hydrolysis of titanium butoxide. With the increase in

parameter w, the number of these micelles increased, they

had to coalesce; and thus, shuttle-like rutile nanoparticles

from different micelles formed petal-like aggregates with the

same crystal phase. However, the anatase phase appeared in

aggregates for w=12, probably because micelles were

destroyed in the course of reaction with such a high water

content.

For c=2.5 mol litre71, w=8, t=20 days, the effect of

parameter h was similar to the aforementioned effect of

parameter w. For h<6, i.e., below the coordination num-

ber of Ti(IV) ions, the amount of water in micelle cores was

insufficient for the complete hydrolysis of titanium butox-

ide. It this case, the crystallization slowed down and

amorphous TiO2 was formed. For h>10, the amorphous

product transformed into crystalline rutile. For h=10 ± 20,

the nanoparticle size remained virtually unchanged; how-

Table 1. Adsorption characteristics of sulfated TiO2 .64

Samp- Specific Pore Particle Rutile Pore
le a surface volume size /nm content diameter

/m2 g71 /cm3 g71 (%) /�A

T 35 0.09 12.71 46.6 103.4

ST2 91 0.21 9.62 0 95.0

ST4 98 0.18 8.62 0 74.1

ST6 79 0.12 7.48 0 58.1

ST8 57 0.11 11.05 0 78.4

ST10 48 0.10 11.74 18.3 85.5

a The following designations were used: T is the original TiO2;

ST2 ± ST10 are samples prepared by impregnation with 2, 4, 6, 8 and

10 ml, respectively, of sulfuric acid (0.5 mol litre71).
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ever, for h=36, flower-shaped aggregates were formed.

High h values accelerated the butoxide hydrolysis and the

crystalline TiO2 particles formed were capable of aggrega-

tion both inside the aqueous cores of micelles and also in

their environment.

As the hydrolysis time increased from 5 to 10 and

20 days all other conditions remaining standard (see

above), the growth of particles with subsequent aggregation

and morphological changes (Fig. 11) was observed.

Hydrochloric, nitric, sulfuric and phosphoric acids used

to adjust the pH of the medium were employed to examine

the effect of the nature of acids.68 The parameters w and h

were taken to be 8 and 28, respectively, and the acid

concentration was equivalent to 2.5 M HCl, all other things

being the same. The nature of acid was found to substan-

tially affect the crystalline phase composition, morphology

and also the size of TiO2 nanoparticles. Thus substitution

of nitric acid for hydrochloric acid decreased the width of

shuttle-like particles to 20 ± 25 nm and their length to

*120 nm. The use of sulfuric or phosphoric acids irrespec-

tively of their concentration resulted in the formation of

amorphous rather than crystalline spherical TiO2, namely,

uniform small spheres with diameter of *40 nm for sulfuric

acid and coarse spheres with diameter of *240 nm for

phosphoric acid (Fig. 12). Presumably, this can be associ-

ated with different affinity of the anions with respect to

Ti(IV) ions in aqueous solutions (Cl7 and NOÿ3 exhibited

weak affinity, while SO2ÿ
4 demonstrated strong affinity).

The strong affinity of SO2ÿ
4 for titanium inhibits the

titanium dioxide rearrangement and, hence, the overall

crystallization process. It thus follows 68 that phosphoric

acid, like sulfuric acid, is the crystallization inhibitor.

Acetic acid often used in the hydrolysis of titanium-

containing precursors can also serve as an efficient stabilizer

of the anatase phase in the calcination. Thus the hydrolysis

of an acetic-acid solution of Ti(OPri)4 with aqueous ammo-

nia at pH 3 ± 4 and 70 8C afforded a gel that showed an

400 nm

400 nm

400 nm

a

c

b

Figure 11. TEM microimages of TiO2 particles formed upon hydrol-

ysis of Ti(OBun)4 under standard conditions for 5 (a), 10 (b) and

20 days (c).68

400 nm

400 nm

400 nm

a

c

b

Figure 12. TEM microimages of TiO2 particles formed upon hydrol-

ysis of Ti(OBun)4 in the presence of different mineral acids.68

(a) Nitric acid, (b) sulfuric acid, (c) phosphoric acid.
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anatase phase even at 1000 8C.69 However, as the hydrolysis

medium pH increased to 5, pure rutile was formed at

1000 8C, whereas at pH 6, anatase to rutile transformation

is complete at 800 8C (Table 2), as for samples prepared by

hydrolysis in the absence of acetic acid.

Monodisperse non-aggregated nanoparticles of titanium

dioxide were prepared 70 by hydrolysis of titanium butoxide

at 60 8C in the presence of acetylacetone and p-toluenesul-

fonic acid. It was shown that a thorough choice of synthesis

conditions that rule out gelation makes it possible to

produce particles with the anatase structure and the average

size of 1 ± 5 nm. It was found 70 that the optimum conditions

for synthesizing nanodisperse TiO2 sols are as follows: the

initial molar ratio (a) acetylacetone : metal 14 a4 6; the

molar ratio h=H2O : Ti 54 h4 10 and the acidity of the

medium expressed through the molar ratio h+=H+ : Ti,

04 h+4 0.8. In the mentioned variation ranges of param-

eters a, h and h+, the titanium concentration in the sol

could change from 0.5 to 1 mol litre71. Drying of a nano-

disperse sol to form a xerosol could be accomplished by

centrifugation, evaporation of solvent in vacuum at room

temperature or by heating at 100 8C.
The prepared xerosol could be dispersed again without

aggregation in a water ± ethanol or ethanol solution. This

afforded sufficiency concentrated sols (>1 mol litre71 with

respect to titanium) containing TiO2 particles with the size

of 1 ± 5 nm, the same as in the original sol.70 This was

proved by the data from TEM and quasi-elastic light

scattering. The use of other physicochemical research meth-

ods (XRD, IR spectroscopy, 13C, 17O and 1H NMR, mass

spectrometry, etc.) in studying TiO2 nanoparticles has

shown that particles were protected from aggregation by

complexes with acetylacetone formed on their surface,

which agreed with other results,52 and also by a mixed

organic-inorganic adsorption layer formed from acetylace-

tone, p-toluenesulfonic acid and water.

Nanodisperse (particle size 3.8 nm) pure anatase with

the specific surface of 359.1 m2 g71 was prepared based on

the same precursor, i.e., titanium butoxide.71

IV. Nano-sized TiO2 synthesis based on TiCl4 ;
product dispersion and phase composition

Titanium tetrachloride belongs to the most widely used

titanium dioxide precursors; it was employed in both the

synthesis of substrates and catalysts by the precipitation

method 72, 73 and preparation of nano-sized TiO2 colloid

solutions by the sol ± gel method.

Thus a colloid solution of TiO2 nanoparticles

(40 ± 60 �A), was prepared 74, 75 in an inert medium by drop-

wise addition of a TiCl4 solution to cold water (pH

3.5 ± 4.0). The temperature and the reactant mixing rate

were regulated by an apparatus designed for automatic

preparation of colloid systems.76 The TiO2 concentration

(0.1 ± 0.6 mol litre71) was determined from the concentra-

tion of the peroxide complex after dissolving the colloid in

concentrated sulfuric acid by a known procedure. 77 The

possibility of preparation of surface complexes of titanium

dioxide colloid nanoparticles with cysteine to be used in

photocatalysis was demonstrated.74, 75

Titanium dioxide was also synthesized 78 by thermal

hydrolysis of TiCl4 in a propanol ± water mixture. The

dependence of the precipitate morphology on the propa-

nol : water volume ratio, the TiCl4 concentration, temper-

ature and the presence of a dispersant, namely,

hydroxylpropylcellulose (HPC), was studied. It was shown

that titanium dioxide prepared in a 3:1 (by volume) prop-

anol : water mixture contained uniform-dispersed spherical

particles. With the addition of HPC, the nanoparticle size

distribution became narrower. The spherical shape of TiO2

particles was independent of the TiCl4 concentration, but

their sizes increased with an increase in the suspension

concentration. An increase in the synthesis temperature

favoured the broader size distributions of particles. The

effect of the liquid-phase temperature gradient on the

morphology of TiO2 particles was also noted. The mor-

phology and size of titanium dioxide particles were studied

by SEM and TEM methods; phase transitions were inves-

tigated by the XRD method.

In another study,79 titanium dioxide was synthesized by

the hydrolysis of TiCl4 in a strongly acidic aqueous solution

in the absence and in the presence of poly(ethylene glycol)

PEG-1000 that served as the dispersant for controlling the

shape and size of the TiO2 particles. It was shown that in

the absence of PEG-1000, uniform shuttle-shaped TiO2

nanocrystals were formed and the degree of their aggrega-

tion increased with an increase in the acid content and a

decrease in the TiCl4 concentration. In the presence of

PEG-1000, TiO2 particles with sufficiently narrow size

distributions were prepared, with the particle diameter

decreasing with an increase in the PEG-1000 amount. The

process was characterized by simplicity and a low cost and

could be carried out in a continuous mode. The products

were studied by the XRD and TEM methods.

In yet another study,80 titanium dioxide sols were

prepared by acid hydrolysis of TiCl4 (pH of the medium

was adjusted by addition of an ammonia solution), followed

by peptization of precipitates with nitric acid. Stable titania

sol (particle size 14 nm) was prepared at the molar ratio

H+ : Ti=0.5 with vigorous stirring for 1 day at 70 8C
(Table 3). It is remarkable that the activity of TiO2 in

photocatalytic reactions was largely determined by the

degree of dispersion of TiO2 rather than by the promoting

effect of modifying additives (0.5% Pt or 10% of Si, Zr, W,

Mo oxides) introduced into TiO2 to increase its activity.

Nanosized TiO2 powders prepared by controlled

hydrolysis of TiCl4 in aqueous solutions in the presence of

small amounts of sulfate ions were studied 81 by TEM, high-

resolution EM, XRD and electron diffraction; the specific

surface was determined from adsorption isotherms using the

Brunauer ± Emmett ± Teller (BET) equation. It was shown

that the hydrolysis of TiCl4 at 70 8C carried out in the

presence of the sulfate ions produced a powder that con-

Table 2. Phase composition a of calcined TiO2 samples as a function of the
pH of acetic acid-containing solution of titanium isopropoxide during the
hydrolysis.69

Calcination Hydrolysis medium pH
temperature /8C

3 4 5 6

1000 A+R A+R R R

800 A+R (traces) A+R (traces) A+R R

600 A A A A

400 A A A A

aUsed designations: A is anatase, R is rutile.
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sisted of the pure anatase phase with the predominant

particle size of 3.5 nm, which is much smaller than in

powders prepared from titanium alkoxides. Moreover, the

anatase ± rutile phase transformation retarded. However, at

the same hydrolysis temperature but in the absence of the

sulfate ions, the product represented a mixture of anatase

and rutile, the primary particle size in the rutile phase was

4.3 nm. Hydrolysis at 20 8C led to TiO2 powders with the

amorphous structure and high specific surfaces

(*500 m2 g71). According to the electron spectroscopic

data, the presence of the sulfate ions accelerated the anatase

phase formation.

According to the literature data, from the practical

viewpoint, TiO2 in the form of anatase is often preferred

to rutile. Optical and electrochemical properties of anatase

and the third modification of titanium dioxide, i.e., broo-

kite, were compared and the conditions of synthesis of each

phase by the sol ± gel method were described.82 It was

demonstrated that the formation of one or another phase

was determined by not only the pH of the solution, but also

the molar ratio Cl : Ti , which was controlled in the interval

17 ± 35 by the addition of NaCl. In addition, the simulta-

neously formed brookite and rutile phases were character-

ized by different degrees of dispersion and could easily be

separated.

Studies by XRD and Raman spectroscopy 83 revealed

traces of brookite in anatase in nano-sized TiO2 samples

prepared by precipitation from TiCl4 at different pH. The

average size of TiO2 crystals after 2-h treatment at 450 8C
was 7 ± 9 nm. The lattice parameter c of anatase increased as

the pH of the medium increased during the synthesis, while

the volume fraction of the brookite phase increased with a

decrease in pH. It was shown that the temperature range of

anatase transformation to rutile shifted to low temperatures

as the brookite volume fraction increased, i.e., the brookite

phase was to a certain extent responsible for the anatase

transformation to rutile.

A simple method of synthesis of high purity brookite

nanoparticles was described.84 Hydrolysis of TiCl4 was

carried out in acidified isopropyl alcohol at ambient tem-

perature and the peptization and crystallization of the gel

formed occurred on refluxing. The data from SEM and

TEM revealed the formation of spherical TiO2 with the

average size of 30 nm. The data from XRD confirmed the

presence of the brookite crystalline structure. The degree of

particle agglomeration could be predicted based on the

amount of heat released during the hydrolysis of TiCl4 .

Ultradisperse TiO2 samples with the structures of ana-

tase, rutile and their mixture assayed for the photocatalytic

degradation of phenol were synthesized 85, 86 by hydrolysis

of TiCl4 . The resulting product was studied by high

resolution EM, XRD, BET and electron spectroscopy. In

the catalytic process mentioned, the highest selectivity (very

low concentrations of side products, namely, p-benzoqui-

none and hydroquinone) was observed for catalyst particles

in the anatase phase measuring 4 nm, whereas rutile par-

ticles of the same size exhibited selectivity that differed

insignificantly from that of coarse-grain rutile. Presumably,

calcination was effective in increasing the activity of the

TiO2 catalyst because this favoured perfection of its crystal

structure.

The addition of (NH4)2SO4 and adjustment of the pH to

7 (with NH4OH) resulted in anatase in the final stage; in the

absence of ammonium sulfate, a mixture of anatase and

rutile was formed. To prepare rutile, the same process was

carried out without both ammonium sulfate and ammo-

nium hydroxide. In each case, the hydrolysis product

represented titanium dioxide hydrate (TiO2
. nH2O), which

was centrifuged off, dried and, if necessary, calcined.

Nanodisperse titanium dioxide was fabricated 87 by

CO2-laser-assisted pyrolysis of TiCl4 in a gas ± vapour

mixture. The effect of synthesis conditions, namely, the

laser power and the oxidant (air) delivery rate, on the

structural characteristics of synthesized TiO2 was studied.

It was shown that moderate acceleration of the air delivery

increased the degree of crystallinity, the grain size, and the

rutile content.

V. Synthesis of TiO2 based of miscellaneous
titanium-containing precursors

Besides alkoxides and TiCl4, yet another TiO2 precursor

used in the preparation of anatase nanocrystals, namely,

ammonium dihydroxodilactatotitanate(IV) (ALT), deserves

mention.88 According to the available published data, this

compound attracted attention as the starting material in the

preparation of catalysts,89 fabrication of electrodes for

medicinal purposes 90 and production of UV-radiation-

proof films on different surfaces.91 In contrast to titanium

alkoxides that are rapidly hydrolyzed, ALT is stable in

neutral solutions at ambient temperatures and decomposes

to form TiO2 (anatase), NH3 and sodium lactate only above

100 8C or in aqueous NaOH solutions. However, even

under these conditions, ALT hydrolysizes more slowly;

this makes it possible to synthesize nanocrystalline TiO2

with predominantly oblate-shaped particles and a narrow

size distribution; the latter is especially important for the

synthesis of TiO2 films.

Studies on ALT thermohydrolysis (up to 300 8C in

hermetically sealed glass tubes or in a titanium autoclave

has shown 88 that the size of formed anatase nanoparticles

increased with the increase in the hydrolysis temperature

(Fig. 13) and ALT concentration. Thus, it can be regulated

by varying these parameters. In all the cases, extremely

narrow particle size distributions were obtained. With the

addition of ammonium lactate to the reaction mixture, the

effects of ALT concentration and the reaction time on the

size of TiO2 particles became negligibly small, and the

growth of particles stopped. This simple trick can be used

for the interruption of the process to afford high yields of

virtually uniform size anatase nanocrystals. The final prod-

uct contains no admixtures (ions Cl7, Na+).

Nanocrystalline TiO2 was prepared 92 using an uncon-

ventional method, namely, plasma synthesis from a tita-

nium hydride TiH2 powder.

Table 3. TiO2 sol particle size at different concentrations of HNO3

(TiO2 concentration 0.3125 mol litre71).80

H+ :Ti (mol.) Particle size /nm Sol stability

0.08 precipitate was not

peptized

0.2 102 stable

0.4 45

0.5 14

0.7 56

1.0 96

1.2 7 unstable
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VI. Stabilization of the disperse state and phase
composition of nano-sized TiO2 sols

Despite the efficacy of using the sol ± gel method for the

synthesis of nanocrystalline TiO2 sols, the pronounced

trend of TiO2 particles to aggregation during both the

hydrolysis of a titanium-containing precursor and long-

term storage of sols still remains the main problem of this

method; aggregation is often accompanied by variations in

the phase composition. The analysis of published data

allowed the ways for solving this problem to be outlined.

Thus an acidic medium (pH=1.8) and a low storage

temperature (4 8C) favoured higher stability of TiO2 colloid

solutions.22 Moreover, the stability of non-aqueous sols

tended to increase under low humidity conditions.53 The

nature of solvent also affected the size and the stability of

TiO2 colloid particles.52 On the whole, the majority of

studies stressed that strict observance of the synthesis

conditions (pH, temperature, precursor concentration) and

also of the stoichiometric ratio of the reactants and the

addition order is very important for the targeted synthesis

of TiO2 with desired properties.53, 59, 68 ± 70

Stable nanodisperse TiO2 sols can be prepared if organic

disaggregating and stabilizing additives, namely, acetylace-

tone,52, 70 diethanolamine,53 polyacrylic acid,59 methylcellu-

lose,57 hydroxypropylcellulose,78 poly(ethylene glycol),79

etc., are introduced into the reaction mixture. Disaggregat-

ing additives operate through different mechanisms,

namely, the inhibition of hydrolysis and condensation,52, 53

which favoured the lower degree of aggregation of particles;

the formation of surface organic-inorganic complexes with

TiO2 nanoparticles, which prevented aggregation;52, 70 the

shift of balance of attractive and repulsive forces as a result

of which the sedimentation rate decreased.57

One of the most popullar methods of sol stabilization

was the peptization of the hydrolysis product (after its

centrifugation and rinsing with water) with nitric acid on

vigorous stirring. The peptized precipitate was again centri-

fuged and dispersed in water.80, 82

In certain practical applications of nano-sized TiO2, the

stabilization of its phase composition was of no less impor-

tance than the definite size of nanoparticles. The amor-

phous TiO2 phase was as a rule formed upon hydrolysis at

20 8C.45, 81 The sol ± gel method not only provided a possi-

bility for regulation and reproduction of the ratio of TiO2

crystal phases (anatase, rutile and brookite) in the final

product, but also allowed preparation of each phase in its

pure form. Like the control over the grain size of TiO2, this

was achieved 70 by accurate choice of the conditions of

hydrolysis of titanium-containing precursors (pH, temper-

ature, time, ratio of main components).22, 68, 81, 82, 85, 93, 94

Certain specific conditions for the formation of different

TiO2 phase compositions were mentioned. For example, the

hydrolysis of TiCl4 (Ref. 81) or titanium isopropoxide 64 in

the presence of a small amount of the sulfate ions favoured

the formation of the individual anatase phase, whereas in

the absence of the sulfate ions, a mixture of anatase and

rutile was formed under the same conditions.64, 81 However,

it was shown 68 that the strong affinity of SO2ÿ
4 ions for

titanium suppressed rearrangement of titanium dioxide and,

hence, the overall crystallization process.

From the viewpoint of synthesizing pure anatase, it was

of interest to use titanyl sulfate as the precursor. The

substitution of an aqueous solution of TiOSO4 (0.25 mol

litre71) for the amorphous TiO2
. nH2O gel in the hydro-

thermal synthesis of nano-sized TiO2 decreased the temper-

ature of anatase formation from 250 to 150 8C, all other
conditions being the same.95 According to Table 4, this

afforded highly disperse anatase with the particle size that

increased with the increase in the temperature of hydro-

thermal treatment to 250 8C but nonetheless remained

smaller than in anatase synthesized from amorphous TiO2

gel. With the increase in the TiOSO4 solution concentration

to 0.44 mol litre 71, the anatase particle size increased and

the use of a TiOSO4 solution in sulfuric acid (0.25 mol

litre71) led to the appearance of the rutile phase at 250 8C.
This is consistent with the data of Ref. 64 (see Table 1).

The synthesis of pure and stable nano-sized anatase was

described 49, 50 (hydrothermal and solvothermal syntheses).

Acetic acid added in the stage of hydrolysis strictly at

pH 3 ± 4 served as an efficient agent for stabilizing the

anatase phase up to 1000 8C (see Table 2).69

As was mentioned above, non-standard titanium-con-

taining precursors and synthesis conditions were sometimes

used in the preparation of pure anatase and for controlling

the quantitative ratio of anatase, rutile and broo-

kite.60, 65, 66, 88, 92
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Figure 13. Dependence of the average TiO2 particle size on the hydrol-

ysis temperature.88

ALT Concentration in water is 0.415 mol litre71, duration of process

is 24 h.

Table 4. Grain size of nanocrystalline anatase prepared by hydrothermal
synthesis from an amorphous TiO2

. nH2O gel and an aqueous TiOSO4

solution.95

Precursor Concent- Synthesis Particle Specific
ration conditions size a /nm surface a

/mol litre71 /m2 g71

T /8C time XRD TEM

Gel 250 10 min 27 35 60

TiO2
. nH2O 250 6 x 28 38 7

TiOSO4 0.25 250 10 min 16 20 7
in water 250 6 h 18 24 7

150 10 min 10 8 7
150 6 h 14 16 7

0.44 250 6 h 20 28 98

TiOSO4 0.25 250 10 min 24 26 7
in 1M H2SO4 250 6 h see b 22 7

a These parameters were determined with the accuracy of �10%.
b In this case, a mixture of anatase (85%) and rutile (15%) was formed;

the particle size was 20 nm for anatase and 30 nm for rutile.

Synthesis and stabilization of nano-sized titanium dioxide 11



* * *

The material of the present review clearly demonstrated that

the problem of synthesizing stable forms of nano-sized

titanium dioxide is being successfully solved. Materials

with desired structural and morphological characteristics

were fabricated using either conventional methods by scru-

pulous selecting synthesis conditions or by new approaches

(new reactants, unusual methods of treatment of the reac-

tion mixtures, improved instrumental implementation). It

can be assumed that the directions of further studies in this

field will be determined by the requirements imposed by

practical application of nano-sized TiO2 , first of all, in

medicine. The first positive results in this field will undoubt-

edly attract attention of scientists and engineers and the

quest for new applications of nano-sized TiO2 will pose new

problems for synthetic chemists.
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School' (Project No. 2.1.1/5642).
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INTRODUCTION

The threat that pathogenic virus agents pose to
mankind has considerably increased in recent years.
One reason for this growth is antibioticotherapy (a
widespread method for treating bacterial infections),
which is ineffective in treating viral diseases because of
the principal difference in the duplication biology of
bacteria and virus in the human organism. In addition,
many of virus pathogens very changeable, which sig�
nificantly decreases the efficiency of the vaccinal pre�
vention of virus infections.

Viral genetic�material damage, particularly with
antisense oligonucleotides, is one of the most promis�
ing strategies for antiviral therapy. However, delivering
olygonucleotides directly into the injured cell is the
biggest problem in this case.

Because of the rising interest in nanotechnologies
in recent years, several methods for using nanoparti�
cles of different nature—as a way to deliver drugs into
cells—have appeared. Voloshchak et al. studied intra�
cellular distribution in the eukaryotic cells of TiO2

nanoparticles conjugated with specific oligonucle�
otides [1, 2]. As was determined during the experi�

ments, these nanoconjugates interacted specifically
with DNA localized in the cell nucleus and mitochon�
drion. The main method for the transformation of the
cells was electroporation, which damages cell mem�
branes. Unfortunately, this technology of delivering
nanoparticles conjugated with bioactive substances
into the damaged cells is not acceptable in clinical
conditions. The authors specified that nanoparticles
penetrate into the cells during incubation, but they
didn’t detail the conditions of the incubation.

In this work we examine how the TiO2 nanoparticles
and their conjugates with specific oligonucleotides pene�
trate into the eukaryotic cells in more detail.

MATERIALS AND METHODS

TiO2 nanoparticles were obtained by TiCl4 hydrol�
ysis as a colloidal solution with a TiO2 concentration of
0.3M and pH 6.7 [3]. For the immobilization of the
oligonucleotides on the nanoparticles, TiO2 solutions
were diluted to 0.0125M (1–2 mg/ml).

X�ray analysis has indicated that titanium dioxide
preparation is defined as a radioamorphous phase
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state. It is probably a superfine brookite with D < 5 nm.
Methods of small angle X�ray scattering (SARS) and
atomic�force microscopy (AFM) were used to estab�
lish that the titanium dioxide in a colloidal solution is
present in separated particles 3.5–5 nm in size and
preserves the sol’s dispersion degree for six months
(during the study).

Conjugates of nanoparticles with the oligonucle�
otides and their derivatives were obtained by a similar
procedure described previously [4].

Vero, KCT, MDCK, and MDBK cell lines were
used for experiments. Cells were received from the cell
culture collection at the Federal State Institute of Sci�
ence, Scientific Research Center (FSIS SRC) VB Vek�
tor, Rospotrebnadzor (Kol’tsovo, Novosibirsk oblast).
Cells were cultivated in Igla DMEM media with 5%
fetal bovine serum (FBS), penicillin (100 U/ml), and
streptomycin (100 µg/ml).

SAMPLE PREPARATIONS 
AND MICROSCOPIC INVESTIGATION 

For electronic microscopy, cells were incubated
with nanoparticles for 24 h, then washed from media
and fixed with 2.5% glutaraldehyde in a phosphate salt
buffer (PBS) with pH 7.2 for 1 h on ice. Rest fixation
was made in 1% osmium tetroxide in PBS with pH 7.2
for 1 h at room temperature. One they were dehydrated
with ethanol, the cells were put on Araldite epoxy resin.
Ultrathin sections were prepared on a Leica Ultracut
UCT ultratome, then they were contrasted with uranyl
acetate and plumbum citrate and analyzed using an
LEO 910 (Zeiss) electronic microscope.

SAMPLE PREPARING FOR ANALYZING 
NANOPARTICLE PENETRATION

INTO THE CELLS UNDER THE CONFOCAL 
MYCROSCOPY

Cells growing on cover slips were incubated with
nanocomposites TiO2�PL(Flu) and TiO2�PL(Flu)�ON

marked with a fluorescent label for 24 h.
1
 Then cells

were fixed with 0.4% formalin with 0.1% Triton X�100
(10 min) and treated with 0.5% Triton X�100 (10 min)
and 2% formalin (10 min). Actin filaments were
stained with a phalloidin�TRITC complex (red signal)
to visualize the border of the cells. All the solutions
were prepared on PBS, pH 7.2. The glasses with cells
were put upside�down on the slide plates onto
restricted media with antifade and DAPI. The samples
were analyzed with a laser scanning microscope
LSM 510 META (Zeiss). For label identification we
used different laser wave lengths: 405 nm (for DAPI

1 PL is polylysine; Flu is fluorescein; DA is dopamine; PL�ON is
polylysine derivate of olygonucleotide; DAPI is 4',6�diamino�2�
phenylindole dihydrochloride; TRITC is (tetrametylrodamin
isothiocyanate) phalloidin (Sigma); and PBS is a phosphate salt
buffer, pH 7.2, with density of 0.995 g/ml (Sigma).

they were cellular nuclei), 488 nm (for nanocompos�
ites they were marked with flouroscein), and 543 nm
(for actin filaments they were marked with a phalloi�
din�TRITC complex). The thickness of optical sec�
tions was 0.3 mm.

Nanocomposites TiO2�PL and TiO2�PL�oligo were
marked with a fluorescent label by treatment with
FITC in 0.2 M NaHCO3 solution for 1 h at 60°C with
following washing off of excess FITC. In addition, we
obtained nanocomposits with dopamine (TiO2�DA�
PL(Ac) and TiO2�DA�PL(Ac)�oligo), because, accord�
ing to the published data, DA increases the effects of
nanoparticles under radiation [5]. TiO2�nanoparticles
(1 mg) were sequentially treated with glycidylisopropyl
ether (100 µl) and then with 1 M DA solution. Sam�
ples with DA were brick�red color, which indicates the
complex formation with charge transferring [6]. PL or
PL�oligo were added to washed nanoparticles in the
proportion TiO2 : PL = 1 : 1000.

The cells growing on cover glasses were incubated
for the whole day with TiO2�PL(Flu) nanoparticles
labeled by FITC; then they were fixed with 0.4% for�
malin with 0.1% Triton for 10 min, treated with 0.5%
Triton X�100 for 10 min, and fixation was finished with
2% formalin for 10 min. All solutions were prepared in
PBS, pH 7.2. The glasses with cells were put upside�
down on the slide plates onto restricted media with
antifade and DAPI. Samples were analyzed under an
LSM 510 META laser scanning microscope (Zeiss).
TiO2�PL(Flu) nanocomposits were dyed green and
localized in cytoplasm; cell nuclei were stained by
DAPI (blue); and actin filaments were stained by
actin�phalloidin�TRITC complex (red). The micro�
scopic lens was ×100. Scan conditions were as follows:
laser lines 405, 488, and 543; filters BP 420�480, BP
505�530, and LP 560. The thickness of the optical sec�
tions was 0.3 µm.

RESULTS AND DISCUSSION

Voloshchak et al. [2] obtained oligonucleotides
conjugated with TiO2 � nanoparticles and detected
that these conjugates specifically interact with DNA
when introduced into the cells, according to the com�
plementary principles [2]. Nanoparticles with oligo�
nucleotides, which are complementary to the gene
sequence of the NADH�dehydrogenase’s (ND2) sec�
ond sub�particle on the mitochondrial genome, were
detected in mitochondria, whereas conjugates with
oligonucleotides, which are complementary to the
gene fragment of 18S�rRNA, were localized in nuclei.
These interesting findings allow us to suppose the
complementary interaction between conjugated oligo�
nucleotides and cell nucleic acids. The authors of
[1, 2] used the electroporation technique to introduce
conjugates into the cells.

In this study we examined the capability of the con�
jugates to penetrate the cells without the electropora�
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tion technique, because this method isn’t available for
the cells of an organism.

The electron microphotography of Vero cells incu�
bated with TiO2 nanoparticles are shown in Fig.1. The
same pictures were made for KCT, MDCK, and
MDBK cell cultures (data not shown).

The electron microscopy of different cell cultures
(KCT, Vero, and MDCK) treated with 20 µg/µl
showed that nanoparticles could enter the cells and

accumulate in vacuoles and phagosomes and form
inclusions in cytoplasm. Nanoparticles previously
treated with ultrasound formed small inclusions or
localized as separated particles and weren’t detected in
nuclei.

The penetration of nanoparticles into the cells were
examined by confocal laser microscopy (Fig. 2). As
you can see in Fig. 2, these data confirm the results of
electron microscopy. Essentially, we didn’t detect the
oligonucleotides marked with fluoresceine and
unbound to oligonucliotides in the cells (data not
shown). Nanoparticles probably protect oligonucle�
otides from intracellular nucleases, which efficiently
destroyed exposed oligonucleotides [7]. As was previ�
ously reported, Voloshchak et al. used the electropora�
tion technique to introduce nanoparticles into the
cells [1, 2]. Moreover, other researchers examined the
penetrations of gold nanoparticles (which were conju�
gated with the anticancer drug herceptin) into the cells
[8]. Herceptin is a humanized monoclonal antibody to
receptor HER2/neu (erbB2), which is exposed on the
cancer cells of the mammary gland. The authors dem�
onstrated the dependency of the nanoparticles sizes
and the penetrating efficiency of the conjugates. The
optimal sizes of gold nanoparticles was from 40 to
50 nm. The authors supposed that, due to the binding
of nanocojugates with their specific receptors, recep�
tor mediated endocytosis occurs in this case. Hercep�
tin binds to several specific receptors and formed clus�
ters. Such multipoint binding is necessary to form a
high affinity bond.

These findings are convincing, but we think that
maybe this is possible only when the ligand, for instat�
nce herceptin, is a large protein molecule which binds
ineffectively with smaller nanoparticles. In our case
the sizes of ligand molecules are smaller (20–30 bp
oligonucleotides) than the herceptin molecule, which
facilitates the penetration of nanocojugates into the
cells. Thus, we suggested that the optimal size of our
nanoparticles may be smaller and the nanoconjugate’s
internalization occurs without interaction with a spe�
cific receptor.

Zhang and Sun examined the effects of TiO2 nano�
particles on the rectal carcinoma LS 147�t cell line and
found that cells treated with nanoparticles and UV
radiation died [9]. The cells weren’t exposed to any
other special transfection procedures. The authors
wondered whether nanoparticles accumulate on the
surface of the cells or penetrate into the cells by
endocytosis, but they didn’t try to show the nanopar�
ticles in the cells with direct methods.

Huojin et al. used nanodaimond to deliver doxoru�
bicine antibiotic (apoptotic agent/stimulator) into the
cells [10]. The authors detected that nanodaimonds
penetrate into the cells without any special trasfection
procedures. This evidence and our results allow us to
suggest that using such a way to inject drugs into the
cells is a general (not a specific) method.

(b)

(а)

1 µm

1 µm

N

N

Fig. 1. Vero cells incubated with 20 µg/ml nanoparticles
TiO2, (a) treated with ultrasound and (b) not treated. N is
the cell nuclei. Inclusions of nanoparticles in the cells are
shown by arrows. Bar = 2 µm.
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Thus, in this study we detected the penetration of
TiO2�nanoparticles and their conjugates into the culti�
vated cells without any special transfection proce�
dures; however, how they penetrate is not yet clear.
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Fig. 2. Optic slice of KCT cells monolayer: (a) is the nano�
composite TiO2�PL(Flu) localization and (b) is the nano�
composite TiO2�PL(Photo, Flu)�ON localization. In the
figure you can see the nanoparticles, labeled by fluoresce�
ine, as bright signals in cytoplasm; nuclei (DAPI staining);
and actin filaments (actin�phalloidin�TRITC complex
staining). The microscopic lens is ×100. Scan conditions
are as follows: laser lines 405, 488, and 543; filters BP 420�
480, BP 505�530, and LP 560. The thickness of the optical
sections was 0.3 µm.
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INTRODUCTION

Searching for substances and ways to inactivate
pathogenic microorganisms that are safe for humans
and the environment is an important for providing for
the health and epidemic safety of the population. Sun�
light and its ultraviolet component are powerful natu�
ral disinfectants. Titanium dioxide has photocatalytic
properties and produces active oxygen�containing
radicals under ultraviolet irradiation [1–3]. Bacteri�
cidal and virucidal features of titanium dioxide (TiO2)
in a suspension form or layered onto a film are
described in many works where the destruction of
viruses and bacteria under ultraviolet irradiation was
presented [3–5]. Published investigations on the effect
of a TiO2 nanoform onto microorganisms are rare; the
destruction of particles of the surface hepatitis B anti�
gen (HBsAg) as a result of photocatalytic reaction
developed on the surface of TiO2 nanoparticles (ana�
tase) under the action of UV and sunlight was shown
[6]. The task of the present work is to study the effect
of TiO2 nanoparticles on the influenza virus.

EXPERIMENTAL METHODS

Preparations of Titanium Dioxide

TiO2 nanoparticles (TiO2�1) were obtained by the
hydrolysis of TiCl4 in a form of colloid solution (pH =
6.7) containing 2.5 wt % TiO2 and less than 0.05 wt %

of Na and Cl [7]. Titanium dioxide powder (TiO2�2)
was obtained by the exiccation of a colloid solution of
TiO2�1 in air with its subsequent calcination at 700°C
for 3 h. The size of the nanoparticles (TiO2�1) was
about 4–10 nm according to electron microscopy
data, with the predominance of particles being 4–
5 nm in size; powder particles (TiO2�2) were 500 nm
and larger.

To perform virologic and ultrastructural investiga�
tions, suspensions of TiO2�1 and TiO2�2 preparations
with a concentration of 7 mg/ml were used. The
smallest nanoparticle concentration (0.2 mg/ml) was
determined in preliminary experiments using the visi�
ble destruction of influenza virus particles according
to electron microscopy data (the data are not pre�
sented). To evaluate the level that nanoparticles influ�
ence virions, large concentrations (10�fold and 35�fold,
2 and 7 mg/ml, respectively) were used. Concentra�
tions larger than 7 mg/ml were not used due to the
toxic action it caused to the MDCK cell culture used
for assessing the amount of living virus.

Influenza Virus 

An A/Aichi/2/68(H3N2) virus strain grown on
chicken embryos in a suspension form (virus–allan�
tois liquid) with an infection titer of 9.5 lg TCD50/ml
was used to prepare working dilutions.
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50 nm(а) 50 nm 50 nm

50 nm 50 nm

(b) (c)

(d) (e)

Fig. 1. Interaction between TiO2�1 nanoparticles and particles of the A/Aichi/2/68 influenza virus (H3N2). White arrow indi�
cates the virus envelope; black arrow indicates the nanoparticles: (a) intact influenza virus particle, (b) glued surface spinules and
the adherence of particles onto virion surface (15 min of incubation), (c) the destruction of the virion envelope, and (d, e) the
aggregation of virus particles entering the contrasting stain into the virion (3 and 5 h of incubation). Negative contrasting with
phosphotungstic acid.

The biological activity of the influenza virus treated with TiO2 nanoparticles

Сoncentration of TiO2�1
nanoparticles (mg/ml)

Сoncentration of influenza
virus (log TCD50/ml)

Time of incubation of TiO2�1
nanoparticles with influenza 

virus (h)

Virus production in MDCK
cell culture (logTCD50/ml)

0.2 9.5 0.5 7.5 ± 0.03 (n = 3)
1.0 5.5 ± 0.03• (n = 3)
5.0 4.5 ± 0.03♣ (n = 3)

2 9.5 0.5 4.5 ± 0.06* (n = 3)
1.0 4.5 ± 0.08� (n = 3)
5.0 3.0 ± 0.29♥ (n = 3)

Absence (control) 9.5 0.5 8.5 ± 0.29* (n = 3)
1.0 8.5 ± 0.06•� (n = 3)
5.0 8.5 ± 0.58♣♥ (n = 3)

0.2 6.5 5 3.5 ± 0.29 (n = 3)
14 2.5 ± 0.29 (n = 3)
24 0 (n = 3)

2 6.5 5 2.5 ± 0.29 (n = 3)
14 0♠ (n = 3)
24 0 (n = 3)

7 mg/ml 6.5 5 0.5 ± 0.29° (n = 3)
14 0♦ (n = 3)
24 0� (n = 3)

Absence (control) 6.5 5 3.5 ± 0.29° (n = 3)
14 3.5 ± 0.58♠♦ (n = 3)
24 2.5 ± 0.29 � (n = 3)

Notes: *, °, •, �, ♠, ♦, ♣, ♥, , , �—credible differences between two values.

Inactivation of Influenza Virus 
with TiO2 Preparations 

Equal volumes of the suspension of influenza virus
and TiO2 preparations (500 µl) were mixed and incu�
bated at room temperature for 0.5, 1, 5, 14, and 24 h in

wells with a 2 cm diameter of the shielded plastic plate.
The incubation was performed in the dark or under
irradiation by a fluorescent lamp (40�W power)
located at a distance of 160 cm or with an ultraviolet�
light source (30�W power) located at a distance of
25 cm.
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Detection of the Infectious Activity 
of Influenza Virus

Tenfold dilutions of the TiO2�mix preparation and
virus suspension were prepared; then each dilution
was introduced into separate well with MDCK cell
culture and incubated at 37°C for 20 h. The produc�
tion of the infectious influenza virus was assessed in a
reaction of hemagglutination with 1% chicken eryth�
rocytes [8]. Samples of the virus suspension incubated
similarly to a mix with TiO2 were used as controls. All
experiments were performed in triplicate.

An electron microscopy investigation of the interac�
tion between TiO2�1 and the influenza virus was done
using the method of negative staining. A mix of the
nanoparticle suspension with a concentration of 2
mg/ml and an influenza virus suspension with a parti�
cle concentration of 109/ml was incubated at room
temperature for 0, 1, 2, 3, and 5 h. A drop of the mix
was coated onto a copper network with formvar sup�
port and incubated for 30 s; then the excess of liquid
was eliminated with a filter paper and the networks
were incubated in a drop of phosphotungstic acid for
30 s. The preparations were studied using a JEM 1400

electron transmission microscope (Jeol, Japan) at an
accelerating voltage of 80 kV.

RESULTS AND DISCUSSION

The direct action of TiO2�1 nanoparticles on the
influenza virus was studied using an electron micro�
scope; 15–20 units of each network were browsed.
Virus particles mixed with TiO2�1 nanoparticles are
destroyed (Fig. 1). After 15 min of incubation, nano�
particles adhered onto the external surface of the virus
envelope, surface spinules of the virus were glued
together, and the envelope was broken. After 30 min,
the degree of destruction was increased; the virus
envelope was fragmented; a contrasting substance was
penetrated into the virus vesicle and the aggregation of
the virus particles was detected. After 1–5 h of incuba�
tion, virus particles were destroyed; their fragments
associated with nanoparticles were found on networks.
It should be noted that, at all stages of incubation, there
were separate virus particles that still had their normal
structures and did not contact the nanoparticles.

The inactivating effect of TiO2�1 nanoparticles,
which depends on the incubation time, concentration
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Fig. 2. Biological activity of influenza virus treated with nanoparticles and TiO2 suspension (logTCD50/ml): (a) TiO2�1 sample
and (b) TiO2�2 sample. Concentration of TiO2: (�) 0.2 mg/ml, (�) 2 mg/ml, and (�) 7 mg/ml. The dotted line shows the control
influenza virus (without treatment with titanium dioxide).
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of the virus, and concentration of nanoparticles, was
revealed during an investigation of TiO2�1 action on
the virus vitality under daylight illumination (table).

To reveal the mechanisms of the inactivating effect
of the TiO2 nanoform, a comparative investigation of
TiO2�1 and TiO2�2 action on the influenza virus was
performed in the dark, in ultraviolet irradiation, and
during daylight illumination (Fig. 2).

The obtained results show that TiO2�1 nanoparti�
cles express inactivation action on influenza virus
regardless of the presence of daylight illumination or
ultraviolet illumination; this is probably not con�
nected with photocatalytic effects described previ�
ously for TiO2 suspensions [1–3]. It is very likely that
virus inactivation occurs due to the destruction of the
virus envelope by nanoparticles, which results in the
destruction and disintegration of the virion entirely.
The envelope of influenza virus particles is a lipopro�
tein membrane, and it has a structure similar to the
biological membranes of eukaryotic cells [9]. The abil�
ity of TiO2 nanoparticles to enter virus particles that
was revealed in our work may suggest the necessity of a
detailed investigation of this process, since it may be
used for the delivery of biologically active compounds
associated with nanoparticles to a cell. From the other
side, membrane destruction by nanoparticles may
result in cell death, which should be kept in mind dur�
ing the development of preparations on their base. The
inactivating action of TiO2 nanoparticles toward the
influenza virus may be used for the development of
new compounds and ways for disinfections to inacti�
vate the influenza virus.
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