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Abstract The effect of ruthenium content on the reductive activation of the Co/6-
Al,O3 catalyst was investigated using thermal analysis and in situ synchrotron
radiation X-ray diffraction. Data of thermal analysis and phase transformations can
be described by a kinetic scheme consisting of three sequential steps: Co>" —
Co®™ — (Co°Co*") — Co°. The first step is the generation of several CoO clusters
within one Co;0, crystallite followed by their further growth obeying the Avrami—
Erofeev kinetic equation (An;) with dimensional parameter n; < 1, which may
indicate the diffusion control of the growth. The second step is the kinetically
controlled sequential process of the metallic cobalt phase nucleation (An,), which is
followed by the third step of slow particle growth limited by mass transport
according to the Jander model (D). Ruthenium promotion of Co/d-Al,O5 catalysts
significantly accelerates the reduction of cobalt. As the ruthenium content is raised
to 1 wt%, the characteristic temperature of metal phase formation decreases by
more than 200 °C and E, for An, step decreases by 25%. For step D, a joint
decrease in activation energy and pre-exponential factor in case of ruthenium
promotion corresponds to a weaker diffusion impediment at the final step of cobalt
reduction. In the case of unmodified Co/3-Al,O3, the characteristic temperature of
the metal phase formation reaches very high values, the metallic nuclei rapidly
coalesce into larger ones, and the further process is inhibited by diffusion of the
reactants through the product layer. For ruthenium promoted catalysts, each CoO
crystallite generates one metal crystallite; thus, ruthenium enhances the dispersion
of the active component.
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Introduction

Active catalytic sites of supported cobalt catalysts for Fischer—Tropsch synthesis
(FTS) are represented by the metallic cobalt nanoparticles obtained by the reduction
of oxide precursors in a flow of hydrogen-containing mixture or syngas. The
reduction of Co3;04 cobalt oxide and cobalt-containing catalysts was studied by
structural methods (in situ XRD and in situ EXAFS/XANES) using temperature-
programmed heating [1-4]. It was found that the reduction of bulk Co3;0, and any
supported cobalt catalyst consists of two steps: (1) the reduction of Co** cations to
Co>" accompanied by the phase transformation Co;0,* — CoO* (hereinafter, an
asterisk indicates the possible presence of impurity anions and cations of the support
or promoter in the phase composition), and (2) the reduction of Co®" cations to
metallic cobalt, CoO* — Co. Depending on the cationic and anionic composition of
the initial oxide, its dispersion, degree of interaction with the support, and
conditions of experiment (heating rate and partial pressure of hydrogen), the phases
may have strongly different temperature regions of existence and final sizes of
metallic particles [5-7]. Thus, in the case of the cobalt-containing systems
supported on alumina, the spinel-like Co304* phase may comprise Al’" cations:
Co;_,Al,O4 (0 < x < 2), and high degree of reduction to metallic state will require
high activation temperatures. This feature is common for all Co—Al catalysts:
thermal conversion of the supported precursors (salts, hydroxides, double hydrox-
ides) of cobalt is accompanied by the interaction of cobalt cations with the support
or the formation of cobalt-aluminum double oxides from mixed Co and Al
precursor compounds (for example, upon the decomposition of double hydroxo-
carbonates with a hydrotalcite-type structure) [8, 9]. As a consequence, the
formation of catalytically active sites via the reduction of cobalt cations from double
oxides in a flowing hydrogen-containing mixture occurs at a temperature of
500-600 °C and a hydrogen pressure of 0.1-1 atm [1, 3, 10]. However, even at such
a high temperature, not all cobalt cations are reduced to the metallic state. On the
other hand, some metal-support interaction is desirable because it increases
dispersion of the particles due to anchoring of the active component, prevents
migration and sintering, and thus ensures high activity of the catalyst and its
stability [11-13].

A possible way to lower the activation temperature of cobalt-containing catalysts
is the introduction of noble metals, in particular Pt, Pd, Ru or Re. They promote the
reduction of cobalt to metallic state. However, platinum and palladium adversely
affect its selectivity and exhibit their proper activity in the hydrogenation of CO to
methane and light hydrocarbons [14, 15]. At the same time, the introduction of up to
5 wt% of ruthenium decreases only slightly or even increases the selectivity of
cobalt-containing catalysts for high-molecular hydrocarbons. Several research
teams demonstrated that the promotion of Co—Al,Oj3 catalysts with small amounts
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of ruthenium decreases the characteristic temperature of cobalt reduction by
100-150 °C (according to TPR data) and increases the dispersion by a factor of 2 or
more (according to hydrogen chemisorption followed by titration with oxygen)
[14-20]. In [21], hydrogen chemisorption did not show an increase in the dispersion
after the promotion of cobalt catalyst. However, the scanning electron microscopy
study revealed that the fraction of ultradisperse particles (smaller than 6 nm)
decreased from 83 to 49%, while the fraction of 6-12 nm particles (the size optimal
for FTS), accordingly, increased from 17 to 51%.

At least two mechanisms underlying the effect of a noble metal Nm in the
promoted catalysts on the reduction process were proposed. The first mechanism
(hydrogen spillover effect) implies that a noble metal serves as the hydrogen
activation site, which is then transported to cobalt oxide over the support surface
[22-24]. In this case, the effect of the promoter metal can show up even in the
absence of direct contact between Nm and Co. According to the second mechanism,
the effect of Nm on cobalt reduction includes the formation of mixed Co—Nm
compounds during the preparation (synthesis and thermal treatment), the reduction
temperature of which is lower as compared to the precursor of monometallic Co
particles [14, 25-27]. For example, the authors of [26] noted that the oxidative
pretreatment at temperatures above 327 °C is a necessary condition for the
formation of precursors of bimetallic Co—Ru particles in the Co—-Ru-TiO, catalyst.
Precursors of the bimetallic particles and their reduction were investigated in
[4, 14]. It was found that 0.2 wt% Nm (Pd, Pt, Ru) in the composition of Co-SiO,
catalyst can form highly disperse particles of a metallic alloy with Co upon
reduction. Segregation of intermetallic Co—Ru particles with ruthenium enrichment
of the surface was observed in [14]. The formation of bimetallic particles can
explain the observed effect on the catalytic characteristics: the FTS activity of the
catalysts pre-reduced under similar conditions decreases in the series RuCo-—
Si0, > PdCo-SiO, > PtCo-SiO, > Co-SiO,. In [4], the structure of cobalt and
ruthenium compounds in the Ru—Co/SiO, catalyst, which are formed upon
calcination and reduction, was investigated by means of time-resolved in situ
X-ray absorption spectroscopy. It was found that upon reductive calcination, Ru**"
cations are inserted inside Co30,4 nanoparticles. The reduction of the oxidic phase
takes place in two distinct steps at approximately the same temperatures regardless
of the ruthenium content: first to Ru®"-containing CoO nanoparticles (Ru ions
modifying the intrinsic electronic properties of the oxidic nanoparticles), and then to
bimetallic Co nanoparticles containing Ru® atoms, via an autocatalytic process. It
should be noted also that, according to the listed studies, the promotion of catalysts
with Nm facilitates mostly the second-step reduction, CoO — Co. For example, in
[25] the contribution of Pt to Co—Al,O3 reduction is supposedly related to an
increase in the fraction of cobalt that was reduced from the small CoO particles
strongly interacting with the support.

In the present work, the effect of small amounts of ruthenium compounds
introduced into the cobalt—alumina catalyst on the phase composition, kinetics and
mechanism of reduction under non-isothermal conditions was studied using thermal
analysis and in situ XRD.
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Experimental and/or theoretical methods
Catalyst synthesis

The cobalt—alumina catalyst denoted as CoAl was synthesized using deposition by
precipitation under the conditions of urea hydrolysis (deposition by precipitation
with urea, DPU) [3, 28, 29] at a temperature of 90 °C for 5 h. The synthesis was
performed with §-Al,O;, which was obtained by heat treatment of granulated
pseudoboehmite extrudate A-64 (diameter 3 mm, length 4-5 mm, JSC Angarsk
Catalysts and Organic Synthesis Plant) in air at 900 °C for 3 h, and solutions of 3 M
Co(NOs3), (pure, GOST 4528-78) and 10.8 M urea (analytically pure, GOST
6691-77). Upon completion of the synthesis, catalyst granules were separated from
the resulting suspension of disperse Co—Al hydroxocompound, carefully washed
with distilled water and dried in air. Dry precursors of the cobalt catalyst are cobalt—
aluminum hydroxo-nitrate—carbonates with a hydrotalcite-like structure, where the
content of anions depends on the concentrations of working solutions of cobalt
nitrate, aluminum and urea [3, 29].

It was shown in [30] that so prepared catalytic precursors contain at least two
phases of (i) alumina and (ii) layered double hydroxide (LDH) with hydrotalcite-
like structure; the latter originates from the interaction of Co cations with alumina.
Hydrotalcite-like LDH decomposes upon the calcination of the precursor giving
spinel-like mixed cobalt—aluminum oxide, which is as well supported by alumina. In
order to clarify the effect of the alumina support on the process of cobalt reduction,
we have synthesized the unsupported model sample CoAl-M by co-precipitation of
Co”" and AP (Co:Al = 4 at.) from 10% solutions of their nitrates with a sodium
carbonate solution at pH 7.1-7.2 and a temperature of 68-70 °C. According to
X-ray diffraction data, the model sample is the single phase of Co**—AlI*" LDH
with hydrotajcite-type structyre after drying. Refined lattice parameters are
a = 3.08(1) A c= 22.86(1) A. The mean coherent scattering region (CSR) sizes
are estimated as (L,) = 25 nm, (L.) = 8 nm.

All samples were dried at 50 °C for 24 h under an IR lamp and then calcined: the
CoAl catalyst at 350 °C for 1.5 h in flow of Ar and the model CoAl-M sample at
500 °C for 5 h in flow of air. After calcination, the model CoAl-M sample consists
of the single phase of spinel-like oxide; the supposed composition of the oxide is
C02+(C01.4A10.6)3+O4, while the other catalysts under the study were mixtures of
two phases: Co304*, which has the spinel-like structure and §-Al,O3 having the
defect spinel structure.

Ruthenium promoted catalysts were prepared by the incipient wetness impreg-
nation of dry CoAl catalyst granules with aqueous solutions of trans-
Ru(NO)(NHj3),(NO3)3 complex [31] followed by drying at 50 °C in air for 12 h.
The promoted catalysts are denoted as CoRu(x)Al, where x = 0.2, 0.5 or 1.0 is the
target content of ruthenium (wt%) in the promoted catalyst. The cobalt content in all
dry precursors of CoRu(x)AI catalysts varies from 9.1 to 9.4 wt% and corresponds
to the cobalt content of the initial catalyst. The Ru content in the modified dry
samples is by 6-10% lower than the theoretical value; this can be related to the
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presence of impurity anions and water that are not taken into account by theoretical
estimates. Calcination of the precursors in flowing argon up to 350 °C at a rate of
2 °C/min produced a 14-15% weight loss. Thus, the cobalt content in CoAl and
CoRu(x)Al oxide catalysts is 10.5-10.9 wt% (data on the elemental content are
listed in Table 1).

Bulk Co3;0,4, which was used as the reference sample, was obtained by
calcination of cobalt carbonate in air at 600 °C for 3 h.

X-ray diffraction study

In situ XRD experiments were carried out at the Siberian Synchrotron and Terahertz
Radiation Center, Novosibirsk, Russian Federation, on an X-ray powder diffrac-
tometer mounted on SR Beamline No.6 of VEPP-3 electron storage ring. The
diffractometer consists of monochromator, set of beam collimating slits and
position-sensitive X-ray detector. The Ge(111) or Si(111) crystal acting as a single
reflection monochromator deflects the monochromatic beam upward at ~30° and
provides the monochromaticity of ~(2-3) x 10~*. The operation wavelength is
1.731 or 1.643 A. The parallax-free position-sensitive detector OD-3M-350
produced by Budker Institute of Nuclear Physics, Novosibirsk, Russian Federation,
collects X-ray diffraction patterns within angular range of about 30° with a
resolution of ~0.01°.

The diffractometer is equipped with an X-ray high temperature reaction chamber
XRK-900 (Anton Paar, Austria) allowing the experiments under non-ambient
conditions in oxidation/reduction/inert atmosphere and high temperature up to
900 °C. The sample is loaded into the open sample holder, which permits the
reaction mixture to pass through the powder sample, and is mounted in the reaction
chamber.

The reduction was performed in hydrogen generated by a Varian Aerograph 9225
water electrolyzer. Hydrogen was subjected to a two-step desiccation in columns
with silica gel as the humidity indicator. The gas flow rate was 15 cm?sp/min.
X-ray diffraction patterns were recorded each minute within the 26 angular range of

Table 1 Elemental composition, lattice parameters of cobalt-containing phases, and weight losses of
cobalt—alumina catalysts

Catalyst Content in Lattice parameters of phases, A Weight loss upon
calcined reduction, %
sample, wt%

Co Ru Co30,4* (30 °C) CoO* (273 °C) Co° (570 °C) Step 1  Step 2°

CoAl-M 454 - 8.09 4.24 3.60 6.1 17.9
CoAl 109 - 8.07 4.26 3.58 2.0 4.5
CoRu(0.2)Al 10.6 0.21 8.07 4.25 3.58 1.8 4.8
CoRu(0.5)Al 10.5 052 - - - 1.7 4.9
CoRu(1.0)Al 10.8 1.08 8.07 4.23 3.58 L5 5.4

4 Up to 900 °C
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31-58° with an exposure time of 1 min/frame. The heating rate was 3 °C/min. XRD
patterns of the support were recorded upon heating in air at 3 °C/min to 700 °C.

Processing of experimental data

Since the support phase 5-Al,Os, which is present in the catalysts, has defects, its
structure cannot be refined by the Rietveld method in a perfect crystal approxi-
mation. So, this phase was accounted for as the “hkl phase”. X-ray diffraction
patterns of the support, which were taken in a wide temperature range similar to the
patterns of catalysts, were used to determine unit cell parameters of the support
(symmetry space group P4,2,2) as well as the intensity ratio of peaks by the Le Bail
method [32].

Peaks of the deposited component and support phases were separated in a zero
approximation under the assumption that the structure of support does not change
after deposition of the active component, drying and calcination (before the
reduction). So, the intensity ratio and shape of peaks (the peak widths and the ratio
of Lorentzian and Gaussian functions in pseudo-Voigt function chosen to describe
the peaks) of the support were fixed. At the same time, unit cell parameters of the
support were refined because they changed due to thermal expansion. At higher
temperatures (the reduction to metallic cobalt), a new refinement of the Akl phase of
the support was made, i.e. a new intensity ratio and shape of the peaks were
determined by the Le Bail method. Peaks of the support and metallic cobalt overlap
only slightly, so the data obtained for the support phase are quite correct. Within the
temperature region of existence of the CoO phase, the second (high-temperature) set
of data for the support was taken as a base with possible small deviations.

Lattice parameters, average sizes of coherent scattering region (CSR), and weight
fractions of all supported phases were found by the Rietveld method in TOPAS
software (Bruker, Germany) with simultaneous refinement of parameters for the ikl
phase of the support. The mean size of the error of CSR is 10% for intervals of the
existence of a single phase; in cases where two phases coexist—20%.

Thermal analysis

The reduction kinetics of cobalt catalysts was investigated by thermal analysis;
thermogravimetry curves (TG and DTG) were recorded on a Netzsch STA 409 PC
Luxx instrument. The measurements were made with the use of Pt-Ir crucibles. A
100-mg powdered sample was used in the study. Thermal curves of the samples
were recorded in a range from 50 to 900 °C at heating rates of 3, 6 and 12 °C/min in
a mixture of argon and hydrogen. A 20 cm®srp/min hydrogen flow was mixed with
a 20 cm’stp/min flow of shielding gas (argon) from balance. The total gas flow
around the sample was 40 cm’grp /min with a molar ratio of Hy:Ar = 1. To take
into account the buoyancy (the Archimedian force and viscous friction of the gas
flow), each measurement of the reduction kinetics of catalysts was preceded by
determination of the correction curve: TG and DTG curves of corundum were
recorded using the same weight of the sample, the same heating rate, crucible and
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atmosphere. To estimate the effect of heat and mass transfer, a series of the same
experiments was carried out with a smaller (20 mg) sample of CoAl catalyst. The
reduction kinetics of individual Co;0, oxide was studied for comparison purposes.

The Netzsch Kinetic 3 program package was employed for selection of kinetic
models, calculation of kinetic parameters, and description of kinetics by the
Friedman and Ozawa—Flynn—Wall model free methods.

Results and discussion

Evolution of the phase composition and structure of catalysts
during non-isothermal reduction

Fig. 1 displays experimental DTG profiles for the reduction of model sample and
catalysts in dependence on temperature at three heating rates.

For all the samples, cobalt reduction from the oxide precursors to Co® occurs in
two main steps associated with weight losses. Weight losses of the samples and data
on their elemental composition are listed in Table 1. Fig. 2 displays the X-ray
diffraction patterns for CoAl-M, CoAl, CoRu(0.2)Al and CoRu(1.0)Al obtained
in situ upon reduction in a 100% hydrogen medium at a heating rate of 3 °C/min.

The model sample CoAl-M is the single phase of Co—Al mixed oxide with spinel
like structure, a = 8.09 A. The initial structure of the catalysts is a mixture of two
phases: Co304*, which has the spinel-like structure with the lattice parameter of ca.
8.07 A, and 0-Al,05 having the defective spinel structure, lattice parameters
a=796 Aandc =234 A, and the average SCR size of the support phase equal to
8.4 nm. The Co304* phase may comprise also aluminum cations; X-ray diffraction
data cannot be used to determine the amount of aluminum in the spinel-like phase
because Co304 oxide and Co-Al oxides of different composition (CoAl,Oy,
Co0,AlQy,, oCoxAlyO4,Z) are known to have very close lattice parameters,
8.06-8.10 A.

The processes accompanying the treatment of unmodified calcined CoAl catalyst
can be conventionally divided into two main steps, which are denoted in Fig. 1 as |
(Co304* — CoO*) and II (CoO* — Co").

The preceding low-temperature effect of ca. 0.6 wt% weight loss in the
temperature region below 200 °C corresponds to the removal of impurity anions and
water: no significant changes are seen on X-ray diffraction patterns in this
temperature region. It should be noted that the removal of impurity anions is
incomplete in the indicated temperature region: thermal analysis data testify that a
considerable part of impurity anions is removed from the sample at elevated
temperatures upon reduction of cobalt cations. Indeed, even a complete reduction of
11 wt% cobalt to the metal from Co3;0, oxide should be accompanied by only a
4 wt% weight loss of the sample, but the actual weight loss upon heating in a
hydrogen flow up to 900 °C is greater by 2.5-2.8 wt%. The greater weight loss may
be caused also by a nonstoichiometric composition of the oxide: according to
magnetic susceptibility data [10], in the Co—Al (1:1 at.) catalyst synthesized by co-
precipitation and calcination in flowing inert gas at 450 °C, the fraction of Co"
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Fig. 1 DTG profiles for the | Il
reduction of alumina supported
cobalt catalysts in a range from
50 to 900 °C: (a) CoAl-M,

(b) CoAl, (c) CoRu(0.2)Al,

(d) CoRu(0.5)Al,

(e) CoRu(1.0)Al at heating rates
3, 6 and 12 °C/min in a mixture
of 50% Ar/50%H,. Labels
indicate the maximum rates of
weight change at a heating rate
of 3 °C/min

DTG-signal, a.u.

—— 3°C/min
———- 6°C/min
.................... 12 °C/min

267

0 200 400 600 800 1000
Temperature, °C

cations constituted 42% of the total cobalt content in the oxide. The superstoichio-
metric content of trivalent cobalt can be responsible for the greater weight loss of
the sample upon reduction. However, this is only a partial explanation even if the
entire cobalt is supposedly in the Co>" state. In this connection, the greater weight
loss upon reduction reliably indicates the removal of impurity ions (OH™, CO5*",
NO; 7). Ruthenium promotion does not exert a substantial effect on the weight loss
during the catalyst reduction. Some redistribution of the weight loss from the first
step to the second one is caused by shifting of the second step temperature range
toward lower values and by a worse resolution of the observed processes. Note that
the weight loss upon reduction of the model CoAl-M sample (24 wt%) is close to
the theoretical value estimated from the stoichiometry of Co3;0, oxide (23.5 wt%).
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Fig. 2 X-ray diffraction patterns taking into account the support phase (solid line under XRD patterns)
for CoAl-M (a), CoAl (b), CoRu(0.2)Al (c), and CoRu(1.0)Al (d), which were obtained in situ upon
reduction in 100% hydrogen at a heating rate of 3 °C/min. Arrows indicate the temperature region of
presence of cobalt phases. Numerals denote interplanar distances, A

In the temperature range of 180—400 °C, XRD patterns of the CoAl sample show
a decrease in the intensity of diffraction maxima with interplanar distances 2.8, 2.4
and 2.0 A, which are typical of the Co3;04* spinel-like structure (PDF#421467,
daoo = 2.8580 A, dsy; = 2.4370 A, dupo = 2.0210 A), and the appearance of
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diffraction maxima with interplanar distances 2.4 and 2.1 A, which are typical of
the CoO* structure (PDF#431004, d;; = 2.4595 A, dypo = 2.1300 A). This
temperature range with T, = 256 °C, which is denoted in Fig. 1 as (I),
corresponds to the reduction of Co®" cations in cobalt-containing oxides to Co**.
The CoO* phase obtained at this step has the NaCl-type structure. Despite of
thermal expansion, the lattice parameter in the temperature region of 200400 °C is
equal to that of CoO at room temperature, a = 4.26 A (PDF#431004). A possible
reason is that CoO* contains quite a large number of A" ions, the ionic radius of
which (r = 0.54 A in an octahedral environment) is smaller as compared to that of
Co’™" cations (r = 0.65 A).

The next reduction step is characterized by the disappearance of the CoO* phase
and formation of the metallic cobalt phase with a defect structure, which is
represented by alternating domains with fcc and hep structures. The microdomain
structure manifests itself by the presence of both fcc (PDF#150806,
diy = 2.0467 A, dygo = 1.7723 A) and hep (PDF#050727, djgo = 2.1650 A,
dooo = 2.0230 A, dyo; = 1.9100 A) reflections slightly shifted to lower angles.
Therewith, the 111¢. peak is much narrower than the 200 peak, which in addition
is shifted to lower diffraction angles. An additional broadening of the 200y peak is
caused by a small thickness of domains with fcc packing in metallic cobalt particles.
So, lattice parameters were determined using only the peak with the interplanar
distance d = 2.07 A corresponding to 11lg. and 002y, peaks (the distance
between close packed layers in both structures). The calculated interplanar distance
dezo °C = 2.07 Ais higher than tabular values for interplanar distances d;;; (fcc)
and dgq; (hep); this is caused by thermal expansion: estimation from dy; = 2.047 A
(PDF  #150806) and op = 13 x 1079 K™! gives at 630 °C the value of
dy;; = 2.06 A, which is equal to the experimental value within the accuracy of
the analysis.

For the CoAl catalyst, the formation of metallic cobalt proceeds in a wider
temperature range, from 400 to 600 °C, with a maximum weight loss at 550 °C. At
temperatures above 600 °C, the reduction of cobalt aluminates with a high
aluminum content takes place; this process may terminate at temperatures above
1000 °C.

For the model CoAl-M system, the characteristic temperatures of reduction steps
and the temperature regions of existence of phases are by ca. 50 °C higher as
compared to the CoAl catalyst. The higher reduction temperature may be caused by
the formation of a better crystallized cobalt—aluminum spinel at a higher treatment
temperature (500 °C). Lattice parameters of all the phases are close to the
corresponding values for the CoAl catalyst.

The introduction of ruthenium precursor into the cobalt—alumina catalyst shifts
the temperatures of both reduction steps, Coz;04* — CoO* — Co, to lower values.
The dependence of T..x shift on the content of introduced ruthenium is less
pronounced at the first step of reduction: T, decreases by ca. 100 °C for all the
promoted samples, and more pronounced at the second step: as the Ru content is
raised to 1 wt%, T ,ax> decreases by more than 250 °C. The lattice parameters of all
the phases are close to the corresponding values of the model and CoAl samples.
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Model free analysis of the hydrogen reduction kinetics of cobalt—-alumina
catalysts upon temperature elevation

The calculation of kinetic parameters from TG curve is based on the following
formal kinetic equation:

do do E,

= b= k() = Aexp (- o)) n
Here o is the degree of process completion, 7 is the time, T is the temperature, B is
the heating rate (K/min), f{o) is the kinetic model, k(7) is the rate constant that
depends on temperature according to the Arrhenius equation with parameters
A (pre-exponential factor) and E, (activation energy), and R is the universal gas
constant.

In the case of the model method, parameters of the theoretical model are chosen
so as to ensure the better description of the experimental do/dt dependence. In such
approximation, the analytical dependence do/dr = k(T)-f(o) is specified, and
numerical nonlinear regression methods are employed to choose the optimal
kinetic parameters.

In the case of the complex processes comprising several sequential-parallel
steps, isoconversional methods are appropriate: the Friedman isoconversional
differential method [33] and the Ozawa-Flynn—Wall isoconversional integral
method [34, 35]. Isoconversional methods make it possible to obtain dependences of
the apparent activation energy on the process depth irrespective of the process
mechanism and f(o) function characterizing the process.

If the Friedman method is employed, Eq. 1 takes the following form:

In (ﬁ j—;i) =In{A,f (o)} — % (2)

Since f{o) is constant at any fixed « value, the dependence of the logarithm of
conversion rate do/dr for each heating rate 3 on 1/7, is the line with the slope equal
to E./R, and its y-intercept is equal to In{A,f{«)}. The pre-exponential factor is
commonly assessed using the Arrhenius equation under the assumption of the first
order reaction flo) = (1 — o) with averaging over all dynamic heating rates.

The Ozawa—Flynn—Wall method employs the following integral equation:

1
E, R do
Inf = —1.052 53305 —Ind —— [ 2% 3
np RT, T "MAE, ) 1@ 3)
0

For the data obtained by a series of measurements with different heating rates f§
at a fixed conversion o, according to Eq. 3, the dependence of In(f5) on 1/T,, will be
the line with the slope equal to —1.052 E./R.

The kinetic study of solid-phase reduction of the catalysts under consideration
and bulk Co;04 was based on the Friedman and Ozawa—-Flynn—Wall model free
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approaches. Results of the study are presented as dependences of the apparent
activation energies on the process depth (Fig. 3).

As seen on the energy profiles obtained by both methods, a complete reduction of
the model system and supported catalysts starts from the reactions with lower E,
values and proceeds by the reaction route with a non-uniform growth of E,, which
testifies that the process consists of several steps.

The apparent activation energies of bulk cobalt oxide are much lower as
compared to all the cobalt—alumina catalysts examined in our work. At a maximum
reduction rate of bulk Co3;0,, the E, values for the first and second steps were

(a)

E./(kJ/mol)

2001

(b)

E./(kJ/mol) 152+3

160
120
80

40

LI B B B B S e B B S B S e e e e S B e e e e e e e | T T

0 0.2 0.4 0.6 0.8
fract. mass loss

Fig. 3 Dependences of the apparent activation energies on the reduction process depth of alumina
supported cobalt catalysts obtained by a Friedman and b Ozawa—Flynn—Wall methods: /—CoAl-M, 2—
CoAl, 3—CoRu(0.2)Al, 4—CoRu(0.5)Al, 5—CoRu(1.0)Al, 6—Co0304. Numerical labels correspond to
E, values at the sites of maximum conversion rate (Ty,,x on DTG curves obtained in a range from 50 to
900 °C at heating rates 3, 6 and 12 °C/min in a mixture of 50% Ar/50%H,), vertical dotted lines on the
Friedman profiles indicate the accuracy of the method for CoAl
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31 £ 5 and 56 + 2 kJ/mol by the Friedman method and 39 + 4 and 42 + 5 kJ/mol
by the Ozawa—Flynn—Wall method. The introduction of aluminum into the oxide
composition (CoAl-M model sample and CoAl catalyst) produces a sharp increase
in the apparent values of activation energy. For the CoAl catalyst, at the sites of
maximum conversion rate EP(oy,.x &~ 0.2) reaches 102 + 10 (Friedman) and
97 + 3 (Ozawa—Flynn—-Wall) kJ/mol, and E8(oy. ~ 0.7) is 125 £ 25 and
118 % 15 kJ/mol, respectively. Profiles of the model CoAl-M sample and CoAl
catalyst coincide at the first step. However, the second step is characterized by a
monotonic growth of apparent activation energy for the model sample, which may
be caused by a monotonic increase in the aluminum content of the mixed oxide
accompanying the reduction of cobalt and its transition from the oxide to the
metallic phase. The maximum at o & 0.3, i.e. in the region of a drastic change of
the process rate between two steps, seems to be an artefact caused by an error in
determination of conversion o. In the case of the ruthenium promoted samples, this
error did not produce such an artefact because steps (I) and (II) are less resolved.

The apparent activation energies of all Ru-modified samples are much lower, and
the Friedman and Ozawa—Flynn—Wall profiles are similar within the accuracy of the
method. The maximum conversion rate at the first reduction step slightly shifts
toward lower conversions with a decrease in E, by ca. 30%, while the maximum
rate of the second step shifts considerably with a decrease in E, by ca. 40%. At
a > 0.65, E, values for the CoRu(0.2)Al catalyst are much lower as compared to the
catalysts having a greater amount of ruthenium and, in distinction to them, the
activation energy does not increase in the course of reduction.

Modeling of the hydrogen reduction kinetics of cobalt-alumina catalysts
upon temperature elevation using regression analysis methods

To analyze the possible reduction mechanism of cobalt, experimental kinetic
dependences do/df were simulated by regression analysis methods. Models were
fitted to experimental TG curves for the CoAl catalyst with exclusion of the first
effect, whose weight loss constitutes ca. 0.6% (Fig. 4). The corresponding value of
the apparent activation energy obtained by model free methods was chosen as the
initial value of activation energy for each step.

As the reduction of CoAl, CoRu(x)Al catalysts consists at least of two
consecutive reactions Co;0,4* — CoO* and CoO* — Co’, the primary search for
models was performed for the two-step kinetic scheme A — B — C. The search for
models to the indicated mechanism has revealed that:

(1) Within the two-step kinetic scheme, experimental thermal curves for all the
catalysts correspond most closely to the sequence of An; and An, steps, each
of the steps being described by the extended Johnson—-Mehl-Avrami—
Erofeev—Kolmogorov (JMAEK) equation, which is known also as the
Avrami-FErofeev equation:

[—In(1 — 2)]"/"= ket (4)
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Fig. 4 A comparison of experimental TG data (dots) in a range from 50 to 900 °C at heating rates 3, 6
and 12 °C/min in a mixture of 50% Ar/50%H, and the best theoretical approximation (/ines) of thermal
reduction curves by different mechanisms: A—(An;) - B—(An,) — C for CoAl-M (a), CoRu(0.5)Al
(¢) and A—(An;) » B—(An,) » C—(D) —» D for CoAl (b), CoRu(0.5)Al (d), CoRu(0.2)Al (e),
CoRu(1.0)Al) (f). An is the Avrami—Erofeev model, and D is the Jander model of 3D diffusion

The dimensional parameters n; and n, are below 1: ca. 0.5 & 0.05 for the
catalysts, and 0.6-0.7 for the model CoAl-M sample.
(2) For the model CoAl-M sample, the IMAEK equation of An, adequately

describes the second step (CoO* reduction) until completion of the process
(Fig. 4a).
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However, the inhibition of the reaction was experimentally observed for both
unpromoted and ruthenium promoted catalysts upon conversion of the last 30—40%,
whereas the Avrami-Erofeev equation predicts a much more sharp termination of
the process (exemplified by the CoRu(0.5)Al catalyst on Fig. 4c). The experimen-
tally observed inhibition of the reaction may indicate an impediment to the
reduction process, for example, due to diffusion of reactants/products.

Indeed, when the consecutive mechanism A — B — C was supplemented with
the additional consecutive step C — D, which is controlled by three-dimensional
diffusion and described by the Jander equation (D):

= (=) = ke (5)

The kinetic parameters obtained by the An; and An, equations within the two-step
scheme were fixed, the best fit of the model curves to experimental data was
obtained (Figs. 4b, 4d, 4e, 4f).

Thus, a complete reduction of cobalt catalysts can be described as the
consecutive process:

Co+ A o2t A (Co®, Co™) L. co°

This kinetic scheme was used to determine the activation energy E,, the logarithm
of pre-exponential factor (log A), and the fraction of the step in a complete con-
version (FollReact.) at approximately similar correlation coefficients (Table 2).

One can see in Table 2 that the introduction of 0.2-0.5 wt% Ru into the catalyst
decreases the activation energy of all three consecutive steps of the process; the
most pronounced difference (80 kJ/mol) is observed for the final step controlled by
diffusion. It should be noted that the decrease in activation energy of the first two

Table 2 Kinetic parameters of the reduction of CoAl and CoRu(x)Al catalysts determined for the kinetic
scheme A - B — C — D that comprises two consecutive steps obeying the JMAEK equation and the
third step of 3D Jander diffusion

Sample CoAl-M CoAl CoRu(0.2)Al CoRu(0.5)Al CoRu(1.0)Al
An;
E,, kJ/mol 101 £ 7 107 £ 7 102 £ 10 85 +7 85+ 14
log A, s~ 6.3 + 0.7 7.7+£0.7 89+ 12 8.1+ 0.9 82+ 1.8
FollReact. 0.27 0.26 0.22 0.23 0.23
An,
E., kJ/mol 134 £ 4 120 £ 5 102 +£3 98 +3 90 +5
log A, s~ 52+£02 47 +0.3 53+02 57+£03 52+£05
FollReact. - 0.60 0.61 0.60 0.57
D
E,, kJ/mol - 186 + 31 112 £ 12 100 £ 7 91 £ 10
log A, s™! - 47 +2 22+ 0.6 1.9 £0.5 1.5 £ 0.6
Correlation coefficient 0.99956 0.99980 0.99963 0.99966 0.99953
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kinetic steps is accompanied by an increase in pre-exponential factor. On the
contrary, at the diffusion-controlled step the decrease in activation energy linearly
correlates with the logarithm of pre-exponential factor:

InA =aE,+b (6)

It means that the so-called “kinetic compensation effect” takes place at this step.
The compensation effect occurs here because the third step (D) is a chemical
process the kinetics of which is complicated by mass transfer processes (the Jander
model). Accordingly, the apparent activation energy and the pre-exponential factor
depend on the ratio of rate constants of the chemical process and mass transfer
coefficient: in the case of tough diffusion control of the process, the apparent
activation energy approaches the activation energy of cobalt cations diffusion in the
oxide (CoAl catalyst), while weakening of the control brings the apparent activation
energy close to the activation energy of the chemical reduction of Co*"
(CoRu(1.0)Al catalyst). This gives rise to the correlation shown in Eq. 6 [36]. A
joint decrease in the activation energy and pre-exponential factor in the course of
ruthenium promotion corresponds to a weaker diffusion impediment at the final step
of cobalt reduction.

The absence of compensation effect at the first two kinetic steps does not mean
that mass transfer processes do not complicate their occurrence. On the contrary,
nonintegral value of the n order in the Avrami—Erofeev equation may indicate that
the interface propagation rate is described by the parabolic law and is proportional
to (Dt)o'5 (here, D is the diffusion coefficient); this testifies to the diffusion-
controlled growth of the product nuclei [37, 38]. In this case, the 0.5 order may
indicate instantaneous nucleation (or a complete coverage of the external surface of
reacting phase with the compactly growing nuclei) followed by the diffusion-
controlled one-dimensional growth. However, it should be mentioned that such
interpretation of parameters of Eq. 4 is correct only if processes are examined under
isothermal conditions. It is known that the simulation based on the data of kinetic
experiments under non-isothermal conditions may give incorrect values of kinetic
parameters [39, 40]. Thus, the actual mechanism can be revealed and real values of
kinetic parameters can be obtained by comparing the kinetic modeling data obtained
under non-isothermal conditions with the data obtained under isothermal conditions.
Unfortunately, the kinetic study of the reduction of Co—Al catalysts under
isothermal conditions is a difficult and unusual problem requiring big time
intervals; so, we could not perform such studies under available conditions. If it is
difficult or impossible to run the process under isothermal conditions, kinetic
modeling data can be compared with the data acquired by isoconversional methods
[40].

In our case, the values of kinetic parameters obtained by the model method for
the reduction of CoRu(x)Al catalysts and CoAl-M are close to the values acquired
by isoconversional methods and agree well with the published data on the reduction
kinetics of bulk CozO4 and supported cobalt catalysts under non-isothermal
conditions [41-45]. However, some authors proposed other kinetic models
describing the process of cobalt reduction. In [41], kinetic dependences obtained
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by TG method were used to describe both steps of Co;O,4 reduction in a pure
hydrogen medium by the model of autocatalytic reaction using the extended Prout—
Tompkins equation:

do E.\ . "
EAexp<ﬁ>oc (1 —a) (7)

The values E, ~ 87 kJ/mol and log A = 6.2 were used. In the indicated work,
the mechanism is represented by two consecutive (parallel, according to the authors)
reactions with a 88% completeness of the second step. Unfortunately, the authors
did not reveal the physical meaning of parameters m and n in the Prout-Tompkins
equation (m; = 0.068, n; = 0.151 and m, = 0.94, n, = 0.928).

The reduction kinetics of Co/SiO, catalysts was investigated by TPR and TG
methods in [43, 45]. In [43], the first step of the reduction process was described by
a model of two-dimensional nucleation using the Avrami—Erofeev equation with
apparent E, = 94.4 kJ/mol, while for the second step a model of the first order
monomolecular reaction with apparent E, = 82.9 kJ/mol was proposed. The
authors of [45] described the first step of reduction by the Avrami—Erofeev model
with n = 1.5 and E, = 104 kJ/mol, and the second step—by the second order
equation with E, = 118 kJ/mol.

The analysis of the reduction kinetics of cobalt—alumina catalysts is reported in
[41, 44]. Ji and co-authors [42] estimated E, values for two steps of the reduction of
Co(15%)—-Al,05 catalyst using the model free Kissinger method and H,-TPR data
(10%H,/Ar). The activation energy was found to be 90 and 95 kJ/mol, respectively.
In [44], the Kissinger method was applied to the data on spontaneous magnetization
measured at three heating rates in 100% hydrogen. The activation energy for the
formation of metallic cobalt phase was estimated as 130 kJ/mol for Co/Al,O3; the
introduction of Pt (1 wt%) was shown to decrease the apparent E, to 60 kJ/mol.

A comparison of thermal analysis and in situ X-ray diffraction data.
Evolution of CSR sizes of cobalt-containing phases during reductive
activation

All theoretical kinetic models are based on some assumptions (for example,
particles of the reacting phase have similar shape and size) and/or do not take into
account the possible occurrence of other processes (for example, the reduction of
Co304 to CoO is accompanied by a weight loss caused by the removal of water and
adsorbed ions). So, when discussing the mechanism of cobalt reduction, thermal
analysis data should be considered together with the data obtained by other
methods, such as in situ TEM, in situ XRD or in situ XANES.

Crystallochemical concepts of the reduction of pure Co3;0, are reported in [5, 6].
TEM experiments showed that the growth of CoO occurred in an epitaxial manner
on Coz04 with CoO(111) planes parallel to Co3;04(111) planes [5]. At the next
stage, CoO was reduced to Co and again epitaxial growth with Co(111) parallel to
CoO(111) was observed. It was found also that the particles with the size of ca.
5 nm and rounded shape have more structural defects and are completely reduced to
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the metal at 300 °C in a 100% hydrogen medium, whereas the particles larger than
12 nm that are represented by well crystallized polyhedra are reduced incompletely
and have oxidized cobalt species Co304 and CoO. As the reduction temperature of
Co30,4 with the particle size of 12 nm and larger is raised, a relative amount of CoO
decreases, and the particles reduced at 500 °C have only the Co3;0,4 and Co phases.
Thus, the authors suppose that the reduction of CoO to Co is the autocatalytic
process. In [6], the in situ TEM study revealed that at a hydrogen pressure of
0.1 mbar the reduction of Co3z0,4 to CoO proceeds via the formation of an advancing
atomic scale interface between Co3;0, and CoO regions. The interface penetrates
further into the Co304 crystal, with the CoO regions replacing the previous Coz0y4
structure, with increasing reduction. The reduction to CoO proceeds at approxi-
mately 200 °C at rounded edges containing atomic steps on the surfaces. A
temperature of 450 °C was required to reduce CoO to the metal at a hydrogen
pressure of 3 mbar. In the process, Co metal forms small clusters on the crystals and
eventually spreads, forming a Co shell.

In [2, 13, 46, 47], the reduction of supported cobalt-containing systems was
studied by in situ XRD in a 100% hydrogen medium. The reduction of bulk Co304
having a defect spinel structure proceeds in the region of 350-400 °C and results in
the formation of the metallic phase with the hcp structure. In supported systems, the
initial Co304 spinel phase has a defect structure due to interaction with the support
and is reduced at higher temperatures. Therewith, the metallic phase is present
mostly as the fcc structure [2, 13]. A recent temperature differential ferromagnetic
nuclear resonance study [48] showed that metallic particles with the size of
3-10 nm in carbon-supported cobalt systems are represented predominantly by the
hep structure and are most active in FTS. Accordingly, larger particles have mostly
the fcc structure.

In situ XRD data allow estimating the evolution of CSR sizes of cobalt-
containing oxides and metallic cobalt in the observed consecutive chemical
reactions Co30,* — CoO* and CoO* — Co’.

Fig. 5 shows experimentally estimated CSR sizes of cobalt-containing phases in
the tested catalyst samples and model CoAl-M sample versus the reduction
temperature.

As seen on Fig. 5, the dependences of average CSR sizes on the reduction
temperature for the model sample and supported unmodified catalyst are quite
similar but differ from that of ruthenium promoted catalysts. For all the samples, the
initial CSR sizes of the Co3;04* phase are in the range of 5-11 nm. For the model
sample, the average CSR sizes of the initial Co3O4* phase are somewhat higher as
compared to the supported unmodified catalyst, which may be caused by the
formation of the cobalt oxide precursor (hydrotalcite) during precipitation in the free
volume of solution rather than on the support surface. The introduction of ruthenium
into the catalyst increased the CSR sizes of the initial oxide phase; however, the
CSR size of the metallic cobalt phase formed at 400-500 °C was somewhat lower as
compared to unmodified catalyst: 4-5 nm against 67 nm. This verifies the earlier
reported observations indicating that ruthenium promotion increases the dispersion
of metallic cobalt particles [14-20].
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Fig. 5 Dependences of
experimentally estimated CSR
sizes (shaded symbols left
ordinate) and relative amount of
the phase of cobalt-containing
phases (hollow symbols right
ordinate) on the reduction
temperature which were
obtained in situ upon reduction
in 100% hydrogen at a heating
rate of 3 °C/min: a CoAl-M,
b CoAl, ¢ CoRu(0.2)Al,

d CoRu(1.0)Al
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At the first reduction step (for CoAl catalyst, this is the temperature range of
150-400 °C), the (Co, Al);O,4 spinel-like phase transforms into the CoO* oxide
phase having the NaCl-like structure. Changes in the intensity of diffraction lines
corresponding to the (Co, Al);04 phase are accompanied by their broadening, which
testifies to a decrease in the observed CSR size. This may be caused by both the
decrease in the particle diameter of the phase (in some cases, the CSR size is an
adequate estimate of the particle diameter) and the increase in the concentration of
defects in (Co, Al);04 oxide particles. The initial CSR size of the (Co, Al);0,4 phase
in CoAl catalyst is ca. 6.6 nm. Just before the disappearance of diffraction maxima
of this phase from diffraction pattern of the catalyst in the region of 350 °C, the
CSR size can be estimated as 2.7 nm. Evidently, the diffraction maxima of the (Co,
Al);0,4 phase cannot be identified at higher temperatures due to their low intensity
and large width. It seems reasonable to suppose that the transformation of the (Co,
Al);04 phase was accompanied by a monotonous decrease in the particle sizes of
the phase until a complete disappearance of the particles.

Along with decreasing the amount of the (Co, Al);0,4 phase, the appearance of
reflections from the CoO* phase is observed; an increase in intensity of the
diffraction maxima of CoO* is accompanied by narrowing of the lines. In the region
of ca. 340 °C, where the conversion of (Co, Al);0,4 to CoO* is close to completion,
the CSR size of CoO* is ca. 3.8 nm.

A comparison of the dynamics of decreasing the CSR size with the dynamics of a
simultaneous decrease in the amount of (Co, Al);0O4 phase showed that the CSR
shape did not remain constant in the process. Thus, at 280 °C the CSR size of (Co,
Al)304 is ca. 3.0 nm. Assuming a constant CSR shape, this 45% decrease in its size
corresponds to a sixfold decrease in the volume (V o< d3); however, data on the
intensity of X-ray diffraction lines indicate that at this moment only ca. 50% of the
(Co, AD)304 oxide was converted to CoO*. Hence, it should be supposed that the
process of cobalt reduction and (Co, Al);0, transformation to CoO* is accompanied
by the formation of several nuclei in the oxide particle. This agrees with the results
of modeling the process kinetics by regression analysis methods—the best
description of the process is obtained with the JIMAEK equation.

The molar volume of Co;04 oxide is 22.0 A3/atC0 or 1.33 x 10™> m*molc,
(PDF#421467). Accordingly, a CSR with the size of 5.5 nm contains ca.
7.9 x 107" mol Co (approximately 7500 atoms). (For definiteness, the cubic
shape of CSR was assumed; this is not essential for further reasoning). After the
reduction to CoO oxide (the molar volume of 19.2 A3/atc(, or 1.16 x 107°
m3/m01C0, PDF#431004), the cobalt amount indicated above will fill the 144 nm’
volume, which corresponds to the size of 5.2 nm with the retained CSR shape. The
experimentally observed CSR size of the CoO phase is 3.0 nm, and volume of one
CSR with such a size will be ca. 27 nm® under the assumption of the same cubic
shape; hence, after the reduction to CoO*, cobalt oxide that constituted one CSR of
the initial Co30,4 phase transforms into several (in this case at least into five)
coherent scattering regions of the new phase. This suggests that at least a part of
APPT cations of the initial spinel-like oxide, the presence of which in the CoO*
phase is possible only due to violation of the oxide stoichiometry, is displaced to the
interdomain boundary, ie. to the surface of the growing CoO* particle.

@ Springer



Reac Kinet Mech Cat (2017) 120:501-525 521

Accordingly, upon the completion of the reduction, AI*" cations are located at the
interdomain boundary and stabilize such a small size of the domain (CSR) of CoO*
oxide. The above discussed features of the first reduction step are as well typical of
the model sample. The initial observed CSR size of (Co, Al);0,4 phase was 11 nm,
and the CSR size of form CoO* was 7.7 nm. Assuming the similarity of the CSR
shape, one CSR of Co;04* is converted into 3 CSR of CoO*. The ruthenium
promotion of catalyst has a significant impact on the Co30,4* reduction process and
leads to significantly fewer crystallites CoO* from the original spinel-like oxide
phase. Thus, one CSR of (Co, Al);0, transforms into 2 and 1 CSR of CoO* for
CoRu(0.2)Al at 260 °C and for CoRu(1.0)Al at 160 °C, correspondingly.

The second reduction step, which relates to the formation of metallic cobalt
particles, takes place in the temperature range above 340 °C for the CoAl catalyst.
However, the width of the CoO* phase diffraction lines remains almost unchanged
until their disappearance at 470 °C, the corresponding CSR size of CoO* is
2.9-3.0 nm. The metallic cobalt phase can be identified on diffraction patterns only
at above 445 °C with CSR ca. 2.5 nm, despite the fact that only about 30% of the
CoO* phase transformed into metal at 460 °C. The absence of any dynamics of
CSR size of oxide CoO* and simultaneous coexistence of phases CoO* and Co°
may indicate that the reduction of cobalt oxide is limited by the step of metallic
phase nucleation: after the emergence of the Co” nucleus, further transformation of
the entire particle (CSR) of CoO* proceeds rapidly. Each CSR of CoO* transforms
into 1 CSR of COO, note, that CSR of the metallic cobalt was still below 2.6 nm at
530 °C, when the phase of CoO* was not recorded already.

A further temperature elevation results in a twofold increase in CSR size of
metallic cobalt that is most likely due to the coalescence of a few neighboring metal
particles. The coalescence of metallic particles is expected, since CoAl catalyst
reduction occurs at temperatures above the Tammann temperature of metallic cobalt
(Tt = 2 Ty, =~ 880 K).

Unlike unpromoted CoAl catalyst, Ru-promoted samples exhibit significant
decrease in CoO* CSR size just before the metallic phase was detected: in
CoRu(0.2)Al CSR of CoO* decreased from 5 to 3.5 nm at 350 °C, and in
CoRu(1.0)Al to 2.7 nm at 250 °C. After the emergence of the metallic phase, the
further diminishing of CoO* CSR size is slowing, which can be seen as a «step» at
the corresponding plot in Fig. 5. The CSR of metallic phase is gradually increasing
from 2.2-2.3 nm up to 4-4.5 nm with another «step» near the temperature of CoO*
phase vanishing. The final CSR of Co” (at above 500 °C) matches well the
stoichiometry of 1 CoO* CSR transforming to 1 metallic Co CSR. All these
observations fit to the JAEMK model of the new phase nucleation, nuclei growth
and further coalescence. It is noteworthy that a similar evolution of CSR sizes of
cobalt-containing phases upon the reduction was observed of the 22% wt. Co—Al
catalyst prepared by deposition of Co ammonia complex [49].

Data of kinetic modeling indicate that the best description of thermal analysis
curves is obtained under the assumption that the An, process is followed by a three-
dimensional diffusion-controlled process according to the Jander model. Kinetic
limitations by diffusion of the reduction of CoO* oxide after reaching a 50%
conversion agree well with the slow growth of CSR size of Co® particles after step-
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like growth (see Fig. 5c, d). Therefore, the reduction of the CoO* phase should be
described as nucleation of the metallic cobalt phase with the size of crystallites ca.
2 nm in the oxide particle, their growth and coalescence to a size of about 3.5 nm,
and the subsequent growth of the metal particles which is kinetically limited by
diffusion of ions through the 1-2 nm thick layer of Co—Al oxide. The 1-2 nm layer
of the oxide can’t be detected by X-ray diffraction.

Conclusions

The TG and in situ XRD study of cobalt—alumina systems promoted with ruthenium
from frans-Ru(NO)(NH3),(NO3); complex under the conditions of temperature-
programmed heating in a hydrogen-containing medium made it possible to reveal
the effect of ruthenium on the cobalt reduction in flowing hydrogen, estimate kinetic
parameters and discuss the distinctive features of the cobalt reduction mechanism.

Upon reductive treatment, the Co304* cobalt oxide phase (an asterisk indicates
the possible presence of aluminum cations in the oxide) successively transforms into
CoO* oxide and metallic cobalt. The introduction of small amounts of ruthenium
(up to 1 wt%) from trans-Ru(NO)(NH3),(NO3); complex accelerates the reduction
process and decreases the characteristic temperatures of both reduction steps
(Co** — Co®" and Co** — Co°). Therewith, the temperature range in which the
metallic cobalt phase is formed shifts to lower temperatures by more than 250 °C.
Results of the model free analysis by the Friedman and Ozawa-Flynn—-Wall
isoconversional methods indicated a considerable (ca. 25-40%) decrease in the
apparent E, of both reduction steps for the promoted systems.

Modeling of experimental kinetic dependences by regression analysis methods
and estimation of evolution of the size of coherent scattering regions for cobalt-
containing phases showed that the reduction of ruthenium promoted Co/3-Al,O3
catalysts is sequential and consists of three steps:

Anl An2 D
Co’" = Co** =5(Co°, Co*") — Co°

The first step proceeds through the formation of several CoO* phase centers (in-
cluding CoQ) within one Co3z04* crystallite and is followed by their further growth,
which is described by the JIMAEK kinetic model (An;) with n; < 1, which may
indicate significant diffusion constraints of the CoO* nuclei growth. Several nuclei
of the CoO* phase form several discrete domains from one Co3;0,4* crystallite.
Stabilization of the highly disperse state of CoO* may be provided by aluminum
cations that constituted the initial Co;04* and were displaced to the interdomain
boundary in the course of reduction. Ruthenium promotion of the catalyst leads to
significantly fewer crystallites CoO* from the initial spinel-like oxide phase. For the
1% Ru-promoted catalyst, one has to suppose that each CSR of Co304* transforms
into 1 CSR of CoO*.

The second step is a kinetically controlled sequential process of the Co metal
phase nucleation (An,) followed by the step of slow particle growth, which is
limited by the diffusion of ions in the oxide according to the Jander model (D). At
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step D, ruthenium promotion produces a joint decrease in the values of apparent
activation energy and pre-exponential factor (obeying the linear expression of
isokinetic (compensation) effect), which testifies that diffusion limitations become
weaker at the final step of cobalt reduction. In the case of unmodified Co/6-Al,03,
the characteristic temperature of the metal phase formation reaches very high values
at which the metal nuclei rapidly coalesce into larger ones. For ruthenium promoted
catalysts, each CoO* crystallite generates one metal crystallite; thus, ruthenium
enhances the dispersion of the active component at relatively low temperatures.
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