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The effect of pretreatment and Pt content on the catalytic properties as well as mechanistic features of DR
were investigated for structured catalysts comprised of Pt supported on CeO,-ZrO, oxide doped by Pr.
Progressive reduction of cationic Pt species by the reaction feed lowers the activity in CH,4 dry reforming
while accelerating the reverse water gas shift reaction catalyzed only by Pt°, which then decreases pro-
gressively the H,/CO ratio in the effluent. This process is counteracted by the mobility of surface oxygen
supplying oxygen atoms to reduced Pt centers thus ensuring their reoxidation and generating in parallel
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complex catalytic reactions. The processing of experimental data was fulfilled taking into account the
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Kinetics oxygen surface/bulk diffusion. A quantitative evaluation of the density of catalyst’s active sites and their
Mechanism coverage by reactive species was accomplished and the rates both of the lattice oxygen diffusion and
Modeling main stages of the catalytic reaction were estimated.
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1. Introduction

Reforming of CH4 with CO, is an attractive reaction due to the
production of syngas with a low H,/CO ratio, suitable for oxo-
and Fischer-Tropsch synthesis processes [1,2]. Moreover, methane
dry reforming (DR) offers the additional advantage of consuming
two greenhouse gases, transforming them into products with high
added value. The reaction is also suitable for chemical energy trans-
mission systems [3]. However, the commercial application of dry
reforming reaction is limited due to the lack of effective catalysts
resistant to carbon formation.

Most group VIII metals, especially Ni based and noble metals
have been studied as catalysts for steam reforming, dry reform-
ing, partial oxidation and mixed reforming of methane [4-8]. The
deactivation is the main problem to tackle for design of a cata-
lyst suitable for an industrial application. The two most prominent
causes for the deactivation in DR are coke deposition and sin-
tering of the active metal phase. Most of the researchers agree
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that coke formation is the main cause of deactivation. Carbon
deposition results from two reactions, methane decomposition
(CH4 — C+2H3) and/or Boudouard reaction (2CO — C+CO5). The
type and the nature of the formed coke depend on the active metal
and in many cases on the support used. In the recent literature
reports ceria and zirconia materials have attracted attention as
carrier or catalysts for important industrial or environmentally
friendly reactions. In addition, the use of ceria-based oxides is
known to prevent an accumulation of carbon on the surface of
the catalysts thus helping to maintain the activity [9-12]. Litera-
ture data demonstrate that CeO,-based oxides remarkably modify
the activity of supported metals [13,14]. Pt/CexZri_xO, catalysts
with a Ce/Zr ratio of 1, which have the highest redox capacity,
were shown to be very active and stable in methane to synthesis
gas transformation reactions [15]. However, in high-temperature
(especially, hydrothermal) conditions mixed ceria-zirconia oxides
are decomposed into phases enriched by ceria and zirconia, respec-
tively, which is accompanied by sintering of both oxide substrate
and supported Pt [16]. To increase thermal stability of these cata-
lysts, ceria-zirconia is doped by rare-earth cations, Al, etc. [16,17].
Among lanthanides, Pr as dopant was shown to provide the best
activity of Pt-supported ceria-zirconia catalysts in CH4 dry reform-
ing in concentrated feeds, which was explained by a high surface
and lattice oxygen mobility required to suppress coking [18,19].
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Furthermore, it is also important to analyze the mechanistic
pathways of the reforming reaction for developing an efficient cat-
alyst. Different steps in the mechanism have been established for
the formation of CO and H, from CH4. Bradford and Vannice [20]
studied the kinetics of CO, dry reforming over supported Pt cat-
alysts suggesting that CHy is reversibly activated on Pt producing
CHy species and H,. They also proposed that CO, participates in
the reaction via the reverse water-gas shift (RWGS) reaction yield-
ing OH groups which then react with adsorbed CHy intermediates
to form formate-type species (CH,O). Those intermediates decom-
pose then irreversibly into CO and Hj. In contrast, Wei and Iglesia
argued that CHy4 dissociation is the rate-limiting step, and C atoms
are the most abundant reaction intermediate on the surface, while
other steps are equilibrated [21]. Another reaction scheme for the
dry reforming over Pt/Al;03 catalyst was proposed by O’Connor
et al. [2]: the CHy4 activation proceeds on free Pt sites, and CO,
activation is assumed to be the slowest step assisted by hydro-
gen to form adsorbed CO and OH. The hydroxyl groups of the
alumina support are supposed to participate in the reaction mech-
anism. For Pt/ZrO, participation in the reaction mechanism of
hydroxocarbonates and formates stabilized on support was sug-
gested [2]. Maestri et al. performed a microkinetic analysis of the
dry and steam reforming [22] reporting that CH; consumption
proceeds via pyrolysis, and oxidation of formed carbon involves
superficial OH groups, while CO, is activated via interaction with
adsorbed H.

The aim of the current investigations was to elucidate the fac-
tors controlling performance of Pt-supported Prg 3Ceq35Zr93502_x
catalysts in CH4 DR at short contact times. Detailed experimental
studies and modeling of the behavior of structured Pt-supported
catalysts in this reaction are reported. The steady state and tran-
sient operation were studied in a tubular reactor with one-channel
catalytic fragment corresponding completely to a real honeycomb
monolith catalyst, which allows in turn defining the intrinsic cat-
alytic properties at contact times of 4-5ms. The application of
this kind of structure fragment allows, due to the small amount of
applied catalyst, to minimize and control the temperature gradients
along the channel [19,23]. The computational analysis of transient
experiments on the basis of original software was aimed at deter-
mining the rates of main stages of reaction mechanism and lattice
oxygen diffusion.

2. Experimental
2.1. Catalysts preparation and characterization

Complex fluorite-like Prg3Ceq35Zrg3502_x Oxide was prepared
by a polymerized complex precursor route (Pechini) followed
by drying and calcinations in air at 900°C for 2h as described
elsewhere [17,24]. Pt (0.5, 1.6 and 4.9 wt.%) was supported from
H,PtClg solution by incipient wetness impregnation followed by
drying and calcination at 900°C. The specific surface area of
samples was determined from the Ar thermal desorption data
by using the BET method. XRD patterns were obtained with
an ARL XTRA diffractometer using Cu Ko monochromatic radia-
tion (A=1.5418 A); the 20-scanning region was 20-85°. The TEM
micrographs were obtained with a JEM-2010 instrument (lattice
resolution 1.4 A) and acceleration voltage 200kV. Local elemental
analysis was performed with EDX method (a Phoenix Spectrom-
eter) XPS spectra were acquired using an ES-300 spectrometer
(Kratos Analytical, UK) equipped with two anodes (AlKc, 1486.6 eV
and MgKa, 1253.6eV) operated at 65W to prevent reduction of
Ce** in the surface layer. Samples were fixed on a holder by double-
side scotch tape. Calibration of XP spectra were made relatively
Eg(Ce3d)=916.7eV.

To prepare structured catalysts, triangular channels of a-Al,03
monolith (wall thickness 0.2 mm, triangle side 2.33 mm, channel
length 10 mm) was washcoated with slurry of oxides with addition
of peptizers and surfactants and calcined at 900°C. Pt (1.6 wt.%)
was supported by the wet impregnation followed by drying and
calcination under air at 900°C.

2.2. Steady state and transient experiments

Both steady state and transient experiments were carried out at
atmospheric pressure using quartz reactors and flow installation
equipped with GC and on-line IR absorbance, electrochemical and
polarographic gas sensors for different components as described
elsewhere [23,25]. In this reactor, a single channel structural cat-
alytic element was placed [19,23]. The active component was either
placed into the triangular corundum channel as 250-500 micron
fraction loosely packed within it or supported as thin (~10 microns)
layers on its walls. This helps to provide the plug-flow regime of this
microreactor operation and minimize the temperature gradients
along the channel.

CH4 concentration in the feed was varied in the range of 3.5-7%
with CH4/CO, ratio =1, the temperature range was 650-800 °C and
contact time 4.7-15 ms. Before reaction, the samples were pre-
treated in O, stream at 700 °C. Effect of pretreatment in different
streams (O,, dry He at 900°C; 1%CO in N, or 1%CH4 in Ny or
pure Hy at 500°C for 0.5 h; pure H, at 800°C for 0.5h) has been
studied as well. In the transient experiments after precondition-
ing a pretreatment flow was purged by He, and then He stream
was switched to required reaction mixture. The composition of the
mixture was continuously analyzed. Control experiments with a
single channel fragment of the corundum showed that, at gas flow
rates of about 301h~1, the purge time of the system is no longer
than 2-4s.

3. Results and discussion
3.1. Catalysts characterization

For dispersed Prg3Ceq35Zrg350,_x OXxide, specific surface area
is 29m?/g. For promoted by Pt samples it varies in the range
of 14.6-13.5m?/g decreasing with Pt content. This suggests that
a part of supported Pt is encapsulated within support particles
sintered due to their surface activation by acidic H,PtClg solu-
tion followed by high-temperature calcination [26]. XRD patterns
correspond to fluorite-like solid solution [24,27]. In addition, for
Pt-promoted samples with Pt loading 1.6 and 4.9 wt.%, reflections
at 260 ~39, 47, 68, 83° corresponding to metal Pt particles with
typical sizes ~40-60 nm were observed, their intensity increas-
ing with Pt content. As revealed by analysis of integral intensity
of these reflections using Pt/corundum sample as a standard,
only a small (<10%) part of Pt is present as metallic particles
detected by XRD, which is a typical feature of Pt-supported doped
ceria-(ceria-zirconia) oxides [24,26]. This conclusion is supported
by TEM data (Figs. 1-3). For as-prepared samples (Fig. 1) only
small (typical sizes up to several nanometers) Pt clusters strongly
interacting with support and possibly covered by support oxidic
fragments are revealed. For samples with the highest Pt content,
big Pt particles are very seldom observed at the edges of sup-
port platelets. After sample contact with the reaction feed 7%
CH4 +7% for 5h at 800°C, the number of Pt clusters per the sup-
port surface unit and their size appear to be somewhat increased,
without any pronounced sintering (Fig. 2). Big Pt particles are much
more frequently observed after strong reduction by H, at 800°C,
though small clusters were observed as well being apparently
better crystallized than those on the surface of oxidized samples
(Fig. 3).
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Fig. 1. Typical morphology of Pt particles in oxidized Pt/PrCeZrO samples. (a) Dis-
ordered Pt cluster on the surface of 1.6%Pt/PrCeZrO sample, (b) big Pt particle at the
edge of support platelet in 4.9%Pt/PrCeZrO sample.
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In general, XPS results (Fig. 4) agree with XRD and TEM data.
For oxidized samples, three different states of Pt (BE 71-72, 73
and 75 eV) corresponding to species in 0, 2+ and 4+ states [28,29]
have been observed (Fig. 4). For sample with the lowest Pt load-
ing, PtY state was not detected. The ratio of surface concentrations
of Pt/Pr+Ce+Zr increases from ~0.2% to ~0.45% and ~1% with
increasing Pt loading from 0.5 to 1.6 and 4.9 wt.%, respectively.
Such a low surface concentration of Pt suggests incorporation of
Pt cations into the surface/subsurface layers of fluorite-like oxides
and its strong interaction with support (decoration of Pt clusters
by support oxidic species) [26]. This agrees with data of infra-
red spectroscopy of CO test molecules adsorbed on the surface of
such samples at liquid N, temperature revealing domination of Pt2*
and Pt* cationic species [17,24,25]. Pt** cations even if present on
the oxidized surface could not be detected by this method due to
reduction by CO even at 77 K. Pretreatment of sample with 1.6%
Pt in the reaction feed at high temperature results in reduction of
Pt2* to metallic Pt (Fig. 4) while Pt/Pr+Ce +Zr ratio only slightly
decreases from ~0. 45% to ~0.4% in agreement with TEM data.
High-temperature reduction of this sample by H, decreases further
Pt/Pr+Ce +Zr ratio to ~0.2%.

3.2. Catalytic activity

3.2.1. Steady-state characteristics

Typical transients observed after contact of oxidized catalyst
fraction filling the corundum channel are shown in Fig. 5 for sample
with the highest Pt content. For the steady-state regime achieved
at times on-stream >3000 s, the effective first-order rate constants
were estimated by using the equation for the plug-flow reac-
tor following earlier described approaches [19]. These constants
varying in the range of 1-4m~2s-! are roughly proportional to
the surface Pt concentration estimated by XPS (vide supra). At all
temperatures, H,/CO ratio is <1 (Fig. 5), which is the usual fea-
ture of CH4 dry reforming explained by the parallel occurrence
of reverse water gas shift (RWGS) reaction consuming hydrogen

Fig. 2. Typical morphology of Pt clusters on the surface of 1.6%Pt/PrCeZrO sample treated in the reaction at high temperatures and respective EDX spectra.
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Fig. 3. Typical morphology of Pt particles on the surface of 1.6%Pt/PrCeZrO sample after reduction by H, at 800 °C and respective EDX spectra. (a) Small ordered Pt platelet,

(b) big Pt particle, (c) high resolution image of the edge of big Pt particle.

and producing H,0 and CO [31]. Comparison of the WGS reaction
product ([H2]*[CO2])/(JCOJ*[H20]) with respective equilibrium
constant calculated following known approaches [32] (Fig. 6) shows
that for sample with a low Pt content this reaction is far from equi-
librium. For samples with higher Pt loadings, within uncertainty of
analysis, WGSR is rather close to equilibrium, though some devia-
tion due to faster WGSR appears to take place. Hence, at a low Pt
loading, RWGS reaction is hampered due to domination of oxidic Pt

species not able to activate hydrogen molecules. For samples with
higher Pt loadings, some deviation from the WGS reaction equilib-
rium can be explained either by a slow rate of direct step due to
a weak bonding of CO with Pt clusters [31] or conjugation of the
reverse WGS reaction with methane dry reforming as suggested
by Bradford and Vannice [20]. Since slow transients observed for
pretreated in O, Pt-supported catalysts (Fig. 5) can be caused by
samples reduction in the reaction feed [19,23], special experiments
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Fig. 4. XPS spectra for 1.6%Pt/PrCeZrO sample after oxidizing pretreatment (a) and
after high-temperature treatment in the reaction feed 7% CH4 + 7% CO, in He.

were carried out to clarify the effect of pretreatment on catalysts
performance.

3.2.2. Effect of pretreatment

Pretreatmentin H, at 800 °C for 0.5 h leading to complete reduc-
tion of fluorite-like oxide strongly deactivates catalysts decreasing
CH4 and CO, conversion from ~40-50% to ~10% at 700°C and
15 ms. According to TEM data (Fig. 3), reduction in H, at 800°C
generates big Pt particles located on support, and, as judged by
XPS, dispersion of Pt decreases in average as well. EDX spectrum
from the edge of such a particle demonstrates that it is essentially
free from any trances of Pr, Sm or Zr cations. Hence, deactivation of
catalysts due to high-temperature reduction could not be assigned
to any effects of strong metal —support interactions such as forma-
tion of surface PtCe alloys or ceria overlayers [26]. Rather, it can be
explained not only by decreasing Pt surface area but also by order-
ing the structure of Pt clusters and decreasing their surface coverage
by oxidic fragments. While ordering apparently decreases coordi-
native unsaturation of Pt, and, hence, its reactivity with respect
to C-H bond activation in methane molecule [21], decreasing the
surface coverage of Pt clusters by oxidic/carbonate species derived
from support decreases the Pt-support interface and clearly ham-
pers support-Pt reverse oxygen spillover. All these factors appear
to be reflected in the catalyst deactivation caused by severe reduc-
tion. On the other hand, such factor as support excessive reduction
could not be too important, since in the presence of CO, in the
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reaction feed support can be rapidly reoxidized by carbon diox-
ide to the steady-state level of stoichiometry. Reduction by H, at
500°C for 0.5 h (removes up to 5 oxygen monolayers [17]) does not
change the steady-state activity though transients varied signifi-
cantly (not shown for brevity). Since features of transients could
be affected by the radial and axial mixing occurring even within a
narrow channel filled with the catalyst fraction or byproducts (CO-,
H,0) diffusion within porous catalysts particles with typical sizes
up to 0.5mm, detailed studies of these transients as dependent
upon the type of pretreatment have been carried out for thin (~10
microns) layers of 1.6 wt.% Pt/PrCeZrO catalyst supported on walls
of separate corundum channel. Selection of this composition as a
basic for these studies was determined by compromise between its
reasonably good activity and Pt content acceptable for any practical
application.

Transient curves of reagents and products responses after
switching the stream of He to the reaction feed for this structured
catalytic element pretreated in different conditions are presented
in Fig. 7. Oxidized catalyst has the highest activity, probably due to
a better activation of methane on cationic Pt species stabilized due
to interaction with support [20]. For oxidized catalyst, the maxi-
mum value of H,/CO ratio achieved up to 20-30 s of transient after
switch from He to CHy4 + CO, stream is close to 1. This suggests that
CH4 DR on cationic Pt sites could include interaction of activated
CHy species and (hydroxo)carbonate located in the coordination
sphere of the same Pt cation. The lower is the degree of oxidation
varied due to pretreatment (pretreatment in He removes up to 0.5
monolayer of oxygen, pretreatment in CO or H, removes up to 3
monolayers), the lower is the maximum H;/CO ratio (Fig. 7e). This
shows that the reverse water-gas-shift reaction is indeed favored
by the catalyst reduction. Progressive reduction of oxidized catalyst
by reaction feed decreases activity in CH4 reforming with time-on-
stream while accelerating reverse water gas shift reaction catalyzed
only by Pt®, thus progressively decreasing H,/CO ratio in prod-
ucts. Note that pretreatment in He leading to rather mild reduction
of catalyst affects fast CO transients even stronger than reduction
by CO or CHy4 (Fig. 7). Since high-temperature pretreatment in He
not only removes oxygen from support and reduces Pt** cations
to Pt2*/1* state, but also causes a pronounced dehydroxylation of
the oxide as well, this suggests that, in agreement with hypothe-
sis of Bradford and Vannice [20], hydroxyls could be involved in the
reaction sequence of CH4 dry reforming reacting with activated CHy
species at least in unsteady-state conditions. Though reduction by
CH,4 not only removes the oxygen from fluorite-like oxide but also
generates some coke precursors due to methane pyrolysis on Pt0
sites [17], in studied experimental conditions transients after pre-
treatment by CO and CH4 were identical. Hence, the coke precursors
evenif formed in these mild pretreatment conditions apparently do
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Fig. 5. Typical transients at contact of oxidized 4.9Pt/Prq3Ceq35Zro3504 catalyst with reaction feed at 700°C (a) and respective variation of H,/CO ratio in effluent with

time-on-stream at different temperatures (b). 7% CH4, CH4/CO, =1, contact time 15 ms.
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not affect the surface steps. Note also that pretreatment by CO or
CH4 not only decreases initial conversions of reagents and concen-
tration of products but also provides a faster deactivation of the
catalyst. Hence, transfer of surface or bulk oxygen species from the
oxide support to Pt/support interface apparently helps to stabilize
highly active Pt cationic species. Hence, these experiments revealed
that the most active and selective state of Pt/PrCeZrO catalyst is
achieved after oxidizing pretreatment. So, to clarify the mechanis-
tic aspects of CHy4 dry reforming on this catalyst, detailed transient
studies have been carried out after oxidizing pretreatment of this
sample with a broad variation of contact times and temperatures
of experiments.

3.3. Effect of temperature and contact time on transients

Fig. 8 presents the transient data obtained at shorter contact
times (higher feed rates) when the dead time effect of the system
purging is minimized. These results in general agree with those
obtained at lower temperatures and longer contact times (Fig. 7).
Conversion of reagents, concentration of products and H,/CO ratio

4.5

0.0 1
0

20 40 60 80 100 120 140 160
Time, s

45+

20 40 60 80 100 120 140 160
Time, s

Fig. 7. Effect of pretreatment type (numbered 1-4 on curves) on reaction component transients observed for structured 1.6 wt.% Pt/Prg3Ceq3Zro350,_y catalyst. Feed com-
position: 3.5% of methane at CH4/CO, =1, contact time 15 ms, T=650°C. Pretreatment conditions: 1 — pretreatment in O, 2 - pretreatment in He, 3 - pretreatment in 1%CO
in He, 4 - pretreatment in 1% CH, in He; pretreatment time 60 min; temperature of pretreatment 900°C (1, 2) or 500°C (3, 4).
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increase with the contact time (Fig. 8). These transients were ana-
lyzed in details by applying mathematical modeling.

3.4. Modeling

The mathematical model and software were developed for
numerical studying the transients of a complex catalytic reaction
in the plug-flow reactor where a fragment with a single channel
of the catalytic monolith is placed. The process model describes
both the conversion of oxygen-containing species on the catalyst
surface by reaction steps and the surface/near surface mobility of
oxygen.

3.4.1. Kinetic scheme

The reaction scheme of methane dry reforming has been consid-
ered that includes the syngas formation by interaction of methane
and CO, as well as the water-gas shift reaction. The rates of
Boudouard reaction and CH4 decomposition are assumed to be neg-
ligible, so coke formation in the time range considered here is not
taken into account.

The analysis of experimental data given above shows that reac-
tion steps on the catalyst surface could occur on the Pt centers
as well as on the available active sites of CeO,-ZrO, mixed oxide
schematically presented in Fig. 9.

[99%s

O.U. .u O.OO L] .\J .
6 OLC00S

000
OOOOO

The kinetic scheme consisting of 6 catalytic stages has been con-
sidered. The catalytic stages have been selected on the basis of the
analysis of experiments presented above as well as the literature
data [2]. The scheme reflects the methane transformation on the
active cationic Pt-centers, stabilization of Pt centers by the lattice
oxygen, the interaction of carbon dioxide with oxidized Pt centers
and surface oxygen vacancies of the catalyst layer, and the step
providing RWGS reaction pathway:

1)CO; + [PtO] <> [PtCOs]

2)CH4 + [PtCO3] — 2CO + 2H, + [PtO]
3)CHy + [PtO] — CO + 2H, + [Pt]
4)[Pt] +[Os] < [PtO] + [Vs]

5)CO5 + [Vs] — CO + [Os]

6)H; + [PtO] — H,0 + [Pt]

Here [PtO] and [Pt] denote the oxidized and vacant Pt-centers,
[PtCO3] is the carbonate complex, [Os] and [Vs] are the oxidized
and vacant sites inside the lattice layer.

The following stoichiometric pathways correspond to this set of
catalytic stages:

I.CHy + COy < 2CO + H,
II. CO, + Hy < CO + H,0

(2)
{) - oxygen
OOwo) @ - Me(Pr,Ce, Zr)
.
OO0 ® - Pt

: , |\ -vacancy

Fig. 9. Scheme of the near-surface layer of Pt/PrCeZrO catalyst.
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According to the mass action law the rates of catalytic steps look
as follows:

r1 = k1Cco, 01, r.1=k_q16,
ry = koCepy, 02

r3 = k3Ccn, 01

r4 = kg(1 -6 — 62)03,
rs = ksCco, (1 —63)

16 = keCh, 01

r_g=k_401(1-63)

where r; is the rate of the ith catalytic stage (i=1,2,..., 6); Ccy,,
Cco,, and Cy, are the concentrations of Hy, CO; and H; in the gas
mixture correspondingly; 61, 65, and 63 are the relative surface
concentrations of oxidized Pt-centers [PtO], carbonate complexes
[PtCO3], and oxidized lattice layer sites [Os] respectively; k; is the
rate constant of the ith catalytic stage (i=1,2,.. ., 6).

It is assumed that the total number of active Pt-centers is
equal to

[ZO] + [ZCO3] + [Z] =aNg, (4)

and the number of active lattice layer sites available for spillover is
equal to

[20*] + [Z*] = BNy (5)

where Ny is the total number of active centers on the catalyst sur-
face, « is the relative surface concentration of Pt-centers, § is the
ratio of the number of active lattice layer sites under the surface to
the total number of active surface centers.

Since Pt** cations are easily transformed into Pt?* even after
catalyst purging by He at high temperatures after pretreatment in
0,, and reoxidation of Pt2* cations to Pt** state by oxygen atoms
migrating from support is apparently impossible under reaction
conditions, Pt** cationic species revealed by XPS were not consid-
ered separately in suggested reaction scheme.

3.4.2. Mathematical model and numerical algorithm

The preliminary estimates of the intraparticle pore-diffusion
resistance inside the catalyst fragment, the rates of axial diffusion
and mass transfer between the catalyst channel wall and reacting
gas mixture flow [33] showed that these processes do not influ-
ence significantly the rates of catalytic transformations. Therefore,
the mathematical description includes the following equations:

o the first-order partial differential equations of the mass balance
of the reagents and products in the gas phase (CO,, CHy4, CO, and
H,) which reflect both the convective term due to the gas flow
along the catalyst fragment length and the term related to the
chemical transformations of the reactive mixture components on
the catalyst surface at every cross-section of the channel,

the second order parabolic type equation at each axial position
describing the unsteady oxygen transport from the near surface
layers of the catalyst lattice towards the active Pt-centers on the
catalyst surface where the catalytic reaction proceeds (the diffu-
sion mechanism is assumed),

two ordinary differential equations describing the time behavior
of the concentrations of oxidized Pt centers and carbonate com-
plexes on the catalyst surface at each axial cross-section point;
the dynamics depends on the local rates of catalytic transforma-
tions at the surface and of oxygen diffusion through the catalyst
lattice.

Thus, the developed mathematical model is the initial-boundary
value problem for a system of differential equations of different
type.

The algorithm proposed bases on the second order finite-
difference approximation with respect to two spatial coordinates

(the length of the catalyst fragment, the distance between a point
inside the catalyst lattice and the catalyst surface) and time. At each
time step, the method of alternating directions is used to construct
the numerical solution of the discrete approximation equations.

3.4.3. Modeling results

Using the software developed, a number of computational tran-
sient runs have been performed with the process parameters
corresponded to the experimental response curves after reaction
mixture feed on the catalyst pretreated in O, stream: gas feed rate
u=10.6 and 181h~!, temperature T= 750°C, inlet concentrations
both of CH4 and CO, are 7%, contact time 7=4.7 and 8 ms.

It has been assumed that

(a) The total number of active centers on the cata-
lyst surface is equal to maximal monolayer coverage
Np=1.28 x 1015 at O/cm?.

(b) Before reaction mixture feeding, at time t=0, all active centers
are oxidized, i.e., 01 =0, =1.

At first, the verification of the hypothesis about the kinetic
scheme given above was carried out. For this purpose, the compu-
tational runs of transient regimes have been performed on the base
of mathematical model with the simple redox kinetic scheme that
includes only three steps: 3-5 of the kinetic scheme (1), the rates
of the formation and conversion of carbonate intermediates and
the step of RWGS reaction are assumed to be equal to zero. Model-
ing has revealed that this scheme does not describe the transients
since in this case concentrations of CH4 and CO, change contrari-
wise, while in the experiment they vary in parallel (Fig. 8). Hence,
a route should exist providing an efficient CO, transformation on
the oxidized surface.

Thus, modeling has been continued with overall kinetic scheme
(1). The constants of catalytic stage rates and the parameters defin-
ing the rate of oxygen supply from the lattice to the surface have
been varied during the computational runs:

- rate constants of catalytic steps ki, k_1, ko, k3, k4, k_4, k5, and kg;

- the coefficient D of bulk diffusion of oxygen;

- the depth H of the subsurface layer of the catalyst lattice available
for oxygen mobility;

- the fraction « of the surface covered by Pt-centers;

- the fraction B of the surface with active lattice layer sites.

The initial approximation for all parameters of the model for
processing has been estimated from the steady state experimen-
tal data and the data of XPS, FTIRS of adsorbed CO and oxygen
isotope exchange [17,25,27,30]. Results of computations revealed
that in studied conditions, the time of relaxation determined by
achievement of catalyst steady state coverage by reactive species
involved in catalytic cycle could not exceed few seconds, which
agrees with analytic simple estimations following approach sug-
gested by Temkin [34].

Analyzing the transient curves up to 300s, it has been demon-
strated convincingly that

e the character and shape of response curves is mainly defined by
the rates of carbonates formation and consumption, the rates of
“spillover,” and the subsequent interaction of CO, with vacant
centers of the catalyst oxide;

the transient time period is determined by parameters character-
izing the catalyst structure and the lattice oxygen mobility, such
as the catalyst specific surface Sy, the quantity of active centers
on the catalyst surface Ny, the fractions of the surface Pt centers
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Fig.10. Comparison of the experimental (points) and computed (lines) time depen-
dences of concentrations in transient experiments 750 °C, gas feed rate 18 1h~, feed
7%CH,4 +7%C0O, in He, contact time 4.7 ms.

« and the lattice layer sites g, the rate and characteristic length
of the oxygen bulk diffusion.

Data processing has allowed to evaluate the kinetic parameters
and characteristics of the catalyst structure. Some examples of
comparing modeling and experimental results are given in Fig. 10
for the following values of parameters: t=4.7s, k;=200s"1,
k_1=0.6s"1, ky;=600s1, k3=60s1, ky=300s"1, k_4=5s71,
ks=55s"1, kg=1100s"!, «=0.04, B=02, S,=20x10%cm!,
D=2.5x10"13cm?2/s,H=5 x 10-% cm.

Fig. 10 demonstrates that the suggested kinetic scheme reflects
the main peculiarities of the catalyst behavior rather well. The
experimental values of gas concentrations and the modeling data
are in a good agreement. Note that the key characteristics of the
catalyst (the number of oxide surface active sites, Pt surface concen-
tration, characteristic oxygen diffusion length) determined on the
base of computational results agree with the values independently
estimated by XPS, FTIRS of adsorbed CO methods, and oxygen iso-
tope exchange data [17,18,25,27,30].

Fig. 11 shows the calculated values of relative surface concentra-
tions of Pt centers occupied by oxygen and carbonates. After feeding
the reaction mixture with CH4 and CO, to the system the number
of oxidized Pt sites decreases quickly because of high rates of CHy
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Fig. 11. Time dependence of the surface coverage fraction with intermediates [PtO]
and [PtCOs]. The operation conditions correspond to ones in Fig. 10.
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Fig. 12. Time dependence of the bulk oxygen fraction. The operation conditions
correspond to ones in Fig. 10.

and CO, adsorption, so the surface coverage by carbonates has a
sharp peak during a few seconds. Then, slow decline of these con-
centrations towards the steady values occurs due to stabilization of
Pt centers by the oxygen of near-surface layers (Fig. 11). Similarly,
concentration of bulk oxygen varies as well reaching the steady-
state level within ~300s (Fig. 12). Hence, it could be concluded
that the transients caused by the catalyst reduction by reaction
feed occur within ~300s, stoichiometry of the bulk of oxide par-
ticles being affected. Longer (up to 3000s) transients observed in
our experimental conditions (Fig. 8) can be caused only by slower
processes such as Pt aggregation (in general, decreasing Pt-support
interface/interaction and ordering Pt clusters) and coke deposition.
Since temperature-programmed oxidation by oxygen after reaction
of this sample as well as TEM studies revealed no carbon deposition,
Pt aggregation appears to be the main cause of slow transients. In
fact, even syngas generation via route comprised of combination of
steps(1)and (2) depends upon the metal-support interaction, since
PtO in the absence of gas-phase oxygen can be regenerated only by
oxygen migrating from the support (step 4), direct reoxidation of Pt
sites by CO, being impossible. Apart from pure kinetic aspect, it is
possible that carbonates can be stabilized only by Pt cations having
as neighbors reducible cations of support such as Ce or Pr cations.
Such Pt cations can be either incorporated into the surface position
of support or situated at perimeter of Pt clusters. Decoration of the
surface of Pt clusters by Pr or Ce oxidic species could also stabilize
such carbonates coordinated to Pt cations as well.

Routes of dry reforming and RWGS corresponding to steps
(3)-(6) involve also PtO sites which at present could not be reli-
ably differentiated from those stabilizing carbonates due to lack of
experimental data. So they are including in the balance of active Pt
sites [ZO] +[ZCO3] +[Z] =Ny, in Eq. (4).

Analysis of rates of CH4 consumption by different mechanisms
revealed that contribution of mechanism 1 (via carbonates) is con-
siderably higher for the oxidized catalyst at the first seconds of
contact with the reaction mixture, the ratio of step 2 and 3 rates
being ~3. The decrease of the surface oxidation level results in low-
ering the fraction of Pt centers occupied by carbonates, and, as the
result, the ratio of step rates 2 and 3 decreases to 1.6.

4. Conclusion

The combination of the steady state and transient experiments
for CH4 DR on structured Pt/PrCeZrO catalyst at millisecond con-
tact times along with their modeling allowed to elucidate main
factors responsible for the catalyst activity and performance sta-
bility. Both Pt-support interaction and lattice oxygen mobility in
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the complex oxide support are responsible for the efficient per-
formance of catalyst pretreated in O,. Kinetic parameters of the
reaction steps occurring on these catalysts were determined by
processing the kinetic transients with a due regard for the oxygen
species diffusion, participation of carbonate complexes stabilized
in the coordination sphere of Pt cationic forms in CH4 oxidative
transformation and occurrence of reverse water gas shift reaction
catalyzed by metallic Pt. Long (>3000 s) transients can be explained
only by slow Pt aggregation and ordering of Pt clusters caused by
complex oxide support reduction thus decreasing metal-support
interaction.
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