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The kinetics of elementary surface reactions involved in the re-
forming of methane to synthesis gas over supported nickel were
studied using transient isotopic methods. To investigate methane
adsorption and dehydrogenation, the reaction between CD4 and H;
was studied. To investigate water adsorption and dissociation, the
reaction between H,0O and D, was studied. To investigate the forma-
tion and cleavage of C—O bonds on the nickel surface, transient CO
methanation experiments were performed. Rate constants of sur-
face elementary reactions were extracted from the data by fitting
the measured response curves to microkinetic models. An overall
model that describes the reactions of methane with steam and CO,
in microkinetic terms was constructed based on these rate constants
and on previously published steam reforming and CO, methanation
data. The model suggests that there is no single rate-determining
step in methane reforming with either steam or CO,, and that under
some conditions the availability of surface oxygen may play a key
role in determining the rate.  © 1997 Academic Press

INTRODUCTION

Synthesis gas production via the reforming of methane
with either steam or steam/CQO, mixtures is still the most
widely employed route from natural gas to commodity
chemicals:

CH; +H,O — CO + 3H>
CH4 + COy; — 2CO + 2H,.

Although steam reforming of natural gas has been carried
out industrially since 1930, the reforming of methane is
receiving renewed attention due to a widespread interest
in operating with increasing amounts of CO; in the feed
(1-20). The reason behind the trend is a desire to produce
synthesis gases with lower H,/CO ratios, better suited for
downstream processes such as the oxo syntheses of aldehy-
des or the syntheses of methanol, acetic acid, and dimethyl
ether. This last chemical may become increasingly impor-
tant in coming years because of its ability to function as a
clean-burning alternative fuel for diesel engines (21); if its
demand increases, interest in the production of low hydro-
gen synthesis gas is likely to grow as well.

Methane reforming has traditionally been carried out
with steam. Nonetheless, the inclusion of carbon dioxide
in reformer feed has been practiced industrially for years,
particularly for the production of synthesis gases destined
for oxo syntheses (1, 2, 22-25). What has kept the practice
from becoming too widespread is that it increases the po-
tential for coke formation on the catalyst surface. Measures
can be taken to alleviate the coke problem, and several ap-
proaches have been studied in the past. These have included
the replacement of traditional nickel-based catalysts with
noble metal ones (3-10, 26-28), sulfur passivation (2, 25,
29), the use of metal sulfide catalysts (20), and autothermal
reforming (2, 11). Of these, only sulfur passivation and au-
tothermal reforming are being practiced industrially, and
each has its drawbacks. Noble metals are expensive, sulfur
passivation and sulfide catalysts require higher operating
temperatures, and autothermal reforming can only be used
in conjunction with an inexpensive nitrogen-free oxygen
source. The optimum solution may therefore involve the
development of a nickel-based catalyst with an exceptional
resistance to coke formation. This has long been recognized
by several investigators, who have been studying the effect
of the support and promoters on the performance of nickel
catalysts, paying particular attention to coke deposition and
the type of carbon deposited during reforming with carbon
dioxide in the absence of steam, also known as dry reform-
ing (10, 14-19).

The key to developing a more coke-resistant catalyst
may lie in a better understanding of the methane reform-
ing mechanism at a molecular level. For noble metal-based
catalysts, information of this type has been obtained us-
ing various techniques, including isotopic tracing (4, 6)
and the simultaneous monitoring of a catalyst surface and
the surrounding gas phase during selected treatments with
DRIFTS and mass spectroscopy (9). However, similar ex-
periments using nickel-based catalysts have not been pub-
lished. We have therefore performed a series of experi-
ments aimed at obtaining information on the kinetics of
elementary reactions occurring on a nickel catalyst’s sur-
face during reforming of methane with steam and CO,. The
experiments consisted of measuring transient responses in
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the effluent of a catalyst-loaded reactor after selected step
functions were applied to the reactor inlet. The resulting re-
sponse curves were fitted to kinetic models to extract rate
constants of surface elementary reactions. In most cases, the
switches applied to the reactor’s inlet involved isotopically
labeled species. For example, switches between CHy/H>
and CD4/H;, mixtures were used to study elementary re-
actions involved in methane adsorption and dehydrogena-
tion. Switches between H, and a H,O/D, mixture were used
to study steam adsorption and dissociation. Transient CO
methanation experiments involving steps between H, and
CO/H; mixtures were used to study elementary reactions
involved in C—O bond formation and cleavage on the sur-
face. The experimental results gave a partial microkinetic
picture of methane reforming. To complete the picture, an
overall microkinetic model was postulated based on the
results of the transient experiments, and the missing rate
constants were obtained by fitting previously published ki-
netic data for steam reforming and the reaction of CO, with
hydrogen.

METHODS

Materials

The catalyst used for the study contained 25 wt% Ni and
was based on a MgO-MgAl,O4 support. Its BET surface
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area was 50 m?%/g, and its Ni surface area, determined by
H,S chemisorption (1), was 5.7 m?/g. Catalyst particles in
the size range from 0.3 to 0.8 mm were used in the study.

Premixed gases were purchased from commercial suppli-
ers. Their purity was checked by mass spectroscopy. In the
case of the CD4/H, mixture, a nonnegligible water impurity
was detected, and a molecular sieve trap was therefore in-
stalled on that line. To obtain a H,O/D, mixture, deuterium
was bubbled through a saturator containing distilled, deion-
ized H,O immersed in a bath thermostated at 30°C.

Experimental Setup

A schematic diagram of the apparatus used is shown
in Fig. 1. The setup permitted the establishment of two
parallel flows, one through a bypass and one through
a recirculating reactor system. An arrangement of five
computer-controlled valves determined which flow went
to the recirculating reactor system and which to the by-
pass. Step functions in the reactor inlet were created with-
out dead volumes by simultaneously switching these valves,
four of which were 3-port bellows valves in which one port
may either be connected to or isolated from the other two,
and one of which was a 4-way valve. The reactor effluent
was monitored before and after such switches with a mass
spectrometer. In all the experiments, the flows through the
reactor system and the bypass were both set at 50 ml/min
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(NTP) and the pressure in the reactor was set at 1.3 bar.
Before each run, the catalyst was reduced in flowing H,
(50 ml/min NTP) at 450°C for 10 h.

A recirculating reactor system rather than a single-pass
reactor was used because a homogeneous gas phase was
desired. That simplified the computer simulation of the re-
sults and the extraction of rate constants from the data.
Where possible, the recirculating system was constructed of
glass-lined stainless steel tubing. That included the catalyst
zone, which consisted of a removable U-shaped glass-lined
stainless steel tube in which 200 mg of catalyst were held be-
tween wads of quartz wool. This tube had an inner diameter
of 2.5 mm, which gave a catalyst bed height of 18 mm. The
only parts of the recirculating system that were not glass-
lined were two stainless steel metal gasket fittings that per-
mitted the removal of the reactor zone, the four stainless
steel bellows valves that controlled the flow into the system,
and a stainless steel bellows recirculation pump. This pump
delivered a recirculation flow rate of about 10 I/min (NTP),
sufficient to maintain well-mixed conditions. With the ex-
ception of the bellows pump, the recirculating system could
be heated, the reactor zone with its own oven, and the rest
with a heated box covering the tubing and the valves.

Computer Simulations

To extract rate constants from the experimental data, the
results were fitted to computer models with the program
CATALYST 11 (30). One module of this program accepts
as input a series of elementary reactions, their rate con-
stants, and a description of transient reaction conditions
and proceeds to calculate gas-phase and surface concen-
trations as a function of time by solving the mass balances
of all reactants, products, and surface intermediates. It can
also adjust rate constants to fit the calculated results to ex-
perimental data. Another module, which simulates a plug
flow reactor operating at steady state and can also adjust
rate constants to fit calculated results to experiments, was
used to construct the overall microkinetic model.

RESULTS

Reaction of CD4 with H,

The reaction of deuterated methane with hydrogen was
found to begin over our nickel catalyst at a temperature of
about 350°C. We studied the reaction in the region from
350 to 450°C. Figure 2 shows concentrations of different
types of methane observed in the effluent at 425°C before
and after switches between 5% CH4/H;, and 5% CD4/H..
Figure 3 shows steady-state effluent concentrations of the
different types of methane at various temperatures, ob-
tained 15 min after each switch from 5% CH4/H, to 5%
CD4/H;,. At low temperatures, the dominant product is
CDsH, in which only one of the deuterium atoms in CD,4 has
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FIG. 2. Transient responses measured during reaction of CD,4 with
H, at 425°C. Catalyst weight: 200 mg. Flow rate: 50 ml/min NTP. Pressure:
1.3 bar. Markers are experimental data, solid lines are microkinetic model.
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FIG. 3. Steady-state conversions of CD, to different products as a
function of temperature. Catalyst weight: 200 mg. Flow rate: 50 ml/min
NTP. Pressure: 1.3 bar. Markers are experimental data, solid lines are
microkinetic model.
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been exchanged with H. As the temperature is raised, how-
ever, the concentration of this product goes through a max-
imum and the dominant product becomes CHyg, in which all
the deuterium atoms have been exchanged with H.

The observed steady-state concentrations versus temper-
ature for all four methane products and the concentrations
versus time obtained at each temperature could be satisfac-
torily described by the following microkinetic model, which
assumes mass action kinetics, ignores kinetic isotope effects,
and expresses each rate constant as the product of a preex-
ponential factor times an exponential term containing an
activation energy:

1. CXs+ 2% < +xCX3 + *X

1.55 x 107 molec. —53.4 kJ/mol
ki1 - ex
bar - site - s RT
2.50 x 10'° molec. —95.9 kJ/mol
k= - exp
site - s RT

2. *CX3+ % < xCXy + %X

(., — 100 x 10" molec.  /—115.4 ki/mol
2= site - s P RT
2.00 x 10* molec. —75.4 kJ/mol
ko, = - exp
site - s RT

3. *CXy + % < #xCX + xX
fast

4. 2x X < Xy + 2%

1.00 x 10% molec. —95.0 kJ/mol
kKig = - exp
site - s RT
3.00 x 108 molec.
ko4 = .

bar - site - s

In the above representation, X is either H or D; kyp, k_p
are rate constants in the forward and reverse direction;
x is a nickel site; R is the gas constant; and T is the absolute
temperature. The number of significant figures reflects the
model’s sensitivity and not the accuracy of the fit. The ab-
sence of an elementary reaction leading to adsorbed carbon
in the scheme, such as *CX + % <> *C + %X, does not imply
the absence of such a reaction in the actual mechanism but
rather how its kinetics are inconsequential to the results of
the model. The neglect of kinetic isotope effects can be justi-
fied by recent CH, and CD, dry reforming results obtained
over Ni/SiO,, inwhich rates of reaction were found to differ
by only about 25% for the two isotopes (31). However, it
should be pointed out that very different kinetic isotope ef-
fects have been observed for different Ni crystallographic
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planes during CH4 and CD,4 decomposition experiments
conducted over single crystals (32).

Five parameters were adjusted to fit the model to the
experimental data. They were the four parameters describ-
ing the rate constants of reaction 1 in both the forward and
the reverse directions and the forward activation energy
of reaction 2. All the other parameters were estimated a
priori. The forward preexponential factor of reaction 2 was
assumed to be 10% s71, which is the order of magnitude
of kgT/h (kg=the Boltzmann constant, h=Planck’s
constant) and would be the value expected from transition
state theory if the reaction’s transition state and *~CX3 had
similar partition functions. The parameters for the reverse
rate constant of reaction 2 were adjusted later in the study
by fitting other data, as the above model was found to be
insensitive to their values. The forward preexponential
factor of reaction 4 was also assumed to be 10®s7%, a value
justified by transition state theory if the transition state and
a pair of adsorbed hydrogen atoms have similar partition
functions. The forward activation energy of reaction 4
was assumed to be the enthalpy change measured for this
reaction over Ni(100) (33). The reverse preexponential
factor for Step 4 was calculated by assuming a hydrogen
sticking coefficient of 0.4 at a temperature of 350°C. Initial
hydrogen sticking coefficients between 0.1 and 0.7 have
been measured for Ni(100) at gas temperatures between
100 and 700°C or the equivalent molecular beam normal
kinetic energy (34-38). The reverse activation energy
of reaction 4 was assumed to be zero, an assumption
corresponding to nonactivated adsorption.

Also shown in Figs. 2 and 3 are predictions obtained with
the above model. Although the experiments and the model
are for the most part in agreement, the place where they di-
verge the most is the peak obtained in the CDHj; concentra-
tion after switching back from 5% CD4/H, to 5% CH4/H,.
According to the model, that peak arises because during the
experiment the hydrogen coverage is much higher than the
methyl coverage. After the switch, the surface xCHj cover-
age rises to its final value faster than the D coverage drops
to its final value. The CDH3; concentration, being roughly
proportional to the product of these coverages, first rises
because of the rise in the *CH3 coverage and later drops
because of the drop in the xD coverage. Both the experi-
mental data and the calculations contain the peak, but the
model underestimates its width and height. The magnitude
of that peak is primarily determined by the rate at which
the «D coverage drops after switch. That rate depends on
the rate constants of reaction 4, which were not varied in
the model to fit the data but rather estimated from the sur-
face science literature. The most likely cause for the dis-
agreement is the fact that the model ignores kinetic isotope
effects, and xD probably desorbs slower than xH. Kinetic
isotope effects could not be included in the model without
introducing too many adjustable parameters.
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TABLE 1

Comparison of Model Parameters for Methane Adsorption
and Dehydrogenation with Previously Published Values

Ni/ Ni(100) Ni(111)
MgAl,0,~MgO (molec. (quantum
Parameter (thiswork)  beam expts.) mech. calc.) Reference
CHj, sticking 15x%x107° 39
coefficient 4.4 % 107°
at 400 K 1.7 x 107° 40
CH, adsorption 52 39
activation 54
energy 59 40
(kd/mol)
Ni—CHj3 bond 205 41
strength 204
(kJ/mol) 179 42

Some of the parameters derived from fitting the data of
Figs. 2 and 3 can be compared with literature values. This is
done in Table 1. For example, Chorkendorff et al. measured
methane sticking coefficients as a function of temperature
over a Ni(100) surface using molecular beam techniques
(39, 40). The groups of Siegbahn and Panas and Burghgraef
et al. calculated Ni-CH3 bond strengths for a Ni(111) sur-
face using ab initio quantum mechanical methods (41, 42).
The agreement between the values obtained by fitting the
transient response curves and the literature results is en-
couraging, especially considering how they were obtained
through very different methods.

Reaction of H,O with D,

The reaction of water with deuterium was found to be-
gin over our nickel catalyst at a relatively low temperature
(<100°C). We studied the temperature region between 100
and 200°C. In this range, we found that the reaction could
proceed over the catalyst but not over a blank support.
Figure 4 shows concentrations of different types of water
observed in the reactor effluent at 150°C before and af-
ter switches between 100% H, and 3.3% H,O/D,. Figure 5
shows steady-state effluent concentrations of the different
types of water at various temperatures, obtained 25 min
after the switch from 100% H; and 3.3% H,O/D,. In this
case, the transient results obtained at a given temperature
present more features than steady-state results at various
temperatures. Right after the switch from hydrogen to the
H,O/D, mixture, an immediate rise is seen in the H,O con-
centration as water is allowed into the recirculating system.
However, as water begins to react with the Ni surface and
desorb as HDO and DO, the H,O concentration begins
to fall. Because the hydrogen on the Ni surface is initially
mainly H, the first product that appears is HDO. However,
gradually most of the hydrogen on the Ni surface becomes
D, the HDO concentration falls, and the D,O concentration
increases.
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FIG. 4. Transient responses measured during reaction of H,O with
D, at 150°C. Catalyst weight: 200 mg. Flow rate: 50 ml/min NTP. Pressure:
1.3 bar. Markers are experimental data, solid lines are microkinetic model.

The observed transient concentrations at each temper-
ature and the steady-state concentrations versus temper-
ature could be satisfactorily described by the following
microkinetic model, which involves the same kind of as-
sumptions and is presented in the same manner as that of
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the previous section (once again, X =H or D):

1. X50 + % < xX,0

1.78 x 10°® molec.
l =

bar - site - s
1.00 x 10% molec. —64.4 kJ/mol
kg = - exp
site - s RT
2. * X0+ % < xOX + %X
4.15 x 107 molec.
k+2 = T
site - s
3.08 x 10! molec. —32.2 kJ/mol
ko= . exp
site - s RT

3. 2% X < X+

1.00 x 10% molec. —95.0 kJ/mol
ks = - exp
site - s RT
3.00 x 10® molec.
k3=

bar - site - s

It should be noted that agreement between the model and
the experimental data could only be obtained when elemen-
tary reactions leading to complete water dissociation, such
as *OX + x « *O + %X, were excluded from the model.
This implies that complete dissociation was not occurring
in the studied temperature region; however, that does not
preclude it from occurring at higher temperatures.

Three parameters were adjusted to fit the model to the
experimental data. They were the forward temperature-
independent rate constants of reactions 1 and 2 and the
reverse activation energy of reaction 1. The reverse preex-
ponential factor of reaction 1 was assumed to be kgT/h, or
108 s71, a value justified by transition state theory if the
transition state and adsorbed molecular water have similar
partition functions. The parameters for the reverse rate con-
stant of reaction 2 were adjusted later in the study by fitting
other data, as the above model was found to be insensitive
to their values. Reaction 3 in the above model is the same as
reaction 4 of the previous section, and its parameters were
estimated as described in that section.

Also shown in Figs. 4 and 5 are predictions obtained with
the model. These predictions agree with the experimental
data obtained right after the switch from 100% H, to 3%
H,O/D, is made. However, when a switch is later made
from 3% H,0/D, back to 100% H,, the model and experi-
ments agree qualitatively but not quantitatively. The model
predicts changes that are faster than what is observed ex-
perimentally. This discrepancy is attributed to adsorption
of HDO and D,0 on the support and on the stainless steel
parts of the recirculating system, which retards the rate at
which deuterium is flushed out of the system. Because the
model only considers water adsorption on the nickel sur-
face, it predicts faster changes.
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The model considered water adsorption only on the
nickel surface because the experiments conducted over a
blank support showed that water dissociation could not
occur in the absence of nickel in the studied temperature
regime. That does not mean that water dissociation cannot
occur on the support at higher temperatures, nor does it
rule out molecular adsorption of water on the support and
the spillover of molecular water between the support and
the nickel surface. However, molecular water adsorption on
the support does little more than broaden the features of
curves such as that shown in Fig. 4. The features observed
after the switch to 3% H,O/D, are not affected as much
because at that stage the net rate of adsorption onto the
support (adsorption minus desorption) is small compared
to the rate at which water is fed into the reactor and be-
cause the deuterium content of the water desorbing from
the support lies somewhere between that of the feed and
that of the gas phase. The features observed after the switch
back to 100% H, are affected to a larger extent because at
that stage desorption from the support is the major source
of new water coming into the gas phase and because the
deuterium content of this water is considerably higher than
that of the water already in the gas phase. The spillover of
molecular water probably affects the parameters of the first
reaction in the model; however, the measured parameters
can still be of use as effective parameters combining wa-
ter adsorption directly from the gas phase and via spillover
from the support.

Transient CO Methanation

Figure 6 shows effluent CH4 concentrations measured
during CO methanation experiments involving switches be-
tween 100% H, and CO/H, mixtures. Carbon monoxide ad-
sorbs rather strongly on nickel; thus, it is possible to find CO
methanation conditions under which the surface is nearly
completely covered with CO. When this happens, the re-
action rate is limited by the availability of sites onto which
hydrogen can adsorb, and the reaction exhibits a negative
reaction order with respect to CO. If one switches from
100% H; to such a set of conditions, the methane produc-
tion initially rises but later drops after the CO concentra-
tion has reached the point where the CO coverage starts
approaching unity (Fig. 6a). If the temperature is too high
or the CO concentration in the CO/H, mixture is too low,
the CO coverage cannot reach values approaching unity
and the effect is not as pronounced (Fig. 6b).

Experiments of this type have been reported before
over Ni and Rh catalysts (43-46). In one study over a Rh
catalysts (45), catalyst coking was reported to occur along
with methanation. That was not the case in our work be-
cause our CO partial pressures were lower and because our
Ni catalyst was based on a more coke-resistant support. We
know this to be the case because, as observed in a previous
study performed under conditions similar to ours (43), the
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FIG.6. Transient CH, responses measured during reaction of CO
with H,. Catalyst weight: 200 mg. Flow rate: 50 ml/min NTP. Pressure:
1.3 bar. Markers are experimental data, solid lines are microkinetic model.

amount of water produced during reaction corresponded
to the amount of methane, although the water curves were
noisier and a little broader than the methane curves shown
in Fig. 6. If there would have been coking, more methane
than water would have been produced right after the step
back to 100% Hs.

The experimental curves of Fig. 6 could be explained by
the following microkinetic model, whose predictions are
shown along with the experimental data:

1. Hy + 2% < 2xH
300 x 108 molec.

ki1 = -
1 bar - site - s
1.00 x 10% molec. —95.0 kJ/mol
ko= - exp
site - s RT
2. CO+ 2% < xxCO
100 x 10® molec.
2= " bar-site- s
5.00 x 10'? molec. —115.0 kJ/mol
ko, = - exp
site - s RT

3. *H 4+ %%xCO + 2% — *xCHO + 3«

1.00 x 107 molec. —23.0 kJ/mol
3= - exp
site - s RT

L. M. APARICIO

4. ¥xCHO 4 5xH — CH; + H,O + %

fast.

Two parameters were adjusted in the model to fit the ex-
perimental data. They were the preexponential factor and
the activation energy of reaction 3. Reaction 1 appears in
the models described in the previous two sections and the
estimates for its rate constants have been explained above.
The forward temperature-independent rate constant of re-
action 2 is an assumption corresponding to a CO sticking
coefficient of 0.5 at a temperature of 350°C. An initial stick-
ing coefficient between 0.6 and 0.9 has been measured over
Ni(100); however, this sticking coefficients drops to less
than half its original value as the coverage is increased from
0 to 0.5 monolayers (47-49). The reverse preexponential
factor of reaction 2 was assumed to be %kBT/h, avalue jus-
tified by transition state theory if the transition state and
adsorbed CO have similar partition functions (the factor
of % arises because a coverage of unity corresponds to one
molecule of CO for every two surface Ni sites). The reverse
activation energy of reaction 2 was assumed to be minus
its enthalpy change, which was measured by calorimetry to
be between 105 and 125 kJ/mol at coverage from 0 to 0.4
monolayers on Ni(100) (47). Adsorbed CO was assumed
to occupy two Ni sites in the model because at higher than
0.5 monolayers both the CO sticking coefficient and the ad-
sorption energy drop significantly over Ni(100) (47) and be-
cause LEED studies over Ni(100) have identified ac(2 x 2)
structure that exists only up to 0.5 monolayers (50). Re-
action 4 is not an elementary reaction but rather a series
of fast reactions whose Kkinetics are irrelevant because they
come after the rate-determining step.

The key to the above model is reaction 3, the rate-
determining step, an elementary reaction requiring an en-
semble of five Ni sites. There is, to our knowledge, no pre-
vious evidence of such a reaction in the literature. We are
likewise unaware of any previously reported evidence that
would point to structure sensitivity in the CO methanation
reaction, which the five-site ensemble could suggest. How-
ever, without that assumption the experimental data could
not be simulated while with the assumption all curves could
be explained by adjusting only two parameters.

Overall Microkinetic Model

The experimental results described in the previous three
sections present a partial microkinetic picture of methane
reforming. To complete the picture, we constructed an
overall microkinetic model, filling in gaps and adjusting
unknown rate constants until the overall model could ex-
plain the steady-state kinetics of the reactions of methane
with steam and carbon dioxide with hydrogen. The exper-
imental data used for adjusting the overall model were
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those reported by Xu and Froment (51, 52), who measured
the intrinsic Kinetics of these reactions over a nickel cat-
alyst based on a MgAIl,O4 support. When methane was
reacted with steam under Xu and Froment’s conditions,
the steam reforming reaction and the water—gas shift re-
action (CO + H,O — CO; + Hy) both occurred. Likewise,
when carbon dioxide was reacted with hydrogen, the re-
verse water—gas shift reaction and CO, methanation both
occurred. These authors actually constructed a model based
on the Langmuir-Hinshelwood approach to explain their
data. We constructed a different model, based on a microki-
netic approach and on the results of the previous sections,
to explain the same data. Figures 7 and 8 show how our
overall microkinetic was able to simulate the results mea-
sured by these investigators as they varied temperature and
contact time. The model was also able to simulate the trends
observed when the total pressure and the ratios of reactants
were varied, although those results are not shown here for
reasons of brevity (a total of 88 curves were measured by
Xu and Froment and used to adjust the model). The over-
all microkinetic we constructed consisted of the following
thirteen reactions:

1. CHs + 2% < *CH3 + «H
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experimental data from Refs. (51, 52), solid lines are microkinetic model.

2. *CH3 + % < *CH, + «H

o — 1.55 x 107 molec. ox —53.9 kJ/mol
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FIG. 7. Comparison of microkinetic model with previously published
data for CO, methanation. Markers are experimental data from Refs. (51,

52), solid lines are microkinetic model.

0.3
W/Fco2 (g h/mol)

0.4 0.5

100 x 1013 molec.

—115.4 kJ/mol
= X
k2 site - s p( RT >
2.00 x 10*2 molec. —75.4 kJ/mol
ko, = - exp
site - s RT

3. *CHj, + % <> %xCH + xH

1.00 x 103 molec.

Kw — ex —102.9 kJ/mol
3= site - s P RT
2.00 x 10*? molec. —84.7 ki/mol
k3= - Xp
site - s RT
4. xCH + % < xC + xH
1.00 x 103 molec.
Kia = site - s
2.00 x 10*? molec. —64.4 kJ/mol
K4 = : Xp
site - s RT
5. H,O + % < xH,0O
178 x 10° molec.
>~ " bar-site-s
1.00 x 10 molec. —64.4 kJ/mol
5= _ exp
site - s RT
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6. *H,O + % <+ *xOH + xH
4.15 x 107 molec.

kig =

o site - s

e 3.08 x 10* molec. ox —32.2 kJ/mol
0 site - s P RT

7. *C + *OH < *xCHO

1.00 x 10% molec. o —65.5 kJ/mol
site - s P RT

2.12 x 10 molec. (1 )3-033 (—90.3 kJ/moI>
expl —————

site - s T RT

k7 =

—7 =

8. CO;, + 2% < xxCO,
in equilibrium
9. ¥*xCO;, + *H < *xCOOH + %
in equilibrium

10. **COOH + x*H + 2% <> % * CHO + xOH + 2

34, 400 molec. / 1 %% +50.0 kJ/mol
KgK = - | = Bttt
8Koks0 bar - site - s <T> exp( RT >
1.00 x 103 molec.
koo = -
site - s

11. *xCHO 4+ 3% <> %*xCO + xH + 2«
5.14 x 10° molec.

k =
L site - s
1.00 x 107 molec. —23.0 kJ/mol
k.11 = T exp
site - s RT

12. %xxCO < CO + 2«

Kisa = 5.00 x 10* molec. ox —115.0 kJ/mol
2= site - s P RT

1.00 x 108 molec.
ko =

bar - site - s
13. 2%¥H <& Hy, + %

o 1.00 x 10" molec. ox —95.0 kJ/mol
13 = site - P RT
3.00 x 108 molec.
ko1z =

bar - site - s

In addition to the reactions used to simulate the exper-
iments of the previous sections, this model has reactions
describing the dehydrogenation of *CH, to a surface car-
bidic carbon (xC, reactions 3 and 4), the reaction of surface
carbon and surface hydroxyls to form xxCHO (reaction 7),
and the formation of xxCHO from carbon dioxide through
a surface formate intermediate (reactions 8-10). Reactions
3, 4, and 7 describe in the simplest way possible those parts
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of the mechanism denoted as “fast” in the previous sections.
Reactions 8-10 are necessary to describe reactions involv-
ing CO.. Justification for a surface formate intermediate in
these steps can be found in the literature. For example, for-
mate species on nickel surfaces are stable enough that they
have been characterized by both HREELS and RAIRS
(53-55). The existence of a mechanism linking such a for-
mate species with CO, CO, and H; has been demonstrated
by flash desorption of formic acid from nickel surfaces (56).
Surface formate species have also been implicated as inter-
mediates in methanol synthesis, whose reaction pathway
shares several surface reactions with the pathways of reac-
tions described here (57). A five-site ensemble for reaction
10 was chosen because such an ensemble was found to best
describe Xu and Froment’s data. In the model, all surface
species containing both carbon and oxygen were assumed
to occupy two Ni sites. The justification for surface CO was
given in the previous section. The justification for surface
formate can be found in HREELS and RAIRS experiments
(53-55). The assumption for the other two species, x*CHO
and #xCO,, was made by inference and was not important,
as these species are predicted to have very low coverages
over the entire range of conditions.

The model presented above is by no means unique. Simi-
lar models could have been developed with complete water
dissociation to *O or dissociation of *xCO; to x+CO and
xO. However, such models would have involved extra re-
actions and extra adjustable parameters. One could also
argue that although a surface formate species is justified by
low temperature experiments, its presence at higher tem-
peratures is not guaranteed. The absence of *O and the
presence of xxCOOH in our model reflect simplicity rather
than any ability of microkinetic modeling to discriminate
whether such species are involved in the actual mechanism.

Eight parameters were adjusted in the model to fit the
experimental data. The first seven were the forward preex-
ponential factor of reaction 11, the forward activation ener-
gies of reactions 3 and 7, the reverse preexponential factors
of reactions 2 and 6, and the reverse activation energies of
reactions 4 and 6. The eighth parameter was an adjustment
factor by which all rates were uniformly decreased for the
simulation of the steam reforming experiments. This was
done because Xu and Froment observed some catalyst de-
activation during steam reforming and measured all rates
after the catalyst had deactivated to a certain determined
amount (51, 52). The fitting procedure gave a nickel sur-
face loss of 15% in these experiments. All other parameters
were either taken from the experiments described above
or estimated. The reverse activation energies of reactions 2
and 3 were estimated assuming Ni—-CH; and Ni—-CH bond
energies given in Ref. (42). The preexponential factors of
reactions 3 and 4 were assumed to be equal to those of reac-
tion 2. The forward preexponential factor of reaction 7 and
the reverse preexponential of reaction 10 were assumed to



MICROKINETIC MODELING OF METHANE REFORMING 271

TABLE 2

Comparison of Microkinetic Model Predictions for CO
Methanation with Previously Published Data (Ref. 58)

Quantity Ni/Al,O3 Model
Turnover frequency (s%) 27x1072t01.1x 1071 6.6x107°
Activation energy (kJ/mol) 109 to 138 124
H, reaction order 0.7t00.8 0.72
CO reaction order —0.5t0 -0.2 —0.63

be 10 s~1, justified by transition state theory. The reverse
rate constant for reaction 7 and the forward rate constant of
reaction 10 were set so the rate constants in the model would
be consistent with the equilibrium constants of the steam
reforming and water—gas shift reactions, whose equilibrium
constants versus temperature (1) were fit to the empirical
equations

CH; + H,0O <+ CO + 3H;

—202.3k I
Keq = 810(T)3% exp(%)

CO + H;0 < COy; +H,

43.6 k |
Keq = 9.01 x 1075 (T)0-968 exp(M)

RT

Table 3 summarizes the origin of each parameter in the
overall model.

By adjusting the 8 parameters mentioned above, the
model was able to satisfactorily simulate all 88 curves mea-
sured by Xu and Froment for steam reforming and the re-
action of CO, with hydrogen over a nickel catalyst. In the-
ory, the model should describe several reactions, including
methane reforming with both steam and CO,, CO, and CO,
methanation and the water—gas shift reaction. A more strin-
gent test of the model is therefore to compare its predictions
with data that was not used for the adjustment of parame-
ters. One such test is shown in Table 2, where predictions of
the model are compared with data published for the kinet-
ics of CO methanation over several Ni/Al,O3 catalysts (58).
Although the model’s prediction for the reaction rate under
the conditions of that study is about an order of magnitude
too low, all the major trends are correctly predicted.

Another example is shown in Fig. 9, where the model’s
prediction are compared with published experimental data
for CO methanation over a nickel single crystal (59). This
time the model had to be modified to simulate the data.
Since the experiments in Fig. 9 were collected with a sub-
stantially higher CO/H; ratio in the feed than those shown
in Table 2, they lead to higher coverages of carbon on
the catalyst. The unmodified model predicted very high

TABLE 3

Origins of Rate Constants in Overall Microkinetic Model

Forward Forward Reverse Reverse
Reaction prexep. factor activation energy prexep. factor activation energy
1 CD,+ H; experiment CD,+ H; experiment CD4+ H; experiment CD4+ H; experiment
2 Assumption based on CD,+ H; experiment Fitting of data from Assumption based on
transition state theory Refs. (51, 52) literature (Ref. 41)
3 Assumption based on similarity Fitting of data from Assumption based on similarity Assumption based on
between reactions 2-4 Refs. (51, 52) between reactions 2-4 literature (Ref. 41)
4 Assumption based on similarity 0 Assumption based on similarity Fitting of data from
between reactions 2-4 between reactions 2-4 Refs. (51, 52)
5 H,0 + D, experiment 0 Assumption based on H,0 + D; experiment
transition state theory
6 H,0 + D, experiment H,O + D, experiment Fitting of data from Fitting of data from
Refs. (51, 52) Refs. (51, 52)
7 Assumption based on Fitting of data from Equil. constant, Equil. constant,
transition state theory Refs. (51, 52) CH4 + H,O < CO + 3H; CH4 + H,O < CO + 3H;
8-10 Equil. constant, Equil. constant, Assumption based on 0
CO +H,0 < CO;, + H,p CO +H;0 < CO;, + H, transition state theory
11 Fitting of data from 0 Transient CO methanation Transient CO methanation
Refs. (51, 52) experiment experiment
12 Assumption based on Assumption based on 0 Assumption based on
transition state theory literature (Ref. 47) literature (Refs. 47-49)
13 Assumption based on Assumption based on 0 Assumption based on

transition state theory

literature (Ref. 33)

literature (Refs. 34-38)
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FIG.9. Comparison of microkinetic model with previously published
data for CO methanation over Ni(100). Markers are experimental data
from Ref. (59), solid lines are microkinetic model.

surface carbide (xC) coverages and thus very little reaction
throughout almost the entire range of conditions shown in
the figure. The modification required was one in which the
xC coverage was forced to have a maximum of half a mono-
layer. It was with this modification that the curves shown
in the figure were generated. Because the model predicted
that the surface carbide assumed its maximum coverage
throughout almost the entire range of conditions, this cov-
erage was essentially constant at 0.5. In this fashion, the
model is similar to that already published for the simula-
tion of the same data, in which a constant carbon coverage
was assumed (60). With the modification, the model can
predict the major trends, although the predicted tempera-
tures for a given behavior are about 100°C too high. The
modification does not affect the calculation of curves shown
in Figs. 7 and 8 nor the data of Table 2 because in those cases
the calculated surface carbide concentration never reached
a value as high as 0.5.

Figure 10 compares the modified model’s predictions
with published data for methane reforming with steam and

100

o CH, + H,0
A CH, + CO,

10 o

CH, CONVERSION (%)
/
(o]

0.1 ' '
1.05 1.15 1.25

1000 / T (K

1.35

FIG.10. Comparison of microkinetic model with previously pub-
lished data for methane reforming with steam and CO,. Markers are ex-
perimental data from Ref. (10), solid lines are microkinetic model with all
rates multiplied times a factor of 0.2.
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carbon dioxide over a Ni/MgO—-MgAl,O, catalyst with a
lower metal surface area than that used for the experiments
of previous sections (10). The model actually overestimates
the reaction rates under the conditions of that study, mak-
ing direct comparison difficult. However, if the rates of all
reactions in the model are multiplied by a factor of 0.2, one
obtains the curves shown in the figure. Thus, although the
model’s rates are off by nearly an order of magnitude, it can
nevertheless predict major trends such as activation ener-
gies and the fact that reforming with steam is faster than
reforming with carbon dioxide.

DISCUSSION

The kinetics of methane steam reforming have been stud-
ied by several investigators and summarized in previous
reviews (1, 2, 61). Most rate expressions proposed to date
have been found to be applicable only in a limited range
of conditions. For example, Bodrov et al. assumed methane
adsorption to be rate limiting and proposed the following
expression based on experiments conducted over a nickel
foil (62):

k PCH4

r = .
1+ a(PHzo/PHZ) + bPCO

However, it has been observed that H, can retard the re-
action under some conditions. That cannot be explained by
the above expression.

Khomenko et al. (63) later proposed the following rate
expression based on Temkin’s general kinetic identity and
a proposed reaction pathway

= k Per, Pryo (1 — (PCO(PHz)s/Keq Pen, Pro))
f (Pr0. Pr,) (1 + (Kio Pri,o/Phty))

k]

where Keq is the equilibrium constant for the overall re-
action and f(Pn,0, Pn,) is a polynomial in Py,0 and Py,.
However, when this expression was tested at high pressure
over a nickel foil, the rate constant was found to be a func-
tion of the pressure.

Xu and Froment (52) have proposed three differ-
ent Langmuir-Hinshelwood expressions for the following
three reactions, all of which occur simultaneously through
separate pathways under steam reforming and methanation
conditions:

CH; + H,O — CO + 3H>
CO +H,0 — CO, +H,
CH4 + 2H,0 — CO, + 4H,.

Their proposed rate expression for the first reaction, the
most important under typical steam reforming conditions,
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was

r =
(KPeh, Pezo/ PES) (1 = (Peo (Phy)*/Keg Per, Przo))
1+ KcoPco + KH2 F)H2 + KCH4 PCH4 + (KHZO PHZO/PHZ) '

Xu and Froment’s rate expressions describe very well the
experimental rates they measured for steam reforming and
the reaction of CO, with hydrogen. These are the same ex-
perimental data on which our model was based. However,
as pointed out before (2, 10), they imply a negative heat of
adsorption for steam and are unable to predict the decrease
in rate observed experimentally when steam is replaced by
carbon dioxide.

The limitations in the applicability of these rate expres-
sions suggest that there is no single rate-determining step
in the reforming of methane and that no simple analytical
expression can be valid over a wide range of conditions. We
have shown that a microkinetic model with many parame-
ters obtained either from the surface science literature or
from fitting the results of transient kinetics experiments can
in contrast explain many major trends over a wide range of
conditions. The model’s predictions are not quantitative,
as predicted rates can deviate by as much as an order of
magnitude from experimental ones. However, the model
can predict correct activation energies, reaction orders, and
other trends for several reactions, including steam reform-
ing, dry reforming, CO methanation, CO, methanation, and
the water—gas shift reaction and its reverse.

It is normal for microkinetic models to predict activa-
tion energies and reaction orders better than actual re-
action rates (30). More cannot be expected, given the
assumptions involved. Such models assume mass action ki-
netics with Arrhenius expressions presumed to be valid
over a wide range of conditions. They often do not take
into account all possible reaction pathways. They gener-
ally ignore adsorbate—adsorbate interactions and how the
working catalyst surface may be different under reaction
conditions than during the experiments on which their pa-
rameters are based. Nonetheless, they allow the consoli-
dation in a semi-quantitative fashion of experimental data
and theoretical principles from very diverse sources. Their
value lies not in the precise quantitative prediction of cata-
lytic performance but rather in the contribution they can
make to our understanding of reaction mechanisms.

The microkinetic model described above is a good ex-
ample, providing a wealth of mechanistic information. For
instance, the model predicts that the slowest steps in the
mechanism are reactions 1-3, 7, 10, and 11. Although
these reactions may not necessarily occur exactly as writ-
ten above, the prediction suggests that surface reactions
involved in methane adsorption and dehydrogenation, the
formation of a C—O bond, and the formation of a OC-O
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bond can all be slow steps. Under some conditions, one of
them can be the rate-determining step, but under most con-
ditions a combination of them determines the rate. Interest-
ingly, the model predicts that the rate of steam reforming at
high temperatures (550-800°C) is largely dependent on the
rate of reaction 7, the step in which a C—O bond is formed.
That step is predicted to be slow, not because its rate con-
stant is low, but because the coverage of *OH drops quickly
with temperature. Microkinetic modeling cannot establish
whether «OH is the actual oxygen-containing species in-
volved in C-O bond formation. Although reaction 7 is writ-
ten as involving *OH, an equivalent model could have been
developed involving xO instead. But the general conclusion
can be drawn that the availability of surface oxygen can play
a key role in determining the reaction rate at high temper-
atures.

The coverage of an oxygen-containing species like *OH
is determined in large part by the rate constants of reactions
5 and 6, which involve water adsorption and dissociation.
Although reaction 5 is written as the direct adsorption of
water from the gas phase onto nickel, it is known that wa-
ter can first adsorb on the support and subsequently spill
over onto the nickel surface (1). The forward and reverse
rate constants of reaction 5, as determined by the reaction
of H,O with Dy, are therefore effective rate constants that
combine the kinetics of water adsorption directly from the
gas phase and via spillover from the support. The implica-
tion of this is that these rate constants could be support
dependent, and since those rate constant determine the
availability of oxygen-containing surface species and that
affects the overall rate of reaction, the model in essence
suggests that overall reaction rates may depend on the sup-
port under some conditions.

The model predicts that under some reforming condi-
tions the dissociative adsorption of methane (reaction 1) is
reversible. The results therefore cast doubt on the often
guoted assumption that methane adsorption is the rate-
determining step during steam reforming. This is not sur-
prising, given that the rate constants for methane adsorp-
tion and dehydrogenation in the model were derived from
the experiments summarized in Fig. 3. That figure shows
how this reaction begins at a temperature as low as 350°C
and how its rate increases very quickly with temperature.
Even if one ignores the microkinetic model, these data show
how improbable it is for methane adsorption to be the sole
rate-determining step at high temperatures.

The model also predicts coverages of carbidic carbon
(%C) under a variety of reaction conditions. Such carbon
could well be a precursor of the graphitic carbon that causes
deactivation. Not surprisingly, higher «C coverages are pre-
dicted during dry reforming than during steam reforming.
The model identifies which elementary steps are important
in determining the coverage of the carbidic carbon. They
are, as expected, reactions 4 and 7, those involving surface
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carbon. As mentioned above, the rate of reaction 7 depends
on the availability of surface oxygen, which depends on the
rate constants of water adsorption and dissociation, which
in turn are a function of the support. That is likely part of
the explanation of why some supports lead to more coke
resistant catalysts than others.
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