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Abstract A detailed multi-step reaction mechanism is
developed for modeling steam reforming of methane over
nickel-based catalysts. The mechanism also includes partial
and total oxidation reactions, water—gas shift reactions,
formation of carbon monolayers, and methanation reac-
tions. A method is presented for ensuring thermodynamic
consistency in the development of surface reaction mech-
anisms. The applicability of the mechanism is tested by
simulating experimental investigations of SR of methane
on a Ni-coated monolithic cordierite catalyst as well as
experimental studies from literature. The reactive flow in
the channels of the experimentally used monolithic struc-
tures is modeled by a two-dimensional flow field analysis
of a single monolith channel coupled with the reaction
mechanism developed. The gas composition and surface
coverage with adsorbed species are calculated as function
of the position in the channel. The model developed is able
to properly describe steam reforming of methane over the
nickel catalysts for wide ranges of temperature and steam/
methane ratio.
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1 Introduction

Synthesis gas (H,/CO in various compositions) plays a key
role as a feedstock in many catalytic processes such as
synthesis of methanol, oxo-synthesis, and Fischer-Tropsch
synthesis. Hydrogen as a separate component of synthesis
gas is largely used in the manufacturing of ammonia, in a
variety of petroleum hydrogenation processes, and as a
clean fuel for burners or fuel cells. Steam reforming of
methane (natural gas) has been the most widely used
industrial process, because it is one of the most efficient
technologies for hydrogen and the synthesis gas production
from fossil fuels in large scale facilities reaching yields
close to the thermodynamic equilibrium [1, 2]. Steam
reforming is a highly endothermic reaction and requires an
efficient external energy supply, disadvantageous in small
scale operation units. Conventional steam reformers deliver
relatively high concentrations of hydrogen at high fuel
conversion [3]. The molar steam/carbon (S/C) ratio usually
exceeds 2.5. The excess steam supports completion of the
reaction and inhibits coke formation, however, additional
heat must be added [4, 5]. The products of the reaction are
controlled mainly by thermodynamics, which favor the
formation of methane at lower temperatures and of
hydrogen at higher ones. Recently, direct synthesis of Ni
based hydrotalcite was used to prepare small Ni nano-
crystals, which can efficiently be applied for sorption
enhanced steam methane reforming [6].

In recent years, (catalytic) partial oxidation ((C)POX)
[7-12], in particular over noble metal catalysts and at short
contact times, as well as CO, reforming [13—15] of natural
gas to synthesis gas have also attracted much interest
because of their potential to reduce the cost of synthesis gas
production and environmental concerns, respectively. POX
and autothermal reforming (ATR)—a combination of SR
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and POX—do not require external energy supplies. Dry
reforming (DR) using CO, is especially discussed in the
light of the useful processing of a greenhouse gas in the
chemical industry. The energy and steam produced by
the exothermic oxidation reactions in ATR and POX sus-
tain the endothermic reforming reactions to autothermally
operate the reactor [16].

For reaching a profound understanding of the reaction
mechanism of synthesis gas formation from methane by SR
and POX, the sequence and interaction of the reaction
routes have to be analyzed for the combined POX-SR-DR
systems, because the conditions in any flow reactor vary
along the flow directions, covering a wide range of mixture
compositions and leading to quite different local reaction
rates. In CPOX over the commonly used Rh catalysts, the
general consensus is now that the overall conversion is
realized in a two-step process (indirect route), in which first
CH, is totally oxidized to CO, and steam, as long as
oxygen is present close to the catalyst surface, and then the
remaining CHy is reformed with steam and (or) CO, to
synthesis gas [7-9, 17]. A decade ago, a direct CPOX route
had also been considered [10-12]. Detailed reaction
schemes for the catalytic partial oxidation of methane over
platinum and rhodium, which also include steps for steam
reforming, were published by Schmidt et al. [10, 18],
Vlachos et al. [19], and Deutschmann et al. [17, 20, 21].
The development of a detailed mechanism for simulta-
neous modeling of partial oxidation and steam reforming
over nickel catalysts has not been described yet, even
though reaction kinetics of methane steam reforming over
nickel catalysts has been extensively investigated experi-
mentally and theoretically [22-28]. A review on catalytic
partial oxidation of methane to synthesis gas with emphasis
on reaction mechanisms over transition metal catalysts was
recently published by Holmen and co-workers [29]. In
most of these studies macrokinetic models were developed
to describe the kinetic behavior observed.

In a pioneering study, Xu and Froment [22] described
steam reforming of methane accompanied by water—gas
shift reactions on a Ni/MgAl,O, catalyst by intrinsic rate
equations derived from a Langmuir-Hinshelwood mecha-
nism, which is widely used in SR modeling. In a more
recent study, Wei and Iglesia [30] postulated a catalytic
sequence for reactions of CH4 with CO, and H,O on Ni/
MgO catalysts, which could be confirmed by independent
kinetic and isotopic measurements revealing the intrinsic
kinetic and mechanistic equivalence among these reac-
tions. Isotopic tracer and exchange studies provided rig-
orous evidence for the sole kinetic relevance of C-H bond
activation steps supporting the experimental observation
that CH,4 reaction rates were unaffected by the identity or
concentration of co-reactants. Their isotopic studies also
showed that activation of H,, CO,, and H,O was reversible
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and quasi-equilibrated in SR and DR of methane. A micr-
okinetic model for steam reforming reactions over a Ni/
MgO-MgAl,O, catalyst was proposed by Apparicio [31],
which was constructed on rate constants extracted from
transient isotopic studies by fitting the models to response
curves measured. This reaction mechanism was extended
by Chen et al. [23] by reactions for CO, reforming of
methane and deactivation by carbon formation. A hierar-
chical multiscale modeling approach was demonstrated in a
recent work of these authors [32]. A microkinetic model for
steam methane reforming on the supported Ni catalyst
including reaction steps of surface carbon formation, seg-
regation, diffusion, and precipitation was developed. Fur-
thermore, experimental studies in a tapered element
oscillating microbalance (TEOM) reactor at industrially
relevant conditions were used for model evaluation.

Wang et al. [33] investigated reaction pathways of CO,
reforming of CH4 on Ni(111) by using density functional
theory calculations. They proposed a surface reaction
mechanism with CH, dissociative adsorption as rate-
determining step and HCO as key intermediate surface
adsorbed species [33]. In a their further study, these authors
included the analysis of electronic energies along possible
reforming pathways as well as the identification of some
activation barriers but have not yet developed a complete
kinetic scheme [34]. In a very interesting study, Blaylock
et al. analyzed the reaction pathways and most abundant
reaction intermediates on the catalyst surface in steam
reforming of methane over Ni(111) using plane wave
density functional theory in combination with a statistical
thermodynamic treatment [35]. The authors proposed a
detailed kinetic model containing adsorbed HCO and
CHOH species as the most important intermediates.
Application of the model for simulation of a real steam
reformer has not been discussed in that paper [35]. All
these kinetic models were suggested for steam—or CO,—
reforming in the absence of oxygen in the gas phase.

In this paper, we present the development of a multi-
step, thermodynamically consistent heterogeneous reaction
mechanism for SR, POX, and DR of methane over
Ni-based catalysts, focusing in the current paper on SR
only. However, the mechanism includes adsorption,
desorption, and reactions of oxygen, in order to be poten-
tially extended for application in the partial and total oxi-
dation regime. Also adsorption and decomposition of CO,
is already included for potential application of the mech-
anism for DR investigations. The mechanism is tested by
its comparison with experimentally derived data for steam
reforming of methane over nickel/alumina monoliths in the
temperature interval of 900-1350 K and with experimental
data from literature. The mechanism here developed for
Ni/alumina catalysts has also been successfully applied in
numerical simulation of internal steam and DR of methane
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over Ni/YSZ anodes of solid-oxide fuel cells (SOFC) at
isothermal conditions of 1073 K (800 °C) [36]: In these
studies thermodynamic consistency was established for
1073 K only; therefore, the actual kinetic data differ from
the mechanism in Table 2. In a further study [37], the
mechanism as given in Table 2 was used to numerically
predict current—voltage characteristics of a SOFC button
cell and species profiles within this cell over a temperature
range of 873—-1073 K (600-800 °C). SOFC application is
beyond the scope of the present paper, which focuses on
the development procedure of a detailed reaction mecha-
nism for methane reforming over Ni/alumina and its
experimental evaluation.

2 Experimental Setup

The set-up used to provide new experimental data for
mechanism evaluation is described in this section, while the
experimental bases for the data taken from literature are
shortly described in Sect. 5. Our experiments were carried
out in a flow reactor system schematically depicted in Fig. 1
[38, 39]. A liquid flow controller monitors the flow of dis-
tilled water between the pressure reservoir, storing water at
3 bars, and the vaporizer. Mass flow controllers produced by
Bronkhorst Hi-Tec are used to dose the other inlet gases,
argon and methane. Those gases are also fed into the
vaporizer, which additionally serves as mixing-chamber.
The reactor is made out of ceramic materials (Pytha-
goras) and stainless steel. Three cordierite honeycomb
monoliths with a diameter of 1.5 cm are placed inside the

ceramic reactor tube. The monoliths, 1 cm in length, have
89 channels with an inner hydraulic diameter of 1.13 mm.
The monolith in the middle was coated with nickel by
wet impregnation with an acidic aqueous solution of
Nip(NO;3),-5H,O (Alfa Aesar). After impregnation, the
catalyst was dried at 400 K for 24 h, calcinated in air at
1073 K for five hours, and finally reduced for 6 h by H, at
773 K. This preparation procedure led to Ni loadings of
approximately 3 wt%. Chemisorption measurements using
hydrogen or carbon monoxide can be used to estimate the
specific surface area; a ratio of active surface area to
geometrical surface area of the channel wall (F.a/ge0) 0f 40
is used in the simulation without modification. Energy
dispersive X-ray spectroscopy (EDX) measurements
revealed the absence of chlorine or sulphur compounds on
the catalyst surface after calcination. The catalysts do not
carry a washcoat, the metal is spread on the blank cordi-
erite surface to avoid any transport limitation within the
catalyst layer.

Uncoated monoliths are placed in front and behind the
catalyst. A ceramic cloth, 1 mm thick, is wound around the
catalyst to prevent gas bypass. The reactor is operated
isothermal at atmospheric pressure. The temperature is
controlled by adjusting the furnace heating. Gas tempera-
tures at the front and rear of the catalytic monolith are
monitored with Rh/Pt-thermocouples. A third thermocou-
ple is used to measure the temperature at the outer reactor
wall. The product composition is analyzed with a gas
chromatograph (Varian GC) and a quadrupole mass spec-
trometer (AIRSENSE 500). The mass flows of the reac-
tants, water and methane, are varied, leading to steam/
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Fig. 1 Schematic of the experimental setup used for catalytic reforming experiments employing Ni-coated monoliths (a) and schematic drawing

of reactor (b)
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methane ratios (S/C) of one to four. Argon was used as
dilution (75 vol.%), also supporting stable isothermal
conditions.

For a series of measurements at constant S/C, the tem-
perature was increased step-wise, and after the steady state
was reached the exit concentration was analyzed. Potential
carbon accumulation was burned off at the end of each
series using 25 vol.% oxygen in argon for 30 min at
700 °C, followed by reduction with 5% hydrogen in argon
for 1 h. All experiments were carried out with constant
flow rates of 593 mL/min resulting in a hydraulic flow
velocity in the single channels of 0.056 m/s.

3 Mathematical Model and Numerical Simulation

All experimental data used for model development were
carried out in monolithic honeycomb catalysts or similar
reactor configurations. Furthermore, isothermal conditions
and uniform inlet flow were established. Thus, homoge-
neous conditions for all channels of a monolith can be
assumed. Therefore it is sufficient to simulate the experi-
ments using a single channel model.

The reactive flow field in the single catalytic channel is
described by steady-state, two-dimensional boundary-layer
equations with transport coefficients that depend on com-
position and temperature [40]. Surface reactions are mod-
eled by a mechanism consisting of elementary-step-like
reactions using the mean-field approximation [41, 42].
Along the channel, the variation of gas-phase composition
in axial and radial directions as well as the axial variation
of the surface coverage with adsorbed species are taken
into account.

3.1 Modeling the Flow Field in a Single Channel

The rectangular shaped single channel is approximated by
a cylindrical channel model. Using given inlet conditions
(velocity, species mass fractions), the two-dimensional
laminar, isothermal flow field of the fluid at steady state is
computed using the boundary-layer approximation, which
eventually leads to the following set of equations [40]:

O(rpu)  o(rpv)

0z or 0 (m)
O(rpuY;)  O(rpvY;) O .

aZ + ar - _ar(rjl)) (2)
O(rpuw) ~O(rpvu) ~ 0p 0 Ou

w o Tata\Me) (3)

Here, the following variables are used: z and r, axial and
radial coordinates; p, density; # and v, axial and radial
velocity components; Y;, mass fraction; j;, diffusive mass
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flux; p, pressure. The viscosity u and the diffusion fluxes j;
depend on temperature and species composition.

3.2 Surface Chemistry Model

The chemical source terms s§; due to catalytic reactions are
modeled by elementary-step based reaction mechanisms
[42-44]. Homogeneous gas-phase reactions can be
neglected under the conditions (temperature, pressure,
residence time) applied in the present study. The locally
varying surface coverage of adsorbed species i, ©;, is
determined by

6@,- _ g l'é",‘ 7 ( 4)
ot r

where s; is the molar rate of creation or depletion of species
i due to adsorption, desorption, and surface reactions, ¢; is
the number of surface sites that are occupied by species i,
and I' (2.6 x 1075 mol/m? used for Ni) is the surface site
density.

The net rate of adsorption and desorption of gas-phase
species is balanced by the diffusive mass flux in Eq. 2 at
the surface in radial direction, j; g, Convective fluxes
vanish in steady-state as long as no mass is deposited or
ablated. Hence, the following boundary condition applies
for the flux at the inner channel wall:

ji,surf = Fcal/geonMiS‘i? (5)

where M; is the molar mass of species i, and F,ygeo 1S the
ratio between catalytic active surface area and geometric
surface area. Since no washcoat is used in the present study
the effectiveness factor # is unity. The total molar
production rate of surface species i by heterogeneous
reactions is given by

K. NN,

(Vi — Vi) ki H ¢, (6)

k=1 j=1

§; =

where K; is the number of surface reactions (including
adsorption and desorption), v}, (reactants) and v}, (prod-
ucts) are the stoichiometric coefficients, and N, and N, are
the number of gas-phase and surface species, respectively.

The temperature dependence of the rate coefficients is
described by a modified Arrhenius expression:

8 —Eu| 15 &k ®;
kfk = AkT K exp W H exp RT . (7)
i=1

This expression accounts for additional dependencies of
the activation energy on coverage using the parameter &;.
The rates of adsorption reactions are calculated using
sticking coefficients S°:
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[RT i v
-ads __ 0 gas I | ik
Si Si F IW[Ci j=1 ®j] . (8)

The computational tool DETCHEM MANNEL 143 44] s
applied to treat the problem numerically.

4 Chemical Reaction System

Conversion of methane and steam into a mixture of

hydrogen, carbon monoxide, and carbon dioxide can be

considered as a combination of the following net reactions:
endothermic steam reforming,

CH, + H,0 «» CO +3H, AH? = 206kJ/mol, 9)
CH, + 2H,0 « CO, +4H, AH? = 165kJ/mol,  (10)
endothermic CO,-reforming,
CH, + CO, «+» 2CO +2H, AH? =247kJ/mol,  (11)
exothermic water—gas shift,
CO +H,0 « CO, +H, AH’ = —41.2kJ/mol,  (12)
methanation,
CO + 3H, <> CHy; + H,0 AHY = —206 kJ/mol,

(13)
2CO +2H; «» CH; +CO, AH? = —247kJ/mol, (14)

carbon formation by Boudouard reaction,

2CO «» C+CO, AH’ = —172.4kJ/mol, (15)
and by methane cracking,

CH; < C+2H, AH? = 74.9kJ/mol, (16)
as well as gasification of carbon by steam or oxygen,
C+H,0 +» CO+H, AH’ = 131.3kJ/mol, (17)
C+ 0, < CO, AH? = —393.5kJ/mol. (18)

4.1 Surface Reaction Mechanism

A detailed surface reaction mechanism was developed to
model reforming of methane on nickel, which covers all
the global reactions given above in Eqs. 9-18. The reaction
mechanism consists of 42 reactions among 7 gas phase
species and 14 surface species. Table 1 summarizes the
reaction steps with their associated rate expressions.

The reaction mechanism suggests that adsorbed carbon
species CH,(s) (x =0, 1, 2, 3) formed from activated
methane react with adsorbed atomic oxygen O(s), formed
from the adsorption of oxygen or from the decomposition

of water and CO,, and produce carbon oxide. The total
reforming process on Ni catalyst is described as follows:
Adsorption—desorption of reactants and products (R1-
R12).
Activation of methane without oxygen (R13—-R20).

CHa(s) + (4 — x)Ni(s) — CHi(s) + (4 — x)H(s), (19)

CHi(s) + xNi(s) — C(s) + xH(s), (20)

and with adsorbed oxygen (R21-R28),

CHa(s) + (4 — X)O(s) — CHy(s) + (4 — x)OH(s), (21

CH, (s) + xO(s) — C(s) + xOH(s). (22)
Decomposition of water (R29-R34).

H,O(s) + 3Ni(s) — O(s) 4+ 2H(s), (23)

and carbon dioxide (R35-R38),

CO;,(s) + 2Ni(s) — C(s) + 20(s). (24)

Reaction of adsorbed species and production of CO and
H,

CH,(s) + O(s) + (x — 1)Ni — CO(s)
+xH(s) (x=0: R35, R36; x =1: R39--R42)  (25)

The reaction mechanism developed comprises the
reactions of partial oxidation and steam reforming of
methane and is based on the key reaction intermediate—
adsorbed atomic oxygen O(s), that is the common
intermediate for these reactions, indicated by TPR and in
situ isotope transient experiments [31].

The unity bond index-quadratic exponential potential
(UBI-QEP) approach [45—47] has been used to determine
the heats of adsorption of adsorbed species, reaction
enthalpy changes, and the activation barriers for all rele-
vant steps of the mechanism. Both available experimental
data and data derived from UBI-QEP calculations are used
in the mechanism; the individual references are listed in
Table 1. For the most part, the UBI-QEP calculations have
been performed for empty surfaces, and, as a consequence,
the mechanistic deductions drawn are strictly valid in the
limit of zero adsorbate coverage, but nevertheless such
deductions are in good agreement with experimental
observations made under conditions of finite coverage
[46]. Thus, the barrier of 57.7 kJ/mol for methane activa-
tion on Ni(111) surface via dissociation to CH; and H
surface species used in the model is in good agreement
with experiments, that give activation energies for CHy
dissociation from thermal experiments in the range of
52-59 klJ/mol [48-50] for the Ni(111), (100), and (110)
surfaces. Actually, the direct comparison of the activation
barrier used in our mechanism for this reaction with bar-
riers derived from ab initio calculations is sophisticated,
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Table 1 Surface reaction
mechanism (thermodynamic-
non-consistent version)

? The nominal value of the
preexponential factor of an
elementary reaction was
assumed to be: 10" NpIT (cm2/
mol, s), where N4 is Avogadro’s
number; 10" (s7!) is the order
of magnitude of % (kg the
Boltzmann’s constant, &
Planck’s constant) and would be
the value expected from
transition state theory;

I'=1.5 x 10" (site/cm?) is
the site density, that was
calculated by assuming a site
area of 6.5 x 1072 nm? as
observed for nickel [1]

® The reference indicates the
source for the sticking
coefficient or the activation
energy

¢ TInitial sticking coefficient

4 Literature value without
temperature dependence of
initial sticking coefficient

¢ Coverage dependence applies
due to thermodynamic
constraints

f Value for Rh(111)

€ Estimated in this work based
on the comparison of simulation
and experiment

because in our model the methane molecule is assumed to
exist in an adsorbed precursor state before dissociation to
CHj;(s) and H(s). In ab initio calculations, usually direct
dissociation of methane from the gas phase is considered;
it is noted that the values reported in literature differ

@ Springer

Reaction A? (cm, mol, s) E, (kJ/mol) p (=) References
R1  H, + 2Ni(s) — 2H(s) 1.000 x 1072 0.0 0.0 [66], s.c.6
R2 O, + 2Ni(s) — 20(s) 1.000 x 1072F 0.0 0.0 [18], s.cC
R3  CH, + Ni(s) — CHu(s) 8.000 x 1073 0.0 00 sco
R4  H,O + Ni(s) - H,O(s) 1.000 x 107 0.0 0.0 [18], sc.t
R5 CO, + Ni(s) = CO,(s) 1.000 x 107° 0.0 00 sco®
R6  CO + Ni(s) —» CO(s) 5.000 x 107 0.0 0.0 [67, 68], s.c.t
R7  2H(s) — 2Ni(s) + H, 3.000 x 107! 98.0 0.0 [31, 69]
R8  20(s) — 2Ni(s) + O, 1.300 x 107 464.0 0.0 [45]
R9  H,O(s) - H,O + Ni(s) 6.000 x 1071*  68.9 0.0 [45]
R10 CO(s) - CO + Ni(s) 1.000 x 10"1% 122.4 — 500c0()° 0.0 [66]
R11 COs(s) —» CO, + Ni(s) 1.000 x 107 273 0.0 [45, 68]
R12 CHy(s) —» CH, + Ni(s) 2.000 x 1071* 251 0.0 [47, 67]
R13 CH4(s) + Ni(s) » CHs(s) + H(s) 3.700 x 10™2' 577 0.0 [47]
R14 CHj;(s) + H(s) —» CHy(s) + Ni(s)  3.700 x 1072!  56.1 0.0 [47]
R15 CHs(s) 4+ Ni(s) - CHx(s) + H(s)  3.700 x 10™*  100.0 0.0 [47]
R16 CHa(s) + H(s) - CHj(s) + Ni(s)  3.700 x 107! 4938 0.0 [47]
R17 CHa(s) + Ni(s) - CH(s) + H(s)  3.700 x 10™* 97.1 0.0 [47]
R18 CH(s) + H(s) » CHx(s) + Ni(s)  3.700 x 10™>* 73.6 0.0 [47]
R19 CH(s) + Ni(s) - C(s) + H(s) 3700 x 107" 18.8 0.0 [47]
R20 C(s) 4+ H(s) — CH(s) + Ni(s) 3.700 x 107" 173.6 0.0 [47]
R21 CHu(s) + O(s) — CHs(s) + OH(s) 1.700 x 107>* 88.3 0.0  This work
R22 CHj(s) + OH(s) — CHy(s) + O(s) 3.700 x 1072' 234 0.0  This work
R23 CHs(s) + O(s) — CHa(s) + OH(s) 3.700 x 107**  130.1 0.0 [46]
R24 CHa(s) + OH(s) —» CHs(s) + O(s) 3.700 x 107" 16.7 0.0 [46]
R25 CHa(s) + O(s) - CH(s) + OH(s) 3.700 x 10™>* 126.8 0.0 [46]
R26 CH(s) + OH(s) —» CH,(s) + O(s)  3.700 x 107" 402 0.0 [46]
R27 CH(s) + O(s) — C(s) + OH(s) 3700 x 107" 48.1 0.0 [59]
R28 C(s) + OH(s) — CH(s) + O(s) 3.700 x 107" 139.7 0.0 [59]
R29 H(s) + O(s) — OH(s) + Ni(s) 5.000 x 1072* 979 0.0 [45]
R30 OH(s) + Ni(s) — H(s) + O(s) 3.000 x 1072 343 0.0 [45]
R31 H(s) + OH(s) —» H,O(s) + Ni(s)  3.000 x 1072 427 0.0 [46]
R32 H,O(s) + Ni(s) — H(s) + OH(s) ~ 3.000 x 107%*  87.0 0.0 [46]
R33 OH(s) + OH(s) » H,O(s) + O(s)  3.000 x 10™' 100.0¢ 0.0  This work
R34 H,O(s) + O(s) » OH(s) + OH(s) 3.000 x 107" 207.5¢ 0.0  This work
R35 C(s) + O(s) = CO(s) + Ni(s) 5200 x 107> 148.1 0.0 [47]
R36 CO(s) + Ni(s) — C(s) + O(s) 2.500 x 10M2!  139.7 — 500c0e°  —3.05 [47]
R37 CO(s) + O(s) — COx(s) + Ni(s)  3.000 x 107" 123.6 — 0.0  This work

500c0()7E

R38 CO(s) + Ni(s) - CO(s) + O(s)  3.000 x 107  88.08 —1.02  This work
R39 CO(s) + H(s) - HCO(s) + Ni(s)  5.000 x 107 96.2 —1.02 [45]
R40 HCO(s) + Ni(s) - CO(s) + H(s) ~ 3.700 x 1072 0.0 4 500c0e)° 0.0 [45]
R41 HCO(s) + Ni(s) - CH(s) + O(s)  3.700 x 107>* 958 —3.08 [46]
R42 CH(s) + O(s) —» HCO(s) + Ni(s)  3.700 x 107" 146.0 0.0 [46]

significantly. Yang et al. [51] reported DFT results on the
chemisorption of H and CH, and the dissociative chemi-
sorption of CH4 on a Ni(111) surface using an embedded
cluster CI approach. The activation energy calculated for
CH4 to CHj3 is 71 kJ/mol. Kratzer et al. [52] performed
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DFT calculations on a Ni(111) slab to characterize the
transition state for CH, dissociation. For the clean Ni
surface a barrier of 109 kJ/mol was found. Bengaard et al.
[26] used DFT to study methane steam reforming and
graphite formation on Ni catalysts. The authors presented a
complete potential energy diagram and estimate an acti-
vation barrier for the first methane activation step to be
less than 91 kJ/mol; whereas Henkelman et al. reported
75 kJ/mol [53]. Recently, Blaylock et al. [35] investigated
the thermochemistry and kinetics of steam methane
reforming on Ni(111) using plane wave density functional
theory and gave the barrier of dissociative adsorption of
CHy(g) to be 129 kJ/mol.

For the activation barrier of dehydrogenation of CHj(s)
to form CHj(s) surface species we have used an UBI-QEP
derived estimation of 100 kJ/mol, that is in good agreement
with DFT calculations on Ni(111) proposing a barrier of
100 kJ/mol [54, 55]. UBI-QEP calculations lead to 146 kJ/
mol for the activation barrier of HCO(s) production from
CH(s) and O(s) and 0-50 kJ/mol for HCO(s) dehydroge-
nation into CO(s) and H(s); DFT calculations [31] pro-
posed 151 and 20 kJ/mol, respectively.

Sticking coefficients are used as kinetic data for the
adsorption of reactants and products (H,, O,, CH4, H,O, CO,
CO,) represented in the reaction mechanism. The mechanism
of methane activation without oxygen is supported by
HREEL and molecular beam investigations of methane
decomposition on Ni(111) [56] and isotopic transient and
steady-state experiments [31]. In the case of partial oxidation,
the oxygen-assisted dissociation represents a further pathway
for methane activation. Solymosi et al. [57] have observed
that the addition of CO, to CH, in partial oxidation reaction
greatly promoted the dissociation of CH,4. They assumed that
the activation of CH, was facilitated by adsorbed oxygen
generated in the decomposition of CO, or water. The
implementation of the surface oxygenated specie HCO(s) in
the mechanism is supported by TPSR and TR-FTIR experi-
ments [58] and theoretical calculations with UBI-QEP
method [45, 59]. Furthermore, DFT calculations of Wang
et al. [33] and Pistonesi et al. [60] conclude that HCO species
dissociation in CO and H fragments is a favorable reaction in
steam reforming of methane on Ni(111).

4.2 Thermodynamic Consistency

The equilibrium of a chemical reaction,

D VA = D VA (26)
i ikt ke i ik*

is completely defined by the thermodynamic properties of
the participating species. Expressed in terms of the

equilibrium constant, K, the equilibrium activities, a;,

obey the equation

g ik AGO
=TT ()" = exp( - S5 ). (27)

i

The symbols are the stoichiometric coefficient vy = v}, —
vgk, the gas constant R, the temperature 7, and the change of
free enthalpy at normal pressure p°

MG’ = v G)(T). (28)

In case of gases, the activities can be approximated by their
partial pressures a; = p;/p°, and in case of surface species
by their coverages a; = @,;. When the dependence of the
heat capacities on temperature is given by a forth-order
polynomial [47] and standard enthalpies and entropies of
formation, then the standard free enthalpies can be

expressed in terms of seven coefficients, ag, ..., de

GU(T) = ap; +a1,T + ax;T* + a3, T° + as; T* + a5, T°
+ a()?iT InT.

(29)

In order to predict the correct equilibrium, the rate
coefficients for the forward and the reverse reaction must
obey the equation

k
o K I (30)

The c? are reference concentrations at normal pressure, i.e.
¢? = p/RT for gas-phase species and ¢! = I'/q; for sur-
face species.

However, one problem in setting up a reaction mecha-
nism is the difficulty to define the thermodynamic data for
intermediate surface species. Therefore, Eq. 30 cannot be
used to calculate the rate coefficient of the reverse reaction.
The forward and the reverse reaction are then defined
separately with their own rate laws. Nevertheless, these
rates cannot be chosen independently.

Assume an initial guess for a surface reaction mecha-
nism. The rate coefficients for forward and reverse reac-
tions may have been adjusted separately. Suppose that the
thermodynamic data for species 1...N, are unknown. For
each pair of reversible reactions we can calculate an
equilibrium constant using Eq. 30 and, according to
Eq. 27, its logarithm yields the change of free enthalpy.
(Note: coverage dependent activation energies are not
considered at this stage.) Separation of the known and the
unknown variables in Eq. 28 leads to

N

M(
MG =D v GUT)+ Y v GY(T), (31)
i=1

i=N,+1
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that is a linear equation system for the unknown free
enthalpies G?. Since most species are involved in more
than one reaction, this system is usually over-determined.
Inserting Eq. 29 for several temperatures 7; gives a system
of linear equations in the unknown coefficients d;;:

N, 6
> vty = gy for all k and j, (32)
i=1 =0
where the following abbreviation have been used
N
g = MG(T) = D Gl (T)) (33)
=N, +1

and

T! if /<6

=4

g {T,-lnTj if1=6 (34)

An “optimal” set of parameters d;; is determined by a
weighted least-square approximation. The weights can be
chosen individually for each pair of reactions according to
a sensitivity analysis of the reaction mechanism. This
guarantees that the equilibrium of crucial reaction steps
will be shifted less than others after adjustment.

The newly adjusted thermodynamic coefficients are then
used to calculate the change of free enthalpy for each
reaction (31), the equilibrium constant (27), and the rate
coefficient of the reverse reaction (30). In case the reverse
reaction shall be expressed in terms of Arrhenius coeffi-
cients, another least square approximation using the rate
constants at the discrete temperatures, 7}, is performed.

Since we prefer to write surface reaction mechanisms as
pairs of irreversible reactions, this procedure has to be
repeated during mechanism development after modifica-
tion of rate coefficients belonging to any of these pairs.

Fig. 2 Illustration of the
adjustment algorithm to set up
thermodynamically consistent

Figure 2 illustrates the algorithm. The difference between
this method and the scheme proposed by Mhadeshwar et al.
[61] is the fact that in our procedure is no need to select a
linearly independent set of reactions. Instead of distin-
guishing reactions between linear base and linear combi-
nations, all reactions are treated equally by solving the
same linear problem using a least-square fit.

The algorithm ensures thermodynamic consistency in a
sense that the thermodynamic equilibrium of the partici-
pating gas-phase species is matched for a range of tem-
peratures, while writing all reversible reactions as pairs of
independent forward and backward reactions. Thus, the
thermodynamic data of the intermediate species is not
needed for the evaluation of the reaction rates. Due to the
assumptions of the mean-field model, this data shall not be
considered thermodynamic properties of a well-defined
binding state of a given molecule.

The thermodynamically consistent surface reaction
mechanism that was established on base of the “source”
surface reaction mechanism (Table 1) using the adjustment
algorithm for the temperature interval 500-2000 K is given
in Table 2. The associated thermodynamic data of all
species is temperature dependent. As an example, the
resulting specific enthalpies at 500 and 2000 K are given in
Table 3.

5 Results and Discussion

The developed detailed multi-step heterogeneous reaction
mechanism presented in Table 2 matches the kinetic data
for steam reforming on Ni catalyst well. Figures 3, 4, 5, 6
and 7 show a good agreement between the calculated and
experimental conversion, selectivity, and yield of products

Thermodyn.
consistent

v

surface reaction mechanisms Calculate

rate coefficients

Potentially
inconsistent surface
reaction mechanism

mechanism

of reverse reactions

Calculate
K, and A,G?
from thermodynamic
data

(=)

®

reaction
mechanism Calculate.
. K, and A,G?
thermodynamics for pairs of
adjusted known reversible reactions

Least-square fit

for unknown

Substitute known
G?;

Linear equations

for unknown G2

C

30
G
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Table 2 Thermodynamically Reaction A (cm, mol, s) E, (kJ/mol) B

consistent surface reaction

me?hanism, electronic version R1 H, + 2Ni(s) — 2H(s) 1.000 x 1092 s.c. 0.0

available from . +19

www detchem.com R2 2H(s) — 2Ni(s) + H, 2.545 x 10 81.21 0.0
R3 0, + 2 Ni(s) — 20(s) 1.000 x 107 s.c. 0.0
R4 20(s) — 2Ni(s) + O, 4283 x 1072 474.95 0.0
R5 CH, + Ni(s) - CHq(s) 8.000 x 107% s.c. 0.0
R6 CH,(s) — CH, + Ni(s) 8.705 x 10" 37.55 0.0
R7 H,O + Ni(s) — H,0(s) 1.000 x 107! s.C. 0.0
R8 H,0(s) —» H,O + Ni(s) 3.732 x 10712 60.79 0.0
R9 CO, + Ni(s) = COx(s) 1.000 x 107% s.c. 0.0
R10 CO,(s) > CO, + Ni(s) 6.447 x 107%7 25.98 0.0
RI1 CO + Ni(s) > CO(s) 5.000 x 107! s.c. 0.0
R12 CO(s) —» CO + Ni(s) 3.563 x 107! 111.27 — 5000 0.0
R13 CH.(s) + Ni(s) —» CHx(s) + H(s) 3.700 x 107! 57.7 0.0
R14 CHs(s) + H(s) — CHu(s) + Ni(s) 6.034 x 107! 61.58 0.0
R15 CHs(s) + Ni(s) — CHa(s) + H(s) 3.700 x 107 100.0 0.0
R16 CH,(s) + H(s) — CHj(s) + Ni(s) 1.293 x 10723 55.33 0.0
R17 CH,(s) + Ni(s) - CH(s) + H(s) 3.700 x 107 97.10 0.0
RI18 CH(s) + H(s) > CHa(s) + Ni(s) 4.089 x 107 79.18 0.0
R19 CH(s) 4+ Ni(s) - C(s) + H(s) 3.700 x 1072! 18.8 0.0
R20 C(s) + H(s) —» CH(s) + Ni(s) 4562 x 107%? 161.11 0.0
R21 CH.(s) + O(s) — CHj(s) + OH(s) 1.700 x 10%2* 88.3 0.0
R22 CHs(s) + OH(s) — CHu(s) + O(s) 9.876 x 10722 30.37 0.0
R23 CHs(s) + O(s) — CHa(s) + OH(s) 3.700 x 107* 130.1 0.0
R24 CH,(s) + OH(s) — CHs(s) + O(s) 4,607 x 1072 23.62 0.0
R25 CH,(s) + O(s) —» CH(s) + OH(s) 3.700 x 107 126.8 0.0
R26 CH(s) + OH(s) — CHa(s) + O(s) 1.457 x 1012 47.07 0.0
R27 CH(s) + O(s) — C(s) + OH(s) 3.700 x 102! 48.1 0.0
R28 C(s) + OH(s) —» CH(s) + O(s) 1.625 x 102! 128.61 0.0
R29 H(s) + O(s) — OH(s) + Ni(s) 5.000 x 10722 97.9 0.0
R30 OH(s) + Ni(s) — H(s) + O(s) 1.781 x 107 36.09 0.0
R31 H(s) + OH(s) — H,O(s) + Ni(s) 3.000 x 1072° 42.7 0.0
R32 H,O(s) + Ni(s) - H(s) + OH(s) 2271 x 10! 91.76 0.0
R33 OH(s) + OH(s) — H,0O(s) + O(s) 3.000 x 102! 100.0 0.0
R34 H,0(s) +0(s) — OH(s) + OH(s) 6.373 x 107 210.86 0.0
R35 C(s) + O(s) —» CO(s) + Ni(s) 5.200 x 1072 148.1 0.0
R36 CO(s) + Ni(s) » C(s) + O(s) 1.354 x 10?2 116.12 — 500c0(s) -3.0
R37 CO(s) + O(s) — COx(s) + Ni(s) 2.000 x 10*° 123.6 — 500cos) 0.0
R38 CO,(s) + Ni(s) = CO(s) + O(s) 4.653 x 1073 89.32 -1.0
R39 CO(s) + H(s) — HCO(s) + Ni(s) 4.019 x 1072 132.23 -1.0
R40 HCO(s) + Ni(s) = CO(s) + H(s) 3.700 x 107! 0.0 + 500co,) 0.0
R41 HCO(s) + Ni(s) — CH(s) + O(s) 3.700 x 107 95.8 -3.0
R42 CH(s) 4+ O(s) - HCO(s) + Ni(s) 4,604 x 1072 109.97 0.0

during the steam reforming for all experimental conditions
studied. Both experimentally measured and numerical
predicted reveal that thermodynamic equilibrium is not
reaches at temperature below 1000 K (Figs. 3, 4, 6). The
model predicts the experimentally determined H,/CO ratio
as a function of temperature reasonably well (Fig. 6), while

this ratio is higher compared to equilibrium calculation at
temperature below 1000 K (Fig. 6). The slightly overpre-
diction of the H,/CO ratio with respect to the experimental
measurements at the higher S/C ratios (Fig. 7d) is probably
due to the underestimation of water—gas shift reaction in
the model, especially at low temperature.
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Table 3 Specific enthalpies of the given gas-phase species and
adjusted values for surface species

H (500 K) (kJ/mol)

H (2000 K) (kJ/mol)

H, 5.9 53.0
0, 6.1 59.2
CH,4 —66.6 48.7
H,O —2349 —169.0
CcO —104.6 —53.8
CO, —385.2 —302.1
H(s) -394 —15.0
O(s) —234.5 —214.9
CHL(s) —104.6 -26
H,0(s) —299.5 -233.6
CO(s) —218.7 + 500c0() —169.4 + 500c0(s,
CO,(s) —414.0 —334.9
CHs(s) —68.4 5.5
CH,(s) 16.4 62.1
CH(s) 74.4 92.1
C(s) —28.6 35.8
OH(s) —212.0 —167.6
HCO(s) —131.7 —63.8
1.0
0.8
c
.g 0.6 -
g
z
g 0.4
0.2
0.0 7 ! . .
800 900 1000 1100 1200 1300
T(K)

Fig. 3 Methane and water conversion as a function of temperature in
methane steam reforming: S/C = 2.77, 75% Ar; scatter—experiment
(filled symbols methane, empty symbols water), solid lines simulation,
dash lines equilibrium calculation

Figure 7 shows the effect of inlet steam to carbon (S/C)
ratio on methane conversion (a), water conversion (b),
CO-selectivity (c), and Hp/CO-ratio (d) in methane steam
reforming at 1020 K. The experiment and modeling data
show that methane conversion increases and the CO
selectivity decreases with increasing S/C. Methane con-
version reaches 95% at S/Cs close to 4 and 1215 K
(approximately 80% for S/C 2). CO selectivity ranges from
50% (S/C ~4) up to 78% (S/C 1.8). At medium temper-
atures (923 K) methane conversion is in the range of
75-55%, and the CO selectivity is between 13 and 27%.

@ Springer
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Fig. 4 H,- and CO-yield as a function of temperature in methane
steam reforming S/C = 2.77, 75% Ar; scatter—experiment (filled
symbols CO, empty symbols H,), solid lines simulation, dash lines
equilibrium calculation
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Fig. 5 Effect of temperature on CO-selectivity in methane steam
reforming: S/C = 2.77, 75 % Ar. Symbols/lines represent the exper-
imental/numerical data, respectively

The thermodynamic equilibrium in the reaction system
(10)—(15) has to be considered to analyze the product
composition. All these reactions are reversible at the wide
range of temperature applied. Although the reversible
reactions (10)—(12) are strongly endothermic and reactions
(13)—(15) are exothermic, the over-all heat of reactions
(10)—(15) may be positive, zero, or negative, depending on
the process conditions.

At low steam to carbon ratios and low catalyst exit
temperature (~900 K), the over-all heat of reactions
(9)-(14) is positive. This is reflected by the low methane
conversion and low CO-content in the product stream
(Figs. 3, 4, 5, 6, 7). At high temperature, the over-all
reaction becomes endothermic and methane conversion
increases (Fig. 3, 7a), because at high temperature the
equilibrium of both endothermic reactions, Eqs. 12 and
13, the shift reaction and the methanation reaction are
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Fig. 6 Effect of temperature on H,/CO-ratio in methane steam
reforming: S/C = 2.77, 75% Ar; symbols experiment, solid line
simulation, dash line equilibrium calculation

left-shifted leading to less methane and more carbon
monoxide in the product stream. Furthermore, at high
temperatures, the CO concentration increases, because of
the equilibrium shift in the Boudouard reaction (15) to
carbon monoxide, and CH, concentration decreases due to
methane cracking (16). This is in agreement with trends of
the thermodynamic equilibrium constants for reactions (9),
(12), (15), and (16) at the temperature range of
273-1273 K [1].

In agreement with Aparicio’s conclusion [31] that the
reforming rate is found to depend largely on the elementary
reactions R35-R36 of the reaction mechanism, the equi-
librium of this reversible reaction is strongly sensitive to
the temperature deviation. Surface oxygen species involved
in C-O bond formation can be produced via dissociative
adsorption of oxygen R2 or adsorption and dissociation of

water R4, R32-R33, R29-R30. The availability of surface
oxygen is assumed to play a key role in determining the
rate of syngas formation at high temperature.

The model shows that the site coverage of C(s) is larger
than the one of CHA4(s), CHs(s), CH,(s), CH(s), and
HCOC(s) (Fig. 8), which is in good agreement with the
experimental results of Bradford and Vannice [15]. The
reaction of CH(s) destruction (R19) has a much lower
activation barrier than that of CHx(s) (x = 2-4) dehydro-
genation reaction R13, R15 and R17. This means that once
a CH(s) species is formed, it immediately dehydrogenates
to carbon and hydrogen. The model identifies that the
elementary steps R19-R20, R27-R28 and R35-R36,
involving carbon formation from methane and carbon
monoxide, are important in determining the coverage of
surface carbon species. Elementary steps of carbon for-
mation from methane dehydrogenation are lower activated
compared with CO dissociation. Therefore, the main part
of surface carbon was assumed to be produced from
methane, which is in agreement with the results of in situ
isotope-labelled '>CO, transient experiments for mixed
reforming [12] and DFT calculations [33]. Surface carbon
C(s) is possibly nickel carbide as suggested by Kroll et al.
[62] or it is just the adsorbed atomic carbon. Such carbon
could well be a precursor of the graphitic carbon that
causes deactivation. A detailed kinetic of deactivation was
not considered in our model.

We performed a sensitivity analysis of the reaction
mechanism at three temperatures: 920, 1020, and 1120 K
with S/C = 1.9 (75% Ar). In particular, we analysed sen-
sitivity of exit molar fraction of CH4, CO, CO,, H,, and
H,0, by perturbing the pre-exponentials of each reaction.
Results for the methane mole fraction, presented in Fig. 9,

Fig. 7 Effect of inlet steam to (a) 10 (b) 10
carbon (S/C) ratio on methane g e c
conversion (a); water 5 081 —— .g 08
conversion (b); CO-selectivity 5 05 | . ° 06
(¢); Hy/CO-ratio (d) in steam E : z 1 .\.\
reforming of methane, 9 04 8 04 - ~
T = 1020 K, 75% Ar; symbols/ 2 pS
lines represent the experimental/ T 021 « 0.2 1
numerical data, respectively © 00 L 0.0
1 2 3 4 1 2 3 4
S/C S/C
(¢) 10 (d)
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Fig. 8 Computed surface coverage of adsorbed species along the
catalytic channel wall in methane steam reforming at 1120 K,
S/IC =2.77

1120K
M 1020K
W 920K

;L CH, + Ni(s)>CHy(s)

I sl CHy(s) + O(s)+ CHy(s) + OH(s|

|| CHy(s) + Ni(s)-® CHy(s) + H(s)

CHy(s) -+ CHy + Nifs) [

(py/n)(dni/dpy)

Fig. 9 Sensitivity coefficients for methane mole fraction as function
of temperature for methane steam reforming, S/C = 1.9 (75% Ar).
Only the most sensitive reactions are presented

show that the system was highly sensitive to the methane
adsorption and further CHy(s) dehydrogenation steps (with-
and without oxygen assistance).

In order to further test the applicability of the hetero-
geneous surface reaction mechanism developed, experi-
ments conducted by Ryu and Lee [63] were modeled. In
their experiments, SR of CH, was studied over two reduced
Ni catalyst wash-coated on metal monolith (21 wt% Ni on
MgO and Al,O3), packed into a quartz tube reactor. The
weight of the Ni catalyst used to make the washcoat was
3 g in 152 cm’; the method to prepare the catalyst is
explained in Refs. [63, 64]. The single monolith with a
diameter of 2.2 cm being 2 cm in length consists of over

@ Springer

300 channels (640 cpsi) with an inner hydraulic diameter of
0.536 mm. As before, in the simulation only one channel
was analyzed using the software DETCHEM “HANNEL The
reactor was isothermally operated at atmospheric pressure
at S/C = 3 without dilution. The inlet temperature was
700 K at a gas hourly space velocity (GHSV) of 9000 h™".
As shown in Fig. 10, the heterogeneous reaction mecha-
nism presented is also able to predict the experimental
conversion of methane sufficiently well.

Meanwhile, the mechanism established on base of the
“source” mechanism, developed in this work using the
adjustment algorithm for temperature 1073 K has been
used to model steam and DR of methane-containing fuels
in Ni/YSZ anodes of Solid-Oxide Fuel Cells (SOFC) and
was able to reproduce all experimentally observed trends
[36, 65]. The applicability of the detailed reaction scheme
to quite different systems reveals that the intrinsic kinetics
of SR over Ni-based catalysts is not very strongly influ-
enced by the support material and the external conditions
applied; a feature of SR and DR of methane that further
supports the general findings of Wei and Iglesia [30].

6 Conclusions

The kinetics of the steam reforming of methane over nickel
coated monoliths has been experimentally studied in a flow
reactor. A detailed multi-step heterogeneous reaction
mechanism for steam and DR of methane as well as partial
and total oxidation, including the reverse water—gas shift
reaction, methanation, and carbon formation routes was
developed. Kinetic parameters were estimated using semi-
empirical UBI-QEP calculations as well as data from the
here presented experiments and from literature. Modeling

1.0

0.8 1

0.6 1

0.4 1

Conversion

0.2 4

0.0 - T T T T T T
600 700 800 900 1000 1100 1200 1300

T(K)

Fig. 10 Methane conversion as function of temperature over metal
monolith washcoated with Ni catalyst, S/C = 3; experimental data
taken from Ryu and Lee [63]; symbols/lines represent the experi-
mental/numerical data, respectively
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showed that the availability of surface oxygen plays a key
role in determining the rate of synthesis gas formation in
reforming processes.

Due to the problem that thermodynamic data for indi-
vidual surface species are usually not available, a proce-
dure has been derived and applied throughout the
development process to ensure the over-all thermodynamic
consistency of the mechanism. This approach can also be
used to quickly adapt surface reaction rate parameters in a
thermodynamically consistent way when a catalytic system
is slightly changed, e.g. by modifications of supports and
additives, as long as the general reaction features of the
reaction mechanism are not altered.

Experimentally measured conversion and selectivity at
strongly varying conditions were well-computed by
numerical simulations using the developed reaction
mechanism and adequate mass transport models. In par-
ticular, steam reforming over nickel-based catalysts was
considered for varying temperature and steam/methane
ratio taking experimental data not only from experiments
presented here but also from literature.

Future work will focus on the application of the mech-
anism to partial and total oxidation as well as autothermal
and DR conditions and on the implementation of a coking
model into the surface reaction scheme.
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