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1. INTRODUCTION
Detailed microkinetic modeling of heterogeneous catalysis is
quite rapidly becoming a widely applied tool for the analysis
and design of catalytic processes.1−11 Such models are relevant
and useful because, unlike classical kinetic models, they do not
require a priori assumptions about the rate-determining step
(RDS) and the most abundant surface intermediate (MASI).
Consequently, in principle, they can capture the kinetics of a
reacting system under significantly different operating con-
ditions and represent a unique tool for both the analysis of
reaction mechanisms and advanced process design.12,13 Key in
this respect is the achievement of a quantitative description not
only of the experimental data but also of the predicted catalytic
cycle, which must be consistent with the macroscopic observed
kinetic behavior.14,15 The predicted catalytic cycle is the result
of the interplay among the rates of all of the elementary steps,
which are responsible for the production and consumption of
the reacting intermediates. As a consequence, the performances
of a microkinetic model are determined not by the individual
elementary steps but by each elementary step interacting with
the others. Therefore, there is a clear need for consistency
among the rate parameters of each elementary step, which
poses severe challenges for the development of predictive
microkinetic models.
In principle, the estimation of rate parameters is the realm of

electronic structure theory calculations, which explicitly treat
the quantum-mechanical nature of the chemical bond.16 On
one hand, such studies are of great relevance in revealing
specific features of the reaction mechanism (see, e.g., refs 17
and 18). On the other hand, the application of quantum-

chemical calculations is still far from optimal in the develop-
ment of quantitative microkinetic models for complex catalytic
processes. In particular, the lack of awareness of the current
possibilities of first-principles calculations in this specific
context leads to either profound skepticism or unrealistic
expectations about the use of such studies in practical
systems.19 This is mainly related to two different issues: First,
the insufficient accuracy of the underlying methods used for the
solution of a quantum-mechanical problem [e.g., the density-
functional theory (DFT) exchange correlation functional used]
can lead to unacceptable errors in the reaction rates. As an
example, a generic uncertainty for reaction energies of semilocal
DFT can be estimated on the order of 0.2−0.3 eV, which
implies an uncertainty in rate constants of 1−3 orders of
magnitude at temperatures in the range of 400−600 K.19,20

Second, the intrinsic uncertainty in the structures of the
catalysts and active sites along with the appropriate accounting
for coverage effects can strongly limit the transferability of the
calculated results to “practical” systems under the actual
conditions of temperature, pressure, gas composition, and
concomitant surface coverage. Moreover, the treatment of all of
these aspects with a pure first-principles approach would be
beyond any practical expectation and prohibitive for most
processes of real technological interest.21
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Hierarchical multiscale approaches, pioneered by Vlachos
and co-workers,16,22,23 represent a very promising methodology
to enable the development of microkinetic models that
quantitatively incorporate insights from first-principles calcu-
lations. The main feature of this methodology consists of
tackling the problem with an increasing level of accuracy (and
required computational time) by hierarchically combining
semiempirical methods with first-principles calculations in the
microkinetic analysis of kinetically relevant experiments.2,16 A
schematic representation of the methodology is provided in
Figure 1.

A semiempirical method (point 1 in Figure 1) is first used to
estimate the kinetic parameters for the full problem. In
particular, the semiempirical model is used to rapidly estimate
barriers under the local conditions of surface coverage in the
reactor, which would be otherwise not tractable with higher-
accuracy methods (point 1′ in Figure 1).21,24,25 Next, upon the
solution of the microkinetic model in the simulation of
kinetically relevant experiments, reaction path analysis (RPA)
and identification of the most abundant surface intermediates
(MASIs) allow for the derivation of the dominant reaction
steps forming the catalytic cycle. Sensitivity analysis (SA) is also
used to identify the most sensitive parameters with respect to
model predictions. Only these dominant steps are then refined
with first-principles methods (point 2 in Figure 1). In this way,
such studies are guided to the relevant parts of the reaction
network and provide peculiar insights such as the identification
of possible errors in the catalytic mechanism or model
assumptions. The last step (from point 2 to point 3 in Figure
1) encompasses the incorporation of the insights from first-
principles calculations into the semiempirical framework to
yield a first-principles refined microkinetic model.
In previous works, we applied the hierarchical multiscale

approach for the development of a C1 microkinetic model for
the conversion of CH4 to syngas on Rh that was able to
quantitatively predict the behaviors of different reacting
systems, including steam reforming (SR), dry reforming
(DR), and partial oxidation (CPO).1 Nevertheless, microkinetic
analysis of spatially resolved adiabatic partial oxidation on
foams clearly pointed out the major weakness of the model,
which was related to an unsatisfactory mechanistic description
of the water−gas-shift (WGS) and reverse water−gas-shift (r-

WGS) reacting systems.26 Following the hierarchical multiscale
approach, Maestri and Reuter14 showed, through first-principles
calculations, that this incorrect prediction of the WGS/r-WGS
systems was associated with an erroneous assumption in the
description of one elementary step and derived catalytic cycles
consistent with the experimental evidence.
The main point, however, still unanswered and the subject of

the present article, is related to the quantitative incorporation of
the information derived from first-principles modeling into the
overall microkinetic model and its reconciliation with the
complexity of the reacting system (point 3 in Figure 1). This is
crucial to transfer the insights from first-principles methods to
complex processes in “practical” catalysis.
In particular, in this work, we present a hierarchical first-

principles refinement of the microkinetic model of Maestri et
al.1 for the description of CH4 conversion on Rh guided by the
DFT-based analysis of the WGS/r-WGS pathways.14 Mod-
ification and refinement of the microkinetic model are carried
out on the basis of a comprehensive set of isothermal
experimental data. Extensive validation of the microkinetic
model with respect to system complexity is thoroughly
discussed and assessed through the analysis of spatially resolved
experiments of partial oxidation on foams under different
conditions of CO2 and H2O cofeed.

2. METHODOLOGY

The hierarchical refinement proposed by Vlachos and co-
workers1,2,27 is used to quantitatively introduce into the
microkinetic model the information derived from first-
principles calculations. For different experimental conditions,
we identify the catalytic cycle through RPA based on the net
consumption rate of the reacting intermediates. Unlike RPA
based on only enthalpy diagrams, the derivation of the
dominant mechanism using species net consumption rates
incorporates both entropic and enthalpic contributions along
with the available chemical activity (mass action) under the
specific operating conditions.
The consistency of the dominant mechanism with the

experimental information is then assessed in terms not only of
quantitative predictions but also of macroscopic kinetic
behavior. In particular, this assessment entails the identification
of the RDS for the reaction network by the means of
equilibrium analysis and sensitivity analysis.28−30 The param-
eters of the underlying semiempirical method are then modified
on the basis of the insights from higher-accuracy methods to
achieve full consistency with the experimental information.
Within this scope, we used a comprehensive set of isothermal

experimental tests performed in an annular reactor.31,32 We
simulated the experimental data using a one-dimensional
heterogeneous mathematical model accounting for the
experimental temperature profile in each simulation.33 The
mean-field microkinetic model was incorporated into the
reactor model by using the catalyticSMOKE libraries.34,35 In
each simulation, we considered the specific number of active
sites as an independent input calculated from chemisorption
experiments. The catalyst weight was on the order of 10 mg
(4% Rh/α-Al2O3), and the Rh dispersion for the catalyst was
estimated to be 5% from CO and H2 chemisorption
experiments.36

Figure 1. Schematic representation of the hierarchical approach for
microkinetic model development.



3. RESULTS AND DISCUSSION

3.1. Quantitative Assessment of Original Model
Performance. We start our analysis by considering SR and
WGS/r-WGS experiments.31 Figure 2 shows comparisons
between the semiempirical model of Maestri et al.1 (hereafter
referred to as the original model) and experiments on the WGS
(panel a), r-WGS (panel b), and SR (panels c and d). On one
hand, the CH4 consumption and H2 production are well
predicted over the whole range of temperatures in SR (Figure
2c,d). On the other hand, overestimation of CO2 and
underestimation of CO at intermediate temperatures (500−
600 °C) is observed (Figure 2c). These results are consistent
with the WGS/r-WGS predictions shown in Figure 2a,b. In fact,
the original model underestimates the WGS and r-WGS at low
temperature (<450 °C), where the catalyst surface is fully
covered by CO* and CH* species (the superscript * hereafter
refers to adsorbed species). Then, at 450 °C, a sharp increase in
activity is predicted, such that the model suddenly reaches the
equilibrium composition in contrast to what is experimentally
observed. This leads, far from thermodynamic equilibrium, to
predicted macroscopic reaction orders in the WGS/r-WGS that
are not in agreement with the experimental observations
reported by Donazzi et al.31 In particular, Donazzi et al. found
that, to reproduce the experimental trends correctly, they had
to invoke two different rate equations for the WGS and r-WGS
far from thermodynamic equilibrium, thus implying the
occurrence of different dominant elementary steps for the
forward and reverse reactions.

Such a feature is not reproduced by the original microkinetic
model, where the predicted catalytic cycles for both the WGS
and r-WGS encompass the step CO* + OH* ↔ CO2* + H*.
Indeed, the DFT calculations of Maestri and Reuter14 revealed
that the reaction CO* + OH*→ CO2* + H*) is not elementary
(i.e., it does not occur in one single step), but rather proceeds
through the formation of stable carboxyl intermediates.14 A
summary of the insights from the first-principles analysis is
provided in Figure 3.

3.2. Refinement of the Semiempirical Microkinetic
Model. We now aim to quantitatively include the insights from
first-principles analysis in the semiempirical microkinetic
model. First, the microscale (i.e., the whole ensemble of the
elementary steps) is modified by removing the false elementary
step (R29−30, CO* + OH* ↔ CO2* + H*) from the
microkinetic model (Figure 3). The set of elementary steps
included in the revised microkinetic model is reported in Table

Figure 2. Predictions of the microkinetic model of Maestri et al.1 in (a) WGS (CO, 1.59%; H2O, 2.39%), 0.01274 mol/min; (b) r-WGS (CO2,
1.02%; H2, 1.09%), 0.01321 mol/min; (c,d) SR (CH4, 1.04%; H2O, 1.49%), 0.01670 mol/min, balance N2. Symbols are experimental data, solid lines
are model calculations, and dashed lines are equilibrium values. Annular reactor: i.d., 4 mm; o.d., 5 mm; length, 22 mm.

Figure 3. Schematic summary of the first-principles analysis. Level of
theory: DFT-PBE, ultrasoft pseudopotential, 2 × 2 three-layer
Rh(111) supercell. Details in ref 14.
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1. All of the activation energies are coverage-dependent within
the unity bond index-quadratic exponential potential (UBI-
QEP) theory by means of coverage-dependent binding
energies. No further addition of elementary steps is required,
because the COOH pathway is already taken into account in
the original model (R31−32 and R33−34). Direct incorporation of
the energy barriers calculated with DFT (Figure 3) for this
pathway (R31−32 and R33−34) is not possible because it would
lead to completely unreliable results. In fact, the modification of
only some steps would break the internal consistency among
the rates of the original microkinetic model, thus leading to
completely wrong quantitative and qualitative predictions. The
parameters of each elementary step are not optimized per se,
but only with respect to the whole set of elementary steps
forming the microkinetic model. Therefore, the refinement has
to result in an educated modification of the parameters of the
semiempirical model driven by insights from first-principles
calculations.21,25,37,38 For instance, within the underlying UBI-
QEP semiempirical method, information from the higher-
hierarchy methods can be input into the model through the
bond index (which retains information on the nature of
transition state and has been shown to be crucial for the
application of the method at a controlled level of uncertainty37)
and the heats of chemisorption of the reacting intermediates.
Regarding the activation energy in Table 1, note that the

reaction rate constant (k) is calculated as
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=
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where A is the pre-exponential, s is the sticking coefficient, ΓRh
is the site density, n is the reaction order, MW is the molecular
weight, E is the activation energy, R is the ideal gas constant,
and T0 is the reference temperature (300 K). Activation
energies are calculated according to the UBI-QEP framework.48

In the simulations, ΓRh was set equal to 2.49 × 10−9 mol/cm2.
ΔHr, gas is the enthalpy of reaction in the gas phase. Qi is the
heat of chemisorption of the ith species. The corresponding
value is reported in Table 1 in the adsorption/desorption steps.
The ith reaction rate is calculated according to
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Figure 4. Predictions of the hierarchically refined microkinetic model in (a) WGS (CO, 1.59%; H2O, 2.39%), 0.01274 mol/min; (b) r-WGS (CO2,
1.02%; H2, 1.09%), 0.01321 mol/min; (c,d) SR (CH4, 1.04%; H2O, 1.49%), 0.01670 mol/min, balance N2. Symbols are experimental data, solid lines
are model calculations, and dashed lines are equilibrium values. Annular reactor: i.d., 4 mm; o.d., 5 mm; length, 22 mm.



where Xj is the mole concentration of either gas species (mol/
cm3) or adspecies (mol/cm2), θj is the site fraction, and ri is the
rate of the ith reaction [mol/(cm2 s)]. The temperature
dependence of the heat of chemisorption was taken into
account by statistical mechanics. For details, see ref 1.
First, on the basis of SA and RPA, we identified the relevant

elementary steps for the experimental conditions of Figure 2
and refined their bond index on the basis of previous DFT
calculations.14 At low temperature (<400 °C), where CO*
adspecies cover up to the 70% of the surface, CO disproportion
(R81) is the most sensitive step. Also, the predicted reactivity is
too low with respect to experiments, so the bond index for R81
is increased from 0.5 to 0.9, in line with the late nature of the
transition state of this elementary step.
At higher temperatures, the most relevant steps turn out to

be

* + * ↔ * + *−R : H O OH H7 8 2

* + * ↔ * + *−R : COOH CO H33 34 2

* + * ↔ * + *−R : COOH OH CO H O39 40 2 2

In particular, the activation energy of elementary step R39−40
(COOH* + OH* ↔ CO2* + H2O*) is modified by decreasing
the bond index to 0.01, on the basis on DFT calculations, which
support the evidence of an almost unactivated step.10 For
reactions R33−34 (COOH* + * → CO2* + H* and its reverse),
to reproduce the energetics from DFT at the same level of
coverage of the 2 × 2 supercell of Rh(111), an increment of the
bond index from 0.5 (default value for a transition state in the

standard UBI-QEP method) to 2.2 would be required. If, on
one hand, a value higher than 0.5 would agree with the late
nature of the transition state revealed by the DFT calculations,
on the other hand, a value higher than 1 would not have a
direct chemical meaning. In particular, such a value is necessary
to compensate the failure of the UBI-QEP potential in
describing the minimum-energy path for the dissociation of
COOH, which involves a very weakly bounded molecule
(CO2). To overcome this limitation and retain a chemical
meaning for the bond index, for this reaction, we followed the
approach proposed by Neurock and co-workers,21 using a
constant factor of δ to scale the transition-state energy to match
the DFT calculation at the same level of coverage

δ= +E Ef,d f,d
UBI

(1)

Both the forward and reverse reactions are scaled by the same
factor δ, thus maintaining unaltered the thermodynamic
consistency. In practice, the scaling factor represents a
correction of the magnitude of the UBI-QEP potential.
After these modifications, RPA shows that the WGS

proceeds through a carboxyl mechanism: CO, once adsorbed
on the catalyst, reacts with OH*, generated by water adsorption
and dissociation (R7, H2O* + * → OH* + H*), to form
COOH*. Such a species further reacts with OH* to CO2*
through R40. Also, all of the relevant steps apart from R7 turn
out to be quasi-equilibrated. Therefore, the overall reaction rate
of the WGS depends only on the water concentration, which is
consistent with the observed reaction orders derived in ref 31
for the same conditions of temperature and composition. Once

Figure 5. Effect of H2O inlet molar fraction in SR experiments in an annular reactor. Annular reactor: i.d., 4 mm; o.d., 5 mm; length, 22 mm; balance
N2. Flow rate = 0.01670 mol/min. Symbols are experimental data, solid lines are calculations by the hierarchically refined microkinetic model, and
dashed lines are equilibrium values.



we have recovered the consistency of the catalytic cycle with
respect to the experiments, fine-tuning of the pre-exponential
factors within the uncertainty range13 and bond index is
performed to achieve reasonable quantitative agreement with
the experimental data. In particular, the bond indexes for
reactions R5−6 and R9−10 are set to 0.7 and 0.8, respectively, in
line with the late nature of the corresponding transition
states.37

Figure 4a shows the performance of the hierarchically refined
microkinetic model in terms of quantitative prediction of the
experiments. It is evident that the revised description of WGS
chemistry leads to a marked improvement in the description of
the experimental data.
It is very important to note that the improvement of the

prediction from original to revised model has been achieved
without any modification of the rate parameters of the RDS
(H2O* + * → OH* + H*). This false contradiction clearly
points out the critical issue for the development of a
microkinetic model. In particular, the previously described
modifications of the steps other than the RDS resulted in
different distributions of the MASI with a concomitant effect on
the rate of the RDS due to mass action kinetics (i.e., availability
of free sites *).
The refined set of kinetic parameters for the WGS is now

used to test the reliability of the new model in predicting r-
WGS experiments. Refinement of the step R23−24 (CO2* + *→
CO* + O* and its reverse) by decreasing the bond index from
0.91 to 0.44 was necessary to make this step the dominant one
for the CO2 consumption. Upon this change, RPA shows that,
far from equilibrium (e.g., 500 °C), CO2 converts to CO
through the decomposition route (R23), which also represents
the RDS, thus reconciling the model predictions with the

experimental findings. Sensitivity analysis also evidences a small
residual dependence of the global reaction rate on elementary
step R8, which could become determining under different
operating conditions. On the whole, upon the modification
derived from first-principles refinement, the microkinetic
analysis predicts two different catalytic cycles for the WGS
and r-WGS far from thermodynamic equilibrium (T < 500 °C),
in agreement with the experimental evidence. Near equilibrium
(e.g., 650 °C), instead, microscopic reversibility applies, and
both the WGS and r-WGS reach the equilibrium composition.
Figure 4b shows the performance of the hierarchically refined

microkinetic model with respect to r-WGS experiments. It is
evident that the revised description of WGS/r-WGS chemistry
leads to a marked improvement in the description of the
experimental data. Moreover, the modification of WGS and r-
WGS chemistry does not affect the capability of the
microkinetic scheme to describe SR experiments. In fact, as
shown in Figure 4c,d, the agreement of the simulations with
experimental data is very satisfactory over the whole range of
temperatures. In particular, we observe an improvement in the
description of the CO/CO2 distribution at intermediate
temperatures (500−600 °C) as a result of the improved
description of the WGS/r-WGS systems.
Additional tests in an annular reactor by Donazzi et al.31,32

were used for the assessment and validation of the refined
microkinetic scheme. No additional changes of the rate
parameters were made by means of the following experimental
data.
Figure 5 shows comparisons between the model predictions

and the experimental SR data at increasing water inlet
concentrations. The agreement is very satisfactory for both
reactants and products at different catalyst temperatures. It is

Figure 6. CH4 CPO over Rh-coated foam. Operating conditions: 20% CH4, C/O = 1, 5 slpm. Symbols are experimental data, solid lines are
calculations by the hierarchically refined microkinetic model, and dashed lines are calculations by the original model.



worth noting that the revision of the description of the WGS/r-
WGS pathways does not modify the macroscopic reaction
orders observed in SR. In fact, as Figure 5 illustrates, the refined
microkinetic scheme correctly predicts the independence of
CH4 conversion on H2O molar fraction in the feed mixture.
On the whole, the hierarchical refinement allows information

from first-principles analysis to be selectively incorporated into
the complex framework of the microkinetic model.
3.3. Analysis of CPO Spatially Resolved Adiabatic

Experiments on Foams. Granted that the hierarchically
refined microkinetic model is able to reproduce a broad range
of reacting systems under isothermal conditions, we now
consider the microkinetic analysis of spatially resolved CPO
adiabatic experiments on Rh-coated foams for further
validation. In particular, we focused our analysis on the effect
of the addition of H2O and CO2 to the partial oxidation system
to extensively test the reliability of the refined microkinetic
model with respect to the WGS and r-WGS routes. Within this
scope, we considered the autothermal CH4 CPO experiments
of Schmidt and co-workers39 over 5 wt % Rh supported on 80
ppi α-Al2O3 foams (11-mm length, 17-mm diameter). In the
experiments considered herein,39 the atom balances of C and H
closed to ±5% throughout the catalyst, with no observed
carbon formation or deactivation for up to 60 h of operation.
Also, profiles were replicated on three monoliths. The
experiments were analyzed by means of a one-dimensional,
heterogeneous, dynamic, fixed-bed reactor model26 consisting
of mass, energy, and momentum balances for the gas and solid
phases and including axial convection and solid conduction and
gas−solid transport terms. Heat conduction in the solid was
described with an effective axial thermal conductivity coefficient
for isotropic open-cellular foams40 corrected by the addition of
radiation.41 The thermal conductivity of the α-Al2O3 support

was taken as 2 W/(m K).42 The experimental runs were not
perfectly adiabatic.43 Therefore, a dissipation term was included
in the energy balance of the gas phase to account for the heat
losses by introducing a global heat-transfer coefficient to match
the calculated thermal efficiency (defined as the ratio between
the experimental temperature rise and the theoretical adiabatic
temperature rise43) to the experimental value.26 The detailed
microkinetic model was taken into account in the reactor model
by using the catalyticSMOKE libraries.34,35 For the isothermal
runs in the annular reactor, we considered the specific number
of active sites as an independent input calculated from
chemisorption experiments.26

3.3.1. Catalytic Partial Oxidation. Figure 6 compares the
experimental data and model simulations according to both the
original and hierarchically refined microkinetic models. On one
hand, according to the fact that the refinement of the model
affected only elementary steps involving CO/CO2/H2/H2O,
there are no differences between the predictions of the two
microkinetic models in the consumption rates of O2 and CH4.
On the other hand, clear and crucial differences are apparent in
terms of product evolution. In fact, the original microkinetic
model (dashed line) overestimates H2 and CO2 in the oxidation
zone and underestimates CO and H2. This is in line with the
faster approach to WGS equilibrium of the model, which was
not observed in the experimental data. Noticeably, the values of
the Kp/Kequilibrium ratio for the WGS are considerably lower than
1 in the case of the experiments, as reported in Figure 7a. In
contrast, based on the original model prediction, Kp/Kequilibrium
for the WGS rapidly reaches values close to 1. This gives rise to
a peak in CO2 production that is not present in the
experimental data.
A consistent improvement in the capability of the model is

evident upon the modification derived from first-principles

Figure 7. Kp/Kequilibrium ratio for the WGS reaction under different operating conditions. C/O = 1; 5slpm; and (a) 20% CH4, (b) 20% CH4 + 20%
CO2, (c) 20% CH4 + 10% H2O, (d) 20% CH4 + 10% H2O + 20% CO2. Ideal gas mixture of ideal gases. Reference: ideal gas at 1 atm.



modeling. In particular, the Kp/Kequilibrium ratio for the WGS
based on the refined microkinetic model is in full agreement
with the experimental trend (Figure 7a). As a consequence, the
prediction of the refined microkinetic model (solid line) agrees
with experimental trend for product evolution, and the peak in
CO2 disappears. Still, the peak in H2O, which is also present in
the experiments, is not quantitatively reproduced by the model.
Because the CO/CO2 ratio is now well reproduced, the
disagreement in the H2O peak between 1 and 1.5 mm is mainly
related to the overestimation of the length of the oxidation
zone predicted by the model. Unlike the simulations, the
experimental data show a sharper drop in O2 molar flow. In

particular, because oxygen consumption on Rh (differently
unlike that on Pt44) has been confirmed to be fully mass-
transfer-limited,45 the disagreement in the oxidation zone can
be related to variations in the local transport properties due to
local variations in the foam structure.26

In terms of surface coverage (not shown), more than 80% of
the Rh sites are empty, and the remaining 20% are occupied by
H* (15%) and CO* (5%). RPA reveals that, even with the
revised model, the main routes of product formation are in line
with regime II and regime III, reported by Maestri et al.,45 as
shown in Figure 8 for the oxidation and reforming zones. In the
part of the reactor where oxygen is still present in the gas phase

Figure 8. Reaction path analysis for (a) oxidation and (b,c) reforming zones. Predicted dominant pathways in the reforming zone are reported for
(b) CPO, CPO/H2O, and CPO/H2O/CO2 and (c) CPO/CO2.

Figure 9. CH4 CPO over Rh-coated foam with 20% CO2 cofeeding. Operating conditions: 20% CH4, C/O = 1 + 20% CO2, 5 slpm. Symbols are
experimental data, solid lines are calculations by the hierarchically refined microkinetic model, and dashed lines are calculations by the original
model.



(oxidation zone, Figure 8a), CH4 is consumed by a surface
dissociation route to carbon adatoms. CH dissociation turns
out to be highly favored (i.e., proceeds at a higher rate) than
CH oxidation due to mass action. In fact, oxidation reactions
(e.g., R67−68) are not favored because of the very low coverage
of oxygen at the surface. Carbon adatoms are then oxidized to
CO* and CO2* through OH*. As a consequence, CO and H2
are formed by SR, whereas CO2 is formed by the WGS. The
fact that methane consumption is not affected by the wrong
prediction of the length of the oxidation zone is in line with the
fact that, in the oxidation zone, the oxygen consumption affects
only the H2 and H2O stoichiometry (Figure 8a). The observed
coexistence of CO/H2/O2 in the bulk of the gas phase is strictly
due to the fact that O2 consumption is fully mass-transfer-
controlled. At the catalyst surface, the O2 concentration drops
to zero, and syngas production is observed, in line with the
findings of ref 17. The improved microkinetic description of the
WGS pathways in the revised model, unlike the original model,
allows a quantitative agreement with the experimental rate of
formation of CO2 to be achieved.
Once O2 is completely consumed (regime III), the dominant

reaction path is almost identical to that of the oxidation zone.
The only difference holds in the source of the main oxidizer
OH* at the surface, which becomes H2O*, as shown in Figure
8b.
3.3.2. Effect of CO2 and H2O Cofeed on Partial Oxidation.

We now consider the effect of CO2 or H2O cofeed on partial
oxidation. Comparisons between model and experiments are
reported in Figure 9 for the case of a cofeed of 20% CO2 and in
Figure 10 for the case of a cofeed of 10% H2O.
Unlike the original microkinetic model (dashed line), the

refined microkinetic model (solid line) is able to predictively

reproduce the spatial evolution for both products and reactants.
As in the experiments, the microkinetic model does not predict
kinetic effects of CO2 or H2O on the rate of CH4 consumption.
For a cofeed of both CO2 and of H2O, the main dominant
pathways in the oxidation zone of the reactor are not affected
by the coreactant. In particular (Figure 8a), methane is
consumed by a dissociation route, which is the limiting step,
and the main oxidizer OH is formed from the reaction between
H* and O*, which is fully mass-transfer-limited. This is in line
with independent kinetic studies that experimentally confirmed
the independence of CH4 reforming rates from the
coreactant.46,47

Even under these conditions, dramatic differences are clear
between the original and refined models in terms of the
product distribution along the axial coordinate. In particular, as
is apparent from Figure 7b,c, the WGS turns out to be fully
equilibrated for the original model. The refined microkinetic
model, instead, predicts WGS compositions in agreement with
the experimental evidence. Moreover, in contrast to the
oxidation zone, the coreactant markedly influences the product
distribution. On one hand, for the case of CO2 as a coreactant,
CO2* is consumed through its dissociation to CO* and O* in
the reforming zone. Then, O* further reacts with H* to give
OH* and eventually H2O* (Figure 8c). Therefore, CO and
H2O increase at the expense of H2, according to the r-WGS
route. Consequently, in the first part of the reactor, the WGS
prevails, and CO2 is produced. In the second part of the reactor,
instead, the r-WGS prevails, and CO2 is consumed. This
explains the peak in CO2 profile. The refined model is able to
quantitatively follow the CO2 evolution, which is first produced
and then consumed with a zero net production. This behavior
was completely missed by the original model, which rapidly

Figure 10. CH4 CPO over Rh-coated foam with 10% H2O cofeeding. Operating conditions: 20% CH4, C/O = 1 + 10% H2O, 5 slpm. Symbols are
experimental data, solid lines are calculations by the hierarchically refined microkinetic model, and dashed lines are calculations by the original
model.



reached thermodynamic equilibrium of the WGS (Figure 7b).
Therefore, the microkinetic analysis of these experiments
clearly points out that CO2 is consumed by r-WGS routes and
does not directly influence the rate of CH4 consumption. This
provides further evidence that the CH4/CO2 reacting system
on Rh is a combination of SR and r-WGS.15,32

On the other hand, H2O, when is fed as a coreactant,
dissociates to OH* and H*. The excess of OH*, which is not
consumed by the reaction with C* adatoms generated by the
CH4 dissociation route, further reacts with CO* to CO2*,
through the formation of COOH* intermediates. As a result,
H2 increases at the expense of CO following a WGS route
(Figure 8b).
Figure 11 reports the case of simultaneous cofeeding of H2O

and CO2. Unlike in the CO2-rich tests, the simultaneous
feeding of CO2 and H2O does not result in any peak in the CO2

profile. In fact, as is evident from the RPA, H2O consumption
by the WGS prevails over the r-WGS route in the reforming
zone, and the CO*-to-CO2* path becomes dominant over
CO2* dissociation. The dominant pathways are completely
analogous to those that occur in partial oxidation (Figure 8b).
The only difference is that, under these specific amounts of
H2O and CO2 cofeed, the WGS turns out to be equilibrated in
the reactor, as reported in Figure 7d. Consequently, differences
in the predictions of the two microkinetic models in the
product distribution are not observed.
Hence, the analysis of the spatially resolved experiments has

further assessed the crucial role of the improved microkinetic
description for the WGS and r-WGS derived from the first-

principles refinement of the original semiempirical model. This
modification turned out to be pivotal in explaining
quantitatively and qualitatively, in terms of consistency of the
dominant reaction pathways, the experimental evidence.

4. CONCLUSIONS

Following a hierarchical approach, we have incorporated
information from first-principles calculations into the frame-
work of a semiempirical microkinetic model. This model is able
to explain the behavior of the reacting system under significant
different conditions, by also predicting the catalytic cycle in full
agreement with experimental evidence on the macroscopic
reaction orders. We have shown that a proper description of the
microscale in terms of elementary steps is crucial for the
description of the reacting system under different operating
conditions. Particular care and attention have to be given to the
selection of the elementary steps when using semiempirical
models, which cannot discriminate whether one step is truly
elementary or not. Also, the consistency between the kinetic
parameters of all of the elementary steps included in the
microkinetic model is of utmost importance in achieving a
reliable model. Therefore, the information obtained with
different levels of theory needs to be properly input into the
underlying framework, which allows for thermodynamic and
kinetic consistencies under different conditions of reaction
environment at the surface (pressure, temperature, concen-
tration, coverage effects).
The hierarchical refinement of the microkinetic model

turned out to be crucial for the quantitative description of

Figure 11. CH4 CPO over Rh-coated foam with 20% CO2 and 40% H2O cofeeding. Operating conditions: 20% CH4, C/O = 1 + 20% CO2 and 40%
H2O, 5 slpm. Symbols are experimental data, solid lines are calculations by the hierarchically refined microkinetic model, and dashed lines are
calculations by the original model.



the WGS and r-WGS pathways in the CPO of CH4 on Rh. In
particular, microkinetic analysis of spatially resolved CPO
experiments with cofeeds of H2O and/or CO2 allowed us to
clarify the main pathways involved in the reforming zone in
partial oxidation and to assess their kinetic relevance. H2O is
the preferred coreactant for the dissociation of CH4, and CO2
does not directly influence the rate of CH4 consumption. CO2
consumption and formation are due to only the WGS and r-
WGS, which turned out not to be equilibrated in the reforming
zones.
On a more general basis, the proposed approach constitutes a

promising effective avenue for transferring ab initio predictive
quality to a level of system complexity relevant to technological
applications. This can provide a unique input for the atomic-
scale understanding of complex processes, with a profound
impact on the interpretation of the experimental evidence in
“practical” catalytic systems.
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