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A B S T R A C T

The effect of catalyst particle size on thermodynamic equilibrium of methane dry reforming and carbon for-
mation has been studied through the Gibbs free energy minimization method taking into account the deviation
of carbon formed from graphite Gibbs energy and its dependence on catalyst particle size. Methane and CO2

conversions are maximized at low pressure and high temperature, and a molar H2/CO ratio of 1 is obtained at
1100–1200 K and 5–10 bar. Carbon formation was found to increase with particle diameter, and carbon presence
was noticed at conditions of high pressure/low temperature and high temperature/low pressure. Optimal op-
erating conditions were found to be close to carbon limits, highlighting the need for active metal particle size to
be less than 5–6 nm to minimize coking. CO was identified as the precursor for carbon at low temperature, while
CH4 was found to be the main precursor at high temperature.

1. Introduction

The ongoing depletion of fossil fuels is driving the world to search
for alternative, sustainable and renewable sources of energy [1] to meet
its ever increasing energy demand [2]. Furthermore, global warming
and environmental consequences from the continuously growing
economies, in addition to environmental regulations, require new en-
ergy sources to produce less pollutants such as SOx, NOx and green-
house gases. In parallel, the population growth has caused waste to be
generated at a higher rate [3] and frequently mismanaged [4,5].
Landfill is a widely used method of municipal solid waste disposal,
especially in developing countries such as Lebanon [5], and large
amounts of greenhouse gases, especially carbon dioxide and methane,
are produced in landfills.

Hydrogen is a promising alternative fuel due to its high efficiency
and clean combustion [6]. It is also attractive as a renewable energy
source since it can be produced from biomass, water and solar energy
[7]. Steam reforming has been the most common process to produce
hydrogen from hydrocarbon feedstock, especially methane from natural
gas, through further processing of the syngas product, essentially
composed of hydrogen, carbon monoxide, CO2 and water. Tradition-
ally, ammonia synthesis has been the primary consumer of syngas [8].
However, more recent developments in the field of hydrocarbon re-
forming allowed for a better control of syngas composition, making it a
very desirable feedstock for gas to liquid applications. Recently, it has

been of interest to use biogas from landfills or anaerobic digestors as a
feedstock for syngas production through the dry reforming process,
both due to the expected syngas H2/CO ratio being close to unity, which
is suitable for gas-to-liquid applications and Fischer-Tropsch synthesis
[9,10], and due to the possibility of recycling two greenhouse gases,
methane and CO2, into useful products.

The main reactions governing the process are as follows:

+ = + = +CH CO 2CO 2H (ΔH 247 kJ/mol) (main reaction)4 2 2 298K

+ = + = − −CO H O CO H (ΔH 41.5 kJ/mol) (water gas shift)2 2 2 298K

+ = + =CH H O CO 3H (ΔH 206 kJ/mol) (steam reforming)4 2 2 298K

In addition to the carbon formation reactions

= + = −2CO CO C(ΔH 171 kJ/mol) (Boudouard reaction)2 298K

= + =CH C 2H (ΔH 75 kJ/mol) (Methane cracking)4 2 298K

For more comprehensive set of possible reaction see the work of
Nikoo and Amin [11].

The industrial application of the dry reforming process, however,
has been heavily hindered by the performance of catalysts [12–16].
Traditional, nickel-based catalysts used in reforming technologies are
cheap and active, but are prone to deactivation by sintering and carbon
deposition [17]. This problem is more severe in the case of dry re-
forming, where the endothermic nature of the reaction requires high
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operating temperatures. The increased presence of carbon in the feed
gas as compared to steam reforming or dry reforming, in addition to the
elevated temperatures, causes a significant amount of carbon to form on
the catalyst, leading to quick deactivation [18]. Sintering of the nickel
particles during operation leads to a loss of dispersion, ultimately
leading to catalyst deactivation and increased carbon formation [19]:
Carbon layers that grow from nuclei on step sites on the nickel particle
are stable above 80 atoms in diameter (approximately 6 nm), meaning
that larger particles are more likely to yield carbon. Noble metals, such
as ruthenium or rhodium, are less prone to coking and have a high
dispersion [20,21], but are very expensive and hence their use is lim-
ited.

It is imperative to model the reactions and carbon formation in
order to decide on the optimal operating conditions for the reforming
process. The first indication to the feasibility of the process is a ther-
modynamic evaluation of the equilibrium conditions to estimate the
expected conversion and carbon formation. This can be done through
the computation of the equilibrium constants based on standard ΔH and
ΔG values [22,23], entropy maximization calculations [24] or Gibbs
energy minimization routines [6,11,25–30].The Gibbs minimization
method has been widely used due to its simplicity and its ability to
compute equilibrium compositions even for systems where the reaction
pathways are not known. Challiwala et al. [28] noted that many studies
assumed the gas phase behaved as an ideal gas, while the group’s work,
amongst others cited above, use non-ideal equations of state to model
the non-ideal gas-phase such as the Peng-Robinson and Soave-Redlich-
Kwong equations of state.

The majority of thermodynamic studies in reforming have ac-
counted for carbon formation tendencies with the assumption that the
carbon species formed is graphite, which has a zero standard Gibbs
energy of formation and negligible dependence of fugacity on operating
conditions, [11,28,31], with the exception of Atashi et al.[29] and
Ayodele et al. [32] who have ignored carbon formation within the dry
reforming process in their simulations, and Nematollahi et al. [33] who
incorporated the activity of graphite into their model. However, prac-
tical experience has shown that three general types of carbonaceous
species can be distinguished on a used reforming catalyst based on
temperature programmed hydrogenation (TPH) studies [34]: Cα refers
to surface carbide that can be hydrogenated below 323 K, Cβ (or
amorphous carbon) can be hydrogenated between 373 and 573 K, while
Cγ (graphitic carbon) is only hydrogenated above 673 K. Electron mi-
croscopy imaging shows that filamentous carbon ‘whiskers’ often grow
from nickel and non-noble active metal particles, and many studies
have noted that carbon filaments, and carbon deposits on reforming
catalysts in general, deviate from graphite thermodynamics. Whisker
carbon is the most dangerous form of carbon growing on a catalyst due
to its high strength. Whisker growth can cause pore damage and de-
tachment of active metal particles from the support, leading to dusting
and increased pressure drop, hot bands and eventually plant shutdown
[35]. It has been observed that the Boudouard reaction and methane
cracking reactions have lower equilibrium constants than graphite
formation [8,36,37].

Alstrup [38] studied the formation of carbon filaments on Ni, Ni-Cu
and Ni-Fe catalysts and found deviations from graphite deposition

thermodynamics that are dependent on particle size, irrespective of the
(non-noble) active metal. In the same study, the author combined his
finding to those of Rostrup-Nielsen [39] and proposed an expression for
the deviation from the Gibbs free energy of graphite in function of the
size of the largest particle catalyzing filament growth: ΔGc

dev (kJ/mol)
= 2.6 + 93/d (nm).

To the knowledge of the authors, such a deviation has not been
considered in a thermodynamic analysis of a reforming process prior to
this work. The practical implications of this deviation are twofold: On
one hand, there is some uncertainty around the present carbon limits
calculated in thermodynamic studies. On the other hand, the carbon
limits in a reformer are a function of the catalyst particle size: in other
terms, the age of the bed, and consequently the severity of sintering in
the catalyst batch, affects the carbon limits and it is then possible to
define dynamic carbon limits from a semi-empirical approach. By in-
corporating the deviation parameter, this study shows the impact of
non-graphite behavior and bed aging on the main parameters of the dry
reforming process. The intricate reaction mechanism on the catalyst
surface, in addition to the added complexity of modeling carbon
whisker formation on a catalyst particle makes it very difficult to use a
set of chemical reactions as a basis for thermodynamic equilibrium
[40]. The Gibbs energy minimization method was chosen to model the
chemical equilibrium of the process while incorporating the deviation
Gibbs energy into the model while avoiding the difficulties of working
with multiphase chemical reactions where the thermodynamic and ki-
netic constants are not well-defined.

2. Modeling

The Gibbs energy minimization problem is treated as an optimiza-
tion problem, with the objective being to minimize the total Gibbs
energy of a system that can contain CH4, CO2, CO, H2, H2O and solid
carbon, subject to atomic species conservation constraints. The pressure
and temperature are fixed, as it is assumed that the reaction takes place
in a heated reactor.

2.1. Objective function

In a given multicomponent system, the total Gibbs energy is given
by:

∑ ⎜ ⎟= ⎛
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With the chemical potential, μi, defined as:
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The partial fugacity and standard state fugacities for every compo-
nent is given respectively by:

=f y ϕ Pi i i (4)

Nomenclature

GT total Gibbs free energy, J/mol
ni moles of species i
ΔGfi

0 standard Gibbs energy of formation (298 K), J/mol
f i partial fugacity of species i (Pa)
fi0 standard state fugacity of species i
R universal gas constant, 8.314 J/mol K
P pressure, Pa

yi mole fraction of i in the gas phase
μi chemical potential of species i, J/mol
ΔGc

dev graphite deviation Gibbs energy, J/mol
d particle diameter, nm
aij moles of element i per moles of species j
bi initial moles of species i
T temperature, K
Φi fugacity coefficient of species i
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and = =f P 0.1 MPai
0

0 .
The fugacity coefficient Φi can be obtained from the equation of

state modeling the gas phase [29,41].
Solid carbon is expected to form during the reaction, and its Gibbs

energy (kJ/mol) is given by:

= +G n G G(Δ Δ )C C f C
dev

Graphite (5)

With ΔGC
dev = 2.6 + 93/d being the particle-size dependent de-

viation parameter.
The total Gibbs energy of the reactive system is then the sum of the

gas and solid phase Gibbs energies, assuming that the solid phase is
only pure carbon:
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2.2. Constraints

The reactive system is assumed to contain only 6 potential com-
pounds: CH4, CO2, CO, H2, H2O and solid carbon. Thus we define

=n n n n n n[ ]f CCH4 CO2 H2 H2O as the vector containing the number of
moles of each of the species at equilibrium, and n0 is the vector con-
taining the initial number of moles of each species.

We define matrix a such that aij is the number of moles of element i
in a mole of species j. Matrix a is a 3 × 6 matrix with rows representing
C, H, and O respectively, and columns representing the species in vector
n respectively, then

= ⎡

⎣
⎢

⎤

⎦
⎥a

1 1 1
4 0 0
0 2 1

0 0 1
2 2 0
0 1 0

Let b be a 3 × 1 vector containing the initial number of moles of
each atomic species, then

= ′b a n· 0 (7)

The atomic conservation of atomic species then dictates: ′ =a n b· f .
Molar compositions should also be non-negative, and hence the

problem statement becomes:
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Subject to × ′ =a n bf .
where ⩾n n d, , 0f0 .
This problem was solved in MATLAB using fmincon with the in-

terior-point algorithm for temperatures between 700 and 1000 °C and
pressures between 1 and 20 bars for various catalyst diameters. The
temperature range was chosen based on the review of a large number of
experimental and theoretical studies [42–47] on dry reforming of me-
thane, where the most relevant temperature range was identified. Al-
though reforming reactions are favored at lower pressures due to the
increase in the total number of moles in the system through the reac-
tion, it was chosen to model up to 20 bars for the same reasons for
which steam reformers and autothermal reformers are operated at high
pressures; a higher syngas throughput is obtained through higher
pressures and therefore it is of interest to predict the performance of the
reactor at these conditions. Catalyst particle diameters considered are
in the range of 5–20 nm, as these values give a reasonable representa-
tion of sintering throughout the catalyst lifetime [17]. Although nickel
particle sizes can go up to ∼100 nm, the results discussed here are
limited to the range of 5–20 nm, since they sufficiently highlight the
trends observable. Furthermore, the model by Alstrup [38] for the de-
viation from graphite thermodynamics does not assume a unique par-
ticle size or a very narrow particle size distribution, but rather corre-
lates the deviation to the diameter of the largest particle catalyzing
carbon growth. Still, it is assumed that as a catalyst sinters, the particle
size distribution changes and the upper bound on catalyst particle size
increases.

3. Results

Parameters studied are the methane and CO2 conversion, defined as

=
−

×X
n n

n
100i

i i f

i

,0 ,

,0 (9)

in addition to the H2/CO ratio and the carbon formation, expressed as a
molar percentage.

Fig. 1. Conversions, H2/CO and solid carbon percentage as function of temperature and pressure for d = 5 nm and molar CH4/CO2 = 1.5.
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The carbon limits are defined here as conditions of temperature and
pressure where carbon deposition exceeds 0.1%. The initial molar
composition of the reactive system is taken as 60% methane and 40%
CO2, as these values are an approximate representation of biogas
composition. One must note that raw biogas also contains other gases
such as H2S, ammonia and water. The effect of these gases on the
catalyst cannot be neglected, especially for hydrogen sulfide as they
cause catalyst deactivation [48]. The deactivated catalyst then fails to
make the reactive system reach equilibrium, and hence removal of
these pollutants is usually done before introduction of the raw material
to the reforming reactor, even when using methane as a feedstock for
reforming. We can then safely assume negligible levels of contaminants
in the system. Furthermore, the modeling of these compounds in
a Gibbs Free energy minimization study is not representative since it
cannot account for their effect on the catalyst directly.

3.1. Methane conversion

Figs. 1–3, 5 and 6 show the results of the simulation in terms of
methane and CO2 conversions, H2/CO ratio and carbon formation as
function of temperature and pressure. As is the case for an endothermic
reaction, methane conversion increases with temperature, with a de-
creasing slope at higher temperatures, where the conversion reaches its
maximum around 1000 °C and 1 bar. Lower pressures and high tem-
peratures both favor the dry reforming reaction, as demonstrated by the
increase in methane conversion with a decrease in pressure. A sharper
increase in conversion is noticed at high temperature/low pressure,
especially at low catalyst particle size. This jump is observed around the
same P-T conditions at which the carbon limits are crossed, and
therefore, the conversion spike is associated with the methane decom-
position reaction producing solid carbon. Fig. 4 shows the evolution of
methane and CO2 conversion at 1000 °C and1 bar in function of the
catalyst particle diameter. A positive relationship is noticed, which can
be related to the methane decomposition reaction proceeding further as
the catalyst particle grows. This observation is in agreement with the
results obtained for carbon formation, where the amount of carbon

formed at these conditions increases with particle size.
It is to note that the trend exhibited by methane conversion is in

good agreement with other theoretical studies [11], although the con-
version is lower. With CO2 being the limiting reactant, it can be easily
shown that the maximum conversion that can be attained by methane
through the dry reforming reaction alone is 66.7% for a 60/40 me-
thane/CO2 initial composition, meaning that the reaction reaches al-
most complete conversion above ∼850 °C and below ∼8 bar. Methane
conversions exceeding the theoretical maximum of 66.7% are attrib-
uted to carbon formation.

The obtained model shows a good agreement with experimental
measurements of methane conversion on a Ni/Al2O3 catalyst with a
nickel particle diameter of 23 nm at atmospheric pressure and CH4/CO2

molar ratio of 0.5 (experimental conditions by Ocsachoque et al. [49]),
as shown in Fig. 7, and other nickel catalysts of varying diameters
(Fig. 8). The model slightly overestimates experimental data, which is
expected due to transport and kinetic limitations in experimental cat-
alytic tests.

3.2. CO2 conversion

The conversion of CO2 is generally higher than that of methane,
especially at lower temperatures. Carbon dioxide being the limiting
reactant explains the higher conversion, although this trend has been
noticed experimentally [42,50,51] and has been associated to the re-
verse water-gas shift reaction proceeding further at lower temperatures
[52]. The CO2 conversion is very weakly affected by the catalyst par-
ticle diameter, and is maximized at low pressures and high tempera-
tures, and conversions above 99% can be reached above 1200 K.

No spike in conversion is observed in CO2 when the carbon limits
are crossed, unlike in methane, meaning that methane dissociation is
the main source of carbon formation at a CH4/CO2 ratio of 1.5.
However, it is reported [53] that CO disproportionation is the main
contributor to carbon deposition. The difference between the present
work and the literature is probably due to CO2 reaching a conversion
close to 100% even outside the carbon limits.

Simulation results for an equimolar feed of methane and carbon
dioxide (Fig. 3) show that CO2 conversion does not increase in a sharper

Fig. 2. Conversions, H2/CO and solid carbon percentage as function of temperature and pressure for d = 7 nm and molar CH4/CO2 = 1.5.
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fashion at high temperatures. The methane spike is not observed, but no
carbon is formed at higher temperatures, in perfect accordance with
Bradford and Vannice [53]. However, at lower temperatures, carbon
deposition is increased as compared to the 60/40 methane/CO2 system
where carbon dioxide is depleted essentially through the dry reforming
reaction. Trends in methane and carbon dioxide conversion obtained
are in good agreement with the literature [54] and experimental
measurements (Figs. 7 and 8).

3.3. H2/CO ratio

Average H2/CO ratio is slightly below unity for all catalyst particle
sizes, with a convex relationship with respect to pressure that is less
noticeable at smaller particle sizes. The minimum is reached at lower
temperatures and moderate to high pressures (10–20 bars) while the
maximum is generally reached at lower pressures and high tempera-
tures. This pattern is explained by the mutual effect of the reverse

water-gas shift reaction and the two main modes of carbon formation,
through CH4 or CO decomposition, reaching different extents at dif-
ferent conditions. At lower temperatures, the exothermic Boudouard
reaction is favored over the methane decomposition reaction.
Furthermore, the reverse water-gas shift reaction converts hydrogen
into water, causing a decrease in the H2/CO ratio. At higher tempera-
tures, the reverse water-gas shift reaction is less favored, hence the
increase in H2 presence. Methane decomposition into carbon and hy-
drogen also causes the H2/CO ratio to rise above unity at conditions of
low pressure and high temperature. At catalyst diameters larger than
15 nm, the hydrogen/CO ratio becomes convex with respect to tem-
perature as well. This trend can be explained by the effect of the exo-
thermic Boudouard reaction yielding less carbon as temperature in-
creases while the endothermic methane decomposition reaction only
forms carbon at high temperatures. The behavior of the hydrogen/CO
ratio is in agreement with Atashi et al. [29] except for temperatures
above 1200 K where a drop in the H2/CO ratio was reported while in

Fig. 3. Conversions, H2/CO and solid carbon percentage as function of temperature and pressure for d = 15 nm and molar CH4/CO2 = 1.0.

0

20

40

60

80

100

0 10 20 30 40 50 60

Conversion,
 mol% 

r le diameter, nm 

CH4

CO2

Fig. 4. Methane and CO2 conversions at 1000 °C and 1 bar as a
function of particle diameter for molar CH4/CO2 ratio of 1.5.
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this work a monotonous trend was obtained.

3.4. Carbon formation

The patterns of carbon deposition noticed correspond exactly to
theoretical predictions: the amount of carbon formed increases with
catalyst particle size, especially above 6 nm which is the thermo-
dynamic stability limit for carbon deposits on the catalyst, corre-
sponding to the critical diameter of 80 atoms described by Bengaard
[19] and confirmed by Kim et al. [51]. Table 1 shows this pattern

corresponds to experimental results obtained by different groups. The
behavior of carbon formation is observed to be similar to simulation
results by Tsai and Wang [56] but carbon mole fractions calculated are
lower: carbon formation for an equimolar CH4/CO2 feed was found to
reach a maximum of 7–8 mol% while the mole fractions obtained by
[56] went as high as 20 mol%.

Carbon seems to form in two different modes: at low pressures and
high temperatures, moderate amounts are formed especially on fine
catalysts. Under these conditions, the main contributor to carbon de-
position is methane, as its decomposition into hydrogen is endothermic

Fig. 5. Conversions, H2/CO and solid carbon percentage as function of temperature and pressure for d = 15 nm and molar CH4/CO2 = 1.5.

Fig. 6. Conversions, H2/CO and solid carbon percentage as function of temperature and pressure for d = 20 nm and molar CH4/CO2 = 1.5.
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and increases the total number of moles, hence the low pressure re-
quirement. Furthermore, at d = 15 nm, carbon forms at these condi-
tions for CH4/CO2 = 1.5 but not for an equimolar system. In other
words, the presence of methane is correlated to the formation of carbon
at the conditions that favor methane decomposition. At low tempera-
tures, solid carbon only forms at higher pressures, and the amount
formed decreases with increasing temperature but is larger than high
temperature coke. This trend is typical of CO as a precursor to carbon
formation by the Boudouard reaction, as it is exothermic and decreases
the total number of moles of gas, therefore requiring higher pressures
from Le Chatelier’s principle. It can also be noticed that an increase in
CO2 concentration from 40% to 50% in the initial system causes an
increase in the amount of carbon formed at low temperatures. Although
the expected result is the reverse Boudouard reaction to be favored, the
added CO2 forms extra CO that reacts to give solid carbon. Fig. 9 shows
the carbon limits beyond which solid carbon forms more than 0.1 mol%
of the system. As the diameter of the metallic catalyst particle increases,
carbon is expected to form in a wider region of temperature and

pressure. At d = 15 nm, the two distinct regions of carbon presence
overlap and carbon is then expected at high temperatures or high
pressures.

The positive relationship between pressure and carbon formation is
in agreement with the literature but this study noted that an increase in
the CO2 content of the initial system caused an increase in solid carbon
at low pressures while Sun et al. [54] found the opposite trend.

The optimal operating conditions should guarantee a high conver-
sion while remaining outside the carbon limits and maintaining a H2/
CO ratio close to unity. Conditions of both high temperatures and
pressures (1200 K, 10–15 bar) are not expected to yield carbon, but the
methane conversion is not maximized and hydrogen/CO ratio is around
0.8. Equimolar H2 and CO are obtained at approximately 1100–1200 K
and 5–10 bar with satisfactory CH4 and CO2 conversion, but the risk of
carbon formation is high since the carbon limits are close. From an
industrial point of view, a fresh catalyst with high dispersion can tol-
erate such an operation but the catalyst has to be carefully monitored
and replaced when the upper limit on particle size is around 10 nm.
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Fig. 7. Comparison of simulation results with experimental measure-
ments from [49] with d = 23 nm and molar CH4/CO2 = 0.5 at
P = 1 bar.
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Table 1
Experimental results for various nickel catalysts.

Catalyst Catalyst size (nm) T (°C) CH4 (mol%) CO2 (mol%) Carbon Reference

8% Ni/Al2O3 14 860 71.5 96 0.18 g/gcat (300 min) [9]
8% Ni/20Ce-Al2O3 10 860 70.6 97.1 0.168 g/gcat (300 min) [9]
8%Ni/Al2O3 edf 6 800 72 94 0.96 wt% [55]
8%Ni/Al2O3 wet 10 800 69 87 6.17 wt% [55]
8%Ni/Al2O3 iwi 9 800 58 73 3.04 wt% [55]
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This study further highlights the requirement of having a stable catalyst
that can resist sintering for long periods of time. From the catalyst
designer’s perspective, this means that the catalyst should have a very
strong active metal-support interaction (spinel structure), which in turn
renders the catalyst more difficult to reduce at process startup, re-
quiring higher temperatures and longer reduction times. The corrosive
reducing environment and higher temperatures significantly reduce the
reactor service life, which in turn increases the maintenance costs of the
plant. An optimization study should then be performed to find the best
balance between catalyst cost and maintenance cost of the reformer.

4. Conclusion

The formation of carbon was found to be a dynamic phenomenon
that is not only a function of temperature and pressure but also of the
catalyst, with larger active metal particles yielding carbon at more
moderate conditions. Though the impact of the catalyst on carbon
formation has been demonstrated by countless experimental studies,
this work offers a theoretical tool that accounts for the effect of sin-
tering on reactor performance. Optimal process conditions were found
to be dangerously close to the carbon limits, hence highlighting the
need for a fine catalyst particle size, ideally below 5 nm, to avoid ex-
cessive carbon deposition. Conditions of very high temperature and low
pressures were found to yield moderate amounts of carbon mainly
through methane decomposition, while conditions of low temperature
and high pressure gave higher amounts of carbon through the
Boudouard reaction.
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