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Dry reforming of methane (DRM) is an attractive technology for utilizing the greenhouse gases (CO2 and
CH4) to produce syngas. However, the catalyst pellets for DRM are heavily plagued by deactivation by
coking, which prevents this technology from commercialization. In this work, a pore network model is
developed to probe the catalyst deactivation by coking in a Ni/Al2O3 catalyst pellet for DRM. The reaction
conditions can significantly change the coking rate and then affect the catalyst deactivation. The catalyst
lifetime is higher under lower temperature, pressure, and CH4/CO2 molar ratio, but the maximum coke
content in a catalyst pellet is independent of these reaction conditions. The catalyst pellet with larger
pore diameter, narrower pore size distribution and higher pore connectivity is more robust against cat-
alyst deactivation by coking, as the pores in this pellet are more difficult to be plugged or inaccessible.
The maximum coke content is also higher for narrower pore size distribution and higher pore connectiv-
ity, as the number of inaccessible pores is lower. Besides, the catalyst pellet radius only slightly affects the
coke content, although the diffusion limitation increases with the pellet radius. These results should
serve to guide the rational design of robust DRM catalyst pellets against deactivation by coking.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction To develop an economically feasible DRM process, an efficient
The large consumption of fossil fuels, e.g., coal, oil, and natural
gas, has led to the elevated level of CO2 in the atmosphere, which
causes global warming. To meet this grand challenge, extensive
efforts have been devoted to developing technologies for carbon
capture, storage and utilization (CCSU) [1–3]. Dry reforming of
methane (DRM) is one attractive technology for CO2 utilization,
as it takes two abundant greenhouse gases, namely CO2 and CH4,
as raw materials to produce economically valuable syngas [4–6]
(see Eq. (1)). The syngas produced from DRM has a H2/CO ratio less
than or close to 1 due to the reverse water gas shift (RWGS) reac-
tion [5] (see Eq. (2)). This syngas is very suitable for the synthesis
processes where high CO fraction is required, such as the produc-
tion of dimethyl ether and high-carbon alcohols [7,8].

CH4 þ CO2�2COþ 2H2 DH298 K ¼ þ247 kJ �mol�1 ð1Þ

CO2 þH2�COþH2O DH298 K ¼ þ41:2 kJ �mol�1 ð2Þ
and stable catalyst is required. Since DRM reaction is strongly
endothermic and its reactants are relatively inert, a reaction tem-
perature higher than 916 K is needed to achieve a reasonable reac-
tion rate [9]. However, under such high temperature, coking
reactions, including methane cracking, carbon monoxide dispro-
portionation, and carbon monoxide hydrogenation [10] (see Eqs.
(3)�(5)), become important in affecting the performance of DRM
catalysts. Coke may cover active sites, reduce pore volume of a cat-
alyst support, and even break a catalyst pellet, which results in cat-
alyst deactivation and pulverization [11–15]. Extensive
experiments on DRM have confirmed that DRM catalysts are vul-
nerable to coke deposition. For example, Sokolov et al. [16] pre-
pared DRM catalysts with Ni metal supported on TiO2 and Al2O3,
and they found the activities of Ni/TiO2 and Ni/Al2O3 catalysts
decrease by 89% and 20% after testing the catalysts for 100 h.
Kim et al. [17] reported that 47% (mass) of coke was formed in a
Ni/Al2O3 catalyst prepared by the co-precipitation method after
1 h on stream, and the catalyst was significantly deactivated due
to pore plugging by coke.

CH4 ! Cþ 2H2 DH298 K¼þ 75 kJ �mol�1 ð3Þ

2CO ! Cþ CO2 DH298 K ¼ �172 kJ �mol�1 ð4Þ
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COþH2 ! CþH2O DH298 K ¼ �175 kJ �mol ð5Þ
Some works have been carried out to develop a DRM catalyst

with high robustness against deactivation by coking. These efforts
[17–20] primarily focus on designing active sites that can effec-
tively catalyze DRM reaction but inhibit coking reactions. How-
ever, few works pay attention to designing pore network
structure of DRM catalyst pellets, which should also be very effec-
tive in reducing catalyst deactivation by coking. A well design of
pore network can enhance the capacity to contain coke and reduce
the diffusion resistance caused by coke deposition. For instance,
Keil and Rieckmann [21,22] studied the deactivation of
hydrodemetallization catalysts, and they found that the catalyst
with a high pore coordination number has a longer lifetime. Ye
et al. [23,24] probed the deactivation by coking of a Pt-Sn/Al2O3

catalyst for propane dehydrogenation, and they found pore net-
work structure can significantly affect catalyst lifetime and appar-
ent activity.

To aid the design of pore network in DRM catalyst pellets, a
proper mathematical model is needed. This model should be able
to describe the dynamic change of pore network structure during
catalyst deactivation by coking. Continuum and pore network
models are available to simulate deactivation by coking in catalyst
pellets. Continuum models [25] are simple and efficient, but can-
not describe pore blockage caused by coking. Pore network models
can well describe the morphology and topology of pore space in
catalyst pellets, and thus these models are suitable for simulating
catalyst deactivation by coke deposition. Besides, pore network
models have been successfully used to simulate catalyst deactiva-
tion in hydrodemetalation [22], Claus reaction [26], and propane
dehydrogenation [23,24], where pore blockage occurs. Thus, a pore
network model is suitable to investigate deactivation by coking in
DRM catalyst pellets, and this model has not yet been developed up
to now.

In this work, we develop a pore network to simulate deactiva-
tion by coke deposition in DRM catalyst pellets. This pore network
model is able to describe the detailed pore network structure,
including spatial distribution of pore size and pore connectivity,
and to combine the equations for diffusion, reaction, coking, and
deactivation. Using this model, the deactivation by coking in
DRM catalyst pellets is probed, and the effects of reaction condi-
tions and pore network structure on the catalyst deactivation are
obtained.

2. Modeling

A Ni/Al2O3 catalyst pellet commonly used in DRM reaction is
taken as the model catalyst when building the pore network model
in this work. The pore network model is composed of three parts:
pore network, equations for reaction and diffusion, and equations
for coke deposition. A three-dimensional pore network established
by connecting pores and nodes is a well representation of the real
catalyst pellet. In each pore, diffusion, reaction, and coke deposi-
tion occur, and the equations for these processes are tightly cou-
pled. By solving these equations, the concentration profiles and
pore states can be achieved. In the calculations, the pore network
structure is changed with the progress of coking, and the pore net-
work structure should be updated according to the distribution of
coke loading.

2.1. Pore network construction

DRM catalyst pellets can be assumed to be spherical as this pel-
let shape is widely used in the industry. The spherical pore net-
work can be constructed by using the method reported in our
previous work [23,24,26]. This method is briefly described as fol-
lows. Firstly, a cubic pore network is built by connecting nearest
nodes with pores according to pore connectivity. Then, this cubic
pore network is cut into a spherical pore network by using the pore
network cutting algorithm [27]. Finally, pore diameter is assigned
to each pore. In this work, the pore diameter follows the logarith-
mic normal distribution [28]:

pðd0

2
Þ ¼ V

r d0
2

ffiffiffiffiffiffi
2p

p e
�

ln d0
2 � ln da

2

� �2
2r2 ð6Þ

Here, d0 is the pore diameter, V is the total pore volume of the
DRM catalyst pellet, r is the standard deviation of pore diameter,
and da is the volume-averaged pore diameter. Fig. 1 displays a typ-
ical, spherical pore network with a pore connectivity of 6. In addi-
tion, the nodes are normally treated as zero-volume intersections,
and all the pore volume is occupied by pores. It is worth noting
that pellet shape can change diffusion path length, and then affect
the diffusion in a catalyst pellet [29–31]. Thus, the effect of pellet
shape should be similar to that of pellet size, which is investigated
in this work.

2.2. Equations for reaction and diffusion

The mass balance equation is applied to describe the coupled
diffusion and reaction process for component i at each pore n:

@Ci;n

@t
¼ � @Ji;n

@ln
þ 4d0;n

d2
p;n

Ri;n ð7Þ

Here, Ci,n is the molar concentration of component i in pore n, t
is time, Ji,n is the diffusion flux of component i in pore n, ln is the
length of pore n, d0,n is the initial diameter of pore n, dp,n is the
real-time diameter of pore n, and Ri,n is the reaction rate of compo-
nent i in pore n. The quasi-steady-state condition is assumed since
coking rate is much slower than the rates of diffusion and reaction,
and Eq. (7) can be changed into:

0 ¼ �dJi;n
dln

þ 4d0;n

d2
p;n

Ri;n ð8Þ

For an inner node, due to its zero-volume assumption, the mass
balance equation for component i is:

Xn¼Z

n¼1

pd2
p;n

4
Ji;n ¼ 0 ð9Þ

where Z is the pore connectivity. For a boundary node, a Robin
boundary condition is adopted:

�kiðCi;b � Ci;nÞ ¼ Ji;n ð10Þ
where ki is the mass transfer coefficient of component i on the
external surface of the catalyst pellet, Ci,b is the concentration of
component i in the bulk, and Ci,n is the concentration of component
i in the pore n that is connected to the boundary node. The mass
transfer coefficient of component i (ki) can be obtained from the
correlation equation [32]:

kids

Di;M
¼ 2:0þ 0:6Re1=2Sc1=3 ð11Þ

where ds is the diameter of the spherical catalyst pellet, Di,M is the
molecular diffusivity of component i, Re is the Reynolds number,
and Sc is the Schmidt number.

The diffusion flux of component i (Ji,n) can be described by the
Fick’s law:

Ji;n ¼ �Di;e
dCi;n

dln
ð12Þ
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Fig. 1. A typical, spherical pore network used in this work.
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Di;e ¼ Di;MDi;K

Di;M þ Di;K
ð13Þ

Di;M ¼ 1� xiPn
i¼1
j–i

xj
Di;j

ð14Þ

Here, Di,e is the effective diffusivity of component i and can be
obtained by theWilke-Bosanquet equation [33], Di,M is the molecu-
lar diffusion coefficient of component i that can be obtained from
theWilke formula [34],Di,K is the Knudsen diffusivity of component
i that is calculated by using the kinetic theory of gases [35].Di,j is the
binary diffusivity of component i in a mixture of i and j, and xi is the
molar fraction of component i. The binarymolecular diffusivity (Di,j)
is determined using the Chapman-Enskog equation [35]:

Di;j ¼
1:8809� 10�7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T3ð 1

Mi
þ 1

Mj
Þ

q
Pr2

i;jXi;j
ð15Þ

Xi;j ¼ 1:06036ðei;j
kT

Þ
0:15610

þ 0:19300e
�0:47635

kT
ei;j

þ 1:03587e
�1:52996

kT
ei;j þ 1:76474e

�3:89411
kT
ei;j ð16Þ

ri;j ¼ ðri þ rjÞ
2

ð17Þ

ei;j ¼
ffiffiffiffiffiffiffi
eiej

p ð18Þ
Here, T is the temperature, Mi is the molecular weight of com-

ponent i, P is the total pressure, ri,i is the characteristic Lennard-
Jones length of component i and j, Xi,j is collision integral, and ei/
k is the characteristic Lennard-Jones energy of component i. The
Knudsen diffusivity (Di,K) is calculated using the kinetic theory of
gases [35]:

Di;K ¼ dp

3

ffiffiffiffiffiffiffiffiffiffiffi
8RgT
pMi

s
ð19Þ

where Rg is the ideal gas law constant and dp is the pore diameter.
The reaction kinetics equations for DRM (Eq. (1)) and RWGS (Eq.

(2)) are adopted fromtheworkbyRichardsonandParipatyadar [36]:

R1 ¼ k1
KCO2 ;1KCH4 ;1PCO2PCH4

Scð1þ KCO2 ;1PCO2 þ KCH4 ;1PCH4 Þ2
1� P2

COP
2
H2

K1PCO2PCH4

 !
ð20Þ
R2 ¼ k2
KCO2 ;2KH2 ;2PCO2PH2

Scð1þ KCO2 ;2PCO2 þ KH2 ;2PH2 Þ2
1� PCOPH2O

K2PCO2PH2

ð21Þ

Here, R1 and R2 are the reaction rates for DRM and RWGS, k1
and k2 are the reaction rate constants for DRM and RWGS, Ki,1

and Ki,2 are the adsorption equilibrium constants of component
i for DRM and RWGS, K1 and K2 are the equilibrium constants
for DRM and RWGS, Sc is the specific surface area of the DRM
catalyst, and Pi is the partial pressure of component i. The reac-
tion rate constants are assumed to be one tenth of the value
reported in the literature [36], as the activity of Ni/Al2O3 catalyst
is around 90% lower than the one of Rh/Al2O3 catalyst [17,36].
The other parameters for reaction kinetics are adopted from
the same literature [36].

2.3. Equations for coking

Coke can be formed by methane cracking, carbon monoxide dis-
proportionation, and carbon monoxide hydrogenation. The reac-
tion rates for the coking reactions (Eqs. (3)�(5)) are adopted
from the work by Snoeck et al. [37,38]:

R3 ¼
k3KCH4 ;3 PCH4 �

P2H2
Kp3

� �

1þ KCH4 ;3PCH4 þ
P1:5H2
KH2 ;3

� �2 ð22Þ

R4 ¼
k4

KCO;4KCO2 ;4

PCO2
PCO

� PCO
Kp4

� �
1þ KCO2 ;4PCO þ 1

KCO2 ;4
KCO;4

PCO2
PCO

� �2 ð23Þ

R5 ¼
k5

KH2O;5

PH2O
PH2

� PCO
Kp5

� �
1þ KCH4 ;5PCH4 þ 1

KH2O;5

PH2O
PH2

þ P1:5H2
KH2 ;5

� �2 ð24Þ

Here, k3, k4 and k5 are the reaction rate constants for
methane cracking, carbon monoxide disproportionation, and car-
bon monoxide hydrogenation; Ki (i ¼ CH4, CO, CO2, H2, H2O) is
the adsorption constant for component i; Kpj (j ¼ 3, 4, 5) is
the equilibrium constant of coking reaction j. The parameters
for the coking kinetics are adopted from the same literature
[37,38]. The loading of coke in pore n at time t + Dt is calculated
by:

Cc;nðt þ DtÞ ¼ Cc;nðtÞ þ Rc;nðtÞ � Dt ð25Þ



Table 1
Parameters used in the simulations in this work

Parameter Value

Reaction time, t/min 0–60
Reaction temperature, T/K 823–973①

Total pressure, P/MPa 0.1–0.5
CH4/CO2 molar ratio 0.5–2.0
Pellet radius, Rp/mm 1–4
Pellet porosity, e 0.5
Support density, qsolid/kg�m�3 3980②

Coke density, qc/kg�m�3 1200③

Average pore diameter, da/nm 2–400
Standard deviation of PSD, r 0.2–0.8
Pore connectivity, Z 4–8

① Adopted from Cao et al. [9].
② Adopted from Yeh and Sacks [42].
③ Adopted from Chua et al. [43] and Marin et al. [44].

296 Y. Wang et al. / Chinese Journal of Chemical Engineering 55 (2023) 293–303
In addition, coke deposition can narrow pores, and thus pore
diameters in section 2.2 are changed with the loadings of coke.
With the assumption of uniform coke distribution on pore surface,
the pore diameter of pore n (dp,n) can be obtained by:

dp;n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
0;n � 4

d0;n � Cc;n

qc

s
ð26Þ

where d0,n is the initial diameter of pore n and qc is the density of
coke. If dp,n is less than the molecular diameter of CH4 [35]
(0.4 nm), the pore n is regarded as a plugged pore. Some pores
are not plugged by coke, but surrounded by plugged pores (see
Fig. 2). These pores are isolated from reactants, and they are inac-
cessible pores. An extended Hoshen-Kopelman algorithm is used
to identify these inaccessible pores, and the details of this algorithm
can be found in the work by Al-Futaisi and Patzek [39].

Coking causes catalyst deactivation mainly in three ways: active
site coverage, pore narrowing, and pore blockage. Coke firstly may
cover active sites and reduce the catalytic activity. Then, coke can
narrow pores and cause the severe diffusion limitation in a catalyst
pellet. With the further deposition, coke can even plug some pores
and make them completely useless for reaction and diffusion. With
the increase of plugged pores, some pores are turned into inacces-
sible pores that are also unavailable for reaction and diffusion. For
DRM catalyzed by Ni/Al2O3, filamentous carbon and encapsulated
carbon are two major types of coke, and the formation rate of fila-
mentous carbon is much faster than that of encapsulated carbon
[40]. Filamentous carbon would not cover Ni sites, and thus the
deactivation caused by active site coverage can be assumed to be
negligible in this reaction system. In addition, the relation between
coke loading and activity has not been reported in the literature for
this reaction system. Therefore, only the deactivation caused by
pore narrowing and pore blockage is accounted for in this work.

2.4. Implementation

This pore network model is implemented using MATLAB 2021b,
and the model parameters are summarized in Table 1. Firstly, the
pore network is generated according to the preset structural
parameters, including pore size distribution, pore connectivity,
and pellet diameter. Then, the model initialization is performed
to set initial concentrations and pore states (i.e., accessible,
plugged, or inaccessible) in the pore network. After the initializa-
tion, the model equations are solved to obtain time-dependent dis-
tributions of concentrations, coke loading, and pore states. The
equations for diffusion and reaction are solved to yield the concen-
tration profiles in the pore network at time t. With the concentra-
tion profiles at time t as input, the coking rates at time t and the
coke loadings at time t + Dt can be calculated. Using the coke load-
ings at time t + Dt, pore diameters and pore states can be updated,
and subsequently the equations for diffusion and reaction are
Fig. 2. An illustration of accessible, plugged, and inaccessible pores.
solved to obtain the concentration profiles at time t + Dt. The above
calculation steps are repeated until the maximum time for reaction
is reached. Finally, the time-dependent distributions of concentra-
tions, coke loading, pore states, and pore network structure are
output. The coke content in the catalyst pellet (qc) can be obtained
by:

qc ¼
SmXN

n¼1

ðpd0;nlnÞ
�
Xn¼N

n¼1

pd0;nlnCc;n ð27Þ

where Sm is the surface area per unit mass of the catalyst pellet and
N is the total number of pores in the pore network. The apparent
reaction rate for DRM (Rapp) is computed using a scaling rule
[22,41]:

Rapp ¼ SvXN
n¼1

ðpd0;nlnÞ
�
Xn¼N

n¼1

pd0;nlnRCH4 ;n ð28Þ

where Sv is the surface area per unit volume of the catalyst pellet.
The effectiveness factor of the catalyst pellet (g) is calculated by:

g ¼

Xn¼N

n¼1

pd0;nlnRCH4 ;n

RCH4 ;b

Xn¼N

n¼1

pd0;nln

ð29Þ

where RCH4;b
is the formation rate of CH4 under the bulk reaction

conditions. The coke content, apparent reaction rate, and effective-
ness factor are calculated at each time step. These time-dependent
qc, Rapp, and g are calculated under different reaction conditions and
pore network structures, to probe the effects of reaction condition
and pore network structure on catalyst deactivation by coking in
the DRM reaction.

3. Results and Discussion

3.1. Mesh sensitivity analysis

The sensitivity analysis of mesh is performed by comparing four
pore networks with different sizes, namely U10, U14, U18, and
U22, before probing the effects of reaction condition and pore net-
work structure on the catalyst deactivation by coking. The pore
network size UN means that the diameter of the pore network is
the total length of N pores, and the pore length is adjusted to
achieve the constant pellet diameter of 2 mm. As seen from Table 2,
the total number of pore channels increases from 1662 to 17610



Table 2
Numbers of nodes and pores of the pore networks with different sizes

Pore network
size

Total number of
nodes

Number of boundary
nodes

Number of
pores

U10 899 414 1662
U14 2235 854 4530
U18 4463 1466 9654
U22 7735 2194 17610
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with the pore network size increasing from U10 to U22. Fig. 3
shows the effects of pore network size on the coke content, appar-
ent reaction rate, and effectiveness factor. The coke content, appar-
ent reaction rate, and effectiveness factor for U18 are almost the
same as the ones for U22, indicating that further increasing pore
network size cannot change the simulation results but significantly
adds computational cost. Therefore, a pore network size of U18 is
adequate in this work.
3.2. Effects of reaction conditions

Fig. 4 shows the effect of temperature on the catalyst deactiva-
tion by coking. The catalyst pellet is deactivated quickly in this
reaction system as indicated in Fig. 4(a). For example, the apparent
reaction rate at 823 K approaches 0 (completely deactivation) at
the reaction time of 18 min. In addition, increasing the reaction
temperature can significantly enhance the initial apparent
reaction rate. For example, the initial apparent reaction rate is
703 mol�m�3�s�1 at 823 K, and that is 2563 mol�m�3�s�1 at
973 K. However, increasing the reaction temperature also makes
the catalyst pellet deactivate faster. For example, at 973 K, the time
for complete deactivation is only 6 min. Fig. 4(c) gives the time-
dependent coke contents under different reaction temperatures.
The coke content increases with time before reaching a maximum
coke content, which is consistent with the results reported by Gao
et al. [45]. Increasing the reaction temperature significantly
increases the coke formation rate and facilitates catalyst deactiva-
tion, although this also increases initial apparent reaction rate.
However, the reaction temperature cannot change the maximum
coke content as that is primarily determined by the pore network
structure of catalyst pellets. In Fig. 4(b), the effectiveness factor
decreases with time, as the catalyst pellet is deactivated with time.
The initial effectiveness factor decreases from 0.485 to 0.236, with
the increase of temperature from 823 to 973 K. At a higher reaction
temperature, the intrinsic reaction rate is higher and thus the dif-
fusion limitation in a catalyst pellet is stronger.

Fig. 4(d) displays partial pressures of CH4 and pore states at the
reaction time of 3 min, under the reaction temperatures of 823,
873, 923, and 973 K. The pores in black are the pores completely
plugged by coke. The pores in grey are not completely plugged
by coke, but they are surrounded by plugged pores and also
Fig. 3. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g), and
¼ 823 K, P ¼ 0.1 MPa, CH4/CO2 ¼ 1, da ¼ 10 nm, r ¼ 0.5, Z ¼ 6 and Rp ¼ 1 mm. The oth
inaccessible to reactants. The other pores in a color are accessible
pores, and the color represents the value of partial pressure of
CH4. At 823 K, some narrow pores are plugged by coke, and inac-
cessible pores are not observed. At 873 K, the number of plugged
pores increases a lot, and some inaccessible pores are found. At
923 K, most of the pores are plugged or inaccessible pores. At
973 K, almost all the pores are unavailable for diffusion and reac-
tion, and the catalyst pellet is close to complete deactivation. At
a higher reaction temperature, the formation rate of coke is larger,
and pores are easily occupied by coke. Thus, more plugged and
inaccessible pores are observed at a higher reaction temperature.

Fig. 5(a)�(c) present the time-dependent apparent reaction
rates (Rapp), effectiveness factors (g), and coke contents (qc), under
different total pressures. With the increase of total pressure from
0.1 to 0.5 MPa, the initial apparent reaction rate increases from
703 mol�m�3�s�1 to 1072 mol�m�3�s�1. This result is expected, as
the intrinsic reaction rate increases with total pressure. The cata-
lyst deactivation becomes faster with the increase of total pressure.
For example, the time for complete catalyst deactivation is 20 min
for P ¼ 0.1 MPa, while that is 9 min for P ¼ 0.5 MPa. The formation
rate of coke increases with the total pressure, resulting in the faster
catalyst deactivation at a higher total pressure. Fig. 5(b) shows that
the effectiveness factor decreases with the increase of total pres-
sure at a reaction time, as the intrinsic reaction rate is higher
and thus the diffusion limitation is stronger at a higher total pres-
sure. In Fig. 5(c), the maximum coke contents under different total
pressures are almost the same, although the apparent coking rate
increases with the total pressure. This result indicates that the
maximum coke content is independent of the total pressure.

Fig. 5(d) displays partial pressures of CH4 and pore states at the
reaction time of 6 min, under different total pressures. With the
increase of total pressure, the number of plugged and inaccessible
pores goes up largely. As the formation rate of coke at a higher total
pressure is larger, the pore network is easier to be occupied by
coke. A higher total pressure is favorable in increasing the produc-
tion rate of syngas and thus in reducing reactor volume, but it also
makes the catalyst pellet more vulnerable to coking. Therefore, an
optimal total pressure should balance these factors.

Fig. 6 shows how the molar ratio of CH4 to CO2 in the bulk (CH4/
CO2) affects the catalyst deactivation by coking. As seen from
Fig. 6(a), the initial apparent reaction rate decreases from
708 mol�m�3�s�1 to 556 mol�m�3�s�1 with the increases of CH4/
CO2 from 0.5 to 2. This result can be explained by analyzing the
reaction kinetics. The adsorption constant for CH4 is larger than
that of CO2, and thus the intrinsic reaction rate decreases with
the increase of CH4/CO2 under the constant total pressure of
0.1 MPa. The catalyst deactivation becomes faster with the
increase of CH4/CO2. For example, the reaction time for complete
deactivation is 48 min for CH4/CO2 ¼ 0.5, while that is 12 min
for CH4/CO2 ¼ 2. A lower CH4/CO2 means a higher partial pressure
of CO2. More CO2 in this reaction system is better in promoting the
(c) coke contents (qc) under different pore network sizes. Simulation parameters: T
er parameters are given in Table 1.



Fig. 4. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 3 min, under different reaction
temperatures (T). Simulation parameters: P ¼ 0.1 MPa, CH4/CO2 ¼ 1, da ¼ 10 nm, r ¼ 0.5, Z ¼ 6 and Rp ¼ 1 mm. The other parameters are given in Table 1.

Fig. 5. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 6 min, under different total
pressures (P). Simulation parameters: T ¼ 823 K, CH4/CO2 ¼ 1, da ¼ 10 nm, r ¼ 0.5, Z ¼ 6 and Rp ¼ 1 mm. The other parameters are given in Table 1.
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Fig. 6. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 10 min, under different molar ratios
of CH4 to CO2 in the bulk (CH4/CO2). Simulation parameters: T ¼ 823 K, P ¼ 0.1 MPa, da ¼ 10 nm, r ¼ 0.5, Z ¼ 6 and Rp ¼ 1 mm. The other parameters are given in Table 1.
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reaction of RWGS to produce more H2O and CO. With the increase
of H2O in the catalyst pellet, coke becomes easier to be gasified,
and thus the apparent coke formation rate decreases with the
decrease of CH4/CO2. In Fig. 6(b), the initial effectiveness factors
at CH4/CO2 ¼ 0.5, 1, and 2 are almost the same. At a lower CH4/
CO2, the intrinsic reaction rate is higher, but the diffusion of CH4

is slower; at a higher CH4/CO2, the intrinsic reaction rate is lower,
but the diffusion of CH4 is faster. Thus, the two competing factors
lead to the similar effectiveness factors under different CH4/CO2. In
Fig. 6(c), the maximum coke contents are almost the same under
different CH4/CO2, although the apparent coking rate increases
with CH4/CO2. This result clearly indicates that the maximum coke
content does not change with the molar ratio of CH4 to CO2. As seen
from Fig. 6(d), the number of plugged and inaccessible pores
increases with CH4/CO2 at the reaction time of 10 min. These
results show that a higher proportion of CO2 in the feed should
be favorable in reducing the coking rate and prolonging the cata-
lyst lifetime, which has been observed in experiments [46].

3.3. Effects of pore network structure

Fig. 7 shows how the volume-averaged pore diameter (da)
affects the catalyst deactivation by coking. The apparent reaction
rate (Rapp) at t ¼ 0 increases from 181 mol�m�3�s�1 to
1447 mol�m�3�s�1, with the volume-averaged pore diameter
changing from 2 to 400 nm. A larger pore diameter indicates
weaker resistance for diffusion, and a higher effectiveness factor.
For example, the initial effectiveness factor for da ¼ 2 nm is only
0.125, while that for da ¼ 50 nm approaches 1 (see Fig. 7(b)). The
catalyst deactivation becomes slower with the increase of
volume-averaged pore diameter. For instance, the reaction time
for complete catalyst deactivation is 5 min for da ¼ 2 nm, while
Rapp for da ¼ 400 nm only decreases by 7.04% after 60 min on
stream. Obviously, the catalyst pellet with larger pores is more
robust against catalyst deactivation by coking. A large pore is not
easily plugged by coke, and thus the catalyst pellet with large pores
has a good stability. This result is similar to the one obtained from
experiments [47]. Fig. 7(c) shows that the maximum coke contents
for da ¼ 2 and 10 nm are almost the same. This is because all the
catalysts have the same pore volume. The catalysts with da ¼ 50
and 400 nm do not reach a maximum coke content within
60 min on stream. Fig. 7(d) displays partial pressures of CH4 and
pore states at the reaction time of 10 min under the volume-
averaged pore diameters of 2, 10, 50, and 400 nm. For da ¼ 2 nm,
almost all the pores are plugged or inaccessible, and the catalyst
is completely deactivated; for da ¼10 nm, some pores are still
available for diffusion and reaction; for da ¼ 50 and 400 nm, almost
all the pores are available, although the coke layer has formed on
pore surface. These results show that the catalyst pellet with a
large pore diameter is favorable for DRM: the diffusion limitation
is weak, on the one hand; the catalyst is robust against catalyst
deactivation by coking, on the other hand.

Fig. 8 displays the effect of standard deviation of pore size dis-
tribution (r) on the catalyst deactivation by coking. As seen from
Fig. 8(a), the initial apparent reaction rate decreases from
907 mol�m�3�s�1 to 452 mol�m�3�s�1, when changing the standard
deviation from 0.2 to 0.8. A higher standard deviation means the
pore size distribution is wide, and the pore network is more tor-
tuous. A tortuous pore network is not favorable for diffusion,
which results in the lower initial apparent reaction rate for a
higher standard deviation. The reaction times for complete deac-
tivation for r ¼0.2, 0.4, 0.6, and 0.8 are close. For the catalyst pel-



Fig. 7. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 10 min, under different volume-
averaged pore diameters (da). Simulation parameters: T ¼ 823 K, P ¼ 0.1 MPa, CH4/CO2 ¼ 1, r ¼ 0.5, Z ¼ 6 and Rp ¼ 1 mm. The other parameters are given in Table 1.

Fig. 8. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 6 min, under different standard
deviations of pore size distribution (r). Simulation parameters: T ¼ 823 K, P ¼ 0.1 MPa, CH4/CO2 ¼ 1, da ¼ 10 nm, Z ¼ 6 and Rp ¼ 1 mm. The other parameters are given in
Table 1.
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Fig. 9. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 6 min, under different pore
connectivities (Z). Simulation parameters: T ¼ 823 K, P ¼ 0.1 MPa, CH4/CO2 ¼ 1, da ¼ 10 nm, r ¼ 0.5 and Rp ¼ 1 mm. The other parameters are given in Table 1.
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let with a large r, the pore size is widely dispersed, containing a
number of both narrow pores and wide pores. Narrow pores are
easily plugged by coke and become completely deactivated; wide
pores can contain much coke and are robust against catalyst
deactivation by coking. In Fig. 8(c), the apparent coke formation
rates for r ¼0.2, 0.4, 0.6, and 0.8 are very close, indicating the
coking rate would not be significantly affected by the standard
deviation of pore size distribution. Fig. 8(c) also shows that the
maximum coke content increases from 0.2248 to 0.2956 g�g�1

with the increase of standard deviation from 0.2 to 0.8. A wider
pore size distribution means more narrow pores, the narrow
pores are plugged by coke quickly. Then these plugged narrow
pores would isolate wide pores and make them unavailable for
DRM and coking reactions. But, for the catalyst pellet with a nar-
rower pore size distribution, the pores are more uniformly cov-
ered by coke. Thus, the maximum coke content for a narrower
pore size distribution is larger. Fig. 8(d) displays partial pressures
of CH4 and pore states at the reaction time of 6 min. The number
of plugged pores increases with the standard deviation. This is
because the pore network with a larger standard deviation con-
tains more narrow pores and narrow pores are easily plugged
by coke. Generally, the catalyst pellet with a narrow pore size dis-
tribution should be better, as the diffusion limitation is weaker
and the pore network can contain more coke.

Fig. 9 presents the effect of pore connectivity (Z) on the catalyst
deactivation by coking. As seen from Fig. 9(a), the initial apparent
reaction rate increases from 476 mol�m�3�s�1 to 759 mol�m�3�s�1

with the increase of pore connectivity from 4 to 8. The pores are
better connected with a larger pore connectivity, indicating the dif-
fusion limitation is weaker. The effectiveness factor decreases with
the increase of pore connectivity, which also confirms the reduced
diffusion limitation with pore connectivity. The pore network with
a larger pore connectivity is more robust against catalyst deactiva-
tion by coking. For example, the reaction time for complete deacti-
vation for Z ¼ 4 is 10 min, while that for Z ¼ 6 is 18 min. Fig. 9(c)
shows that the pore network with a larger pore connectivity has a
larger maximum coke content. For instance, the maximum coke
content for Z¼ 4 is 0.2547 g�g�1, while that for Z¼ 8 is 0.2796 g�g�1.
For a poorly connected pore network, some wide pores are more
easily isolated by plugged narrow pores. Obvious, the catalyst pel-
let with a well-connected pore network is more favorable, as the
diffusion limitation is weaker and the pore network can contain
more coke.

Fig. 10 shows the effect of pellet radius (Rp) on the catalyst
deactivation by coking. As seen from Fig. 10(a), the initial apparent
reaction rate decreases from 703 mol�m�3�s�1 to 187 mol�m�3�s�1

with the increase of pellet radius from 1.0 mm to 4.0 mm. This
result is expected, as a larger catalyst pellet has a longer diffusion
path length. The effectiveness factor in Fig. 10(b) decreases with
the increase of pellet radius, as the diffusion limitation becomes
stronger. Besides, the coke content curves in Fig. 10(c) are very
close for different pellet radii. According to Eqs. (3)�(5) and
(22)�(24), both reactant (CH4) and products (CO and H2) are coke
precursors, and they all affect the coking rate. The total concentra-
tion of coke precursors does not change largely with pellet radius,
which explains the close coking rates and then coke contents.
Fig. 10(d) shows partial pressures of CH4 and pore states at the
reaction time of 6 min. The concentration gradient for Rp ¼
1 mm is the lowest, due to its shortest diffusion path length. Gen-
erally, the catalyst pellet with a small size is favorable in enhancing
its apparent catalytic activity without significantly changing its
deactivation by coking.



Fig. 10. Time-dependent (a) apparent reaction rates (Rapp), (b) effectiveness factors (g) and (c) coke contents (qc), and (d) pore states at t ¼ 6 min, under different pellet radii
(Rp). Simulation parameters: T ¼ 823 K, P ¼ 0.1 MPa, CH4/CO2 ¼ 1, da ¼ 10 nm, r ¼ 0.5 and Z ¼ 6. The other parameters are given in Table 1.
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4. Conclusions

In this work, a pore network is proposed to probe the catalyst
deactivation by coking in Ni/Al2O3 catalyst pellets for dry reforming
of methane (DRM). This pore network can well describe the pore
structure in catalyst pellets and the pore blockage caused by coke.
The effects of reaction conditions (i.e., temperature, pressure, and
CH4/CO2 molar ratio) and pore structure (i.e., pore diameter, pore
size distribution, and pore connectivity) on the catalyst deactivation
by coking are investigated using this pore network model.

The results show that reaction temperature, total pressure, and
CH4/CO2 molar ratio can significantly affect the catalyst deactiva-
tion by coking. Under a lower reaction temperature, a lower total
pressure, and a smaller CH4/CO2 molar ratio, the catalyst deactiva-
tion by coking is slower, as the coke formation rate is lower. The
maximum coke content in a DRM catalyst pellet is independent
of these reaction conditions. Pore network structure can also lar-
gely change the catalyst deactivation by coking. The DRM catalyst
pellet with a larger pore diameter, a narrower pore size distribu-
tion and a larger pore connectivity is more robust against catalyst
deactivation by coking, as the pores are more difficult to be
plugged or inaccessible. With a fixed pore volume, the catalyst pel-
let with a narrower pore size distribution and a larger pore connec-
tivity can contain more coke. Besides, catalyst pellet radius only
slightly changes the coke content, although a smaller pellet radius
shows a higher apparent reaction rate due to the shorter diffusion
path length. The pore network model and results in this work
should be used in the optimal design of DRM catalyst pellets, and
some other industrial catalyst pellets with deactivation by coking.
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