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Abstract
A discrete model coupling mass transfer, reaction, and phase change in porous catalyst particles
is proposed to probe pore blocking effects on multiphase reactions. This discrete model is
validated by comparing the results with experiments and those obtained using a continuum
model, for the hydrogenation of benzene to cyclohexane in Pd/γ-alumina catalyst particles. The
results show that pore blocking has a significant effect on the effectiveness factor and can
contribute to up to 50% of the hysteresis loop area for multiphase reactions in porous catalysts,
indicating that pore blocking must be accounted for. Moreover, the pore blocking effects are
significantly enhanced when the pore network is poorly connected and the pore size distribution
is wide, while the pore blocking effects are insensitive to the volume-averaged pore size.
Multiphase catalyst material characterization and design should account for this effect.

Keywords: pore network, discrete model, pore blocking, multiphase reactions, hysteresis,
hydrogenation of benzene to cyclohexane
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Introduction
Multiphase reactions, including various hydrotreating reactions, are of great importance in the
refining and chemical industries. Many such reactions are catalyzed by porous catalysts. For
example, Pd/γ-alumina is used to catalyze the hydrogenation of benzene to cyclohexane. In these
catalyst particles, mass transfer, reaction and phase change can occur simultaneously. Due to this
complexity, the apparent reaction rates, which differ from intrinsic rates, can be significantly
affected by reaction conditions and become very difficult to predict. A better understanding of
multiphase reactions in porous catalysts is still needed to design these catalysts, as well as
gas/liquid/solid reactors.
In numerous multiphase reaction experiments conducted at the particle level,1-4 inconsistent
steady state branches were found as reaction conditions were changed in different directions,
forming hysteresis loops when plotting reaction rate or effectiveness factor as a function of the
control variable. The root cause of this hysteresis is believed to be inconsistent degrees of wetting
in catalyst particles between a condensation process and an evaporation process.3,5 Behind this
inconsistency, there are two main reasons according to the literature on adsorption/desorption
hysteresis.6,7 One is the difference between the contact angles of condensing liquid and
evaporating liquid, resulting in different critical pore radii for capillary condensation. The other
one, which was occasionally mentioned but not investigated in literature on multiphase reactions,
is pore blocking.
Pore blocking is very common in processes involving phase changes in mesoporous media, e.g.,
N2 adsorption/desorption at low temperature and various multiphase reactions. In these processes,
the liquid in some broad pores, which is supposed to have evaporated, can be blocked by the
liquid in neighboring pores, as shown in Fig. 2. The pore blocking effects on
adsorption/desorption hysteresis have been widely investigated.8-12 The pore blocking effects can
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be very strong, resulting in a sharp desorption knee; more interestingly, the pore blocking effects
can be significantly strengthened or weakened by the pore structure, e.g., connectivity and pore
size distribution. But, to the best of our knowledge, the pore blocking effects on hysteresis in
reaction rate and associated effectiveness factor have not been reported up to now. To carry out
such a study, a proper model, which is able to describe the pore blocking phenomena, must be
proposed.
Some continuum models have been used to simulate the coupled mass transfer, reaction, and
phase change in partially wetted catalysts.1,4,5,13,14 These models are reasonable approximations
in certain cases where pores are well connected and local heterogeneities can be neglected. For
numerous porous media, the limited pore connectivity and local heterogeneities, however, affect
mass transfer and pore blocking to a large extent. Most importantly, using these models, one
cannot detect the blocked liquid in large pores that is supposed to have evaporated but is trapped
by the liquid in their adjacent pores. Considering this, a discrete model is an excellent alternative.
Examples of discrete pore models include Bethe lattices and pore networks, which were
summarized by Sahimi et al.15 and Keil16. Discrete models are advantageous in many respects,16
e.g., (1) the connectivity is accounted for, (2) local heterogeneities can be included, (3) the pore
wall can be smooth, irregular or even fractal,17,18 and (4) fitting parameters like tortuosity can be
avoided. Most importantly, pore blocking can be included in a discrete model. Due to these
advantages, discrete models are widely used in simulating reaction, drying and multiphase flow
processes in porous media. Early attempts have been made to simulate multiphase reactions in
porous catalyst particles using a discrete model,19,20 in which diffusion and reaction, however, are
assumed to only occur in the vapor phase. Up to now, the discrete approach has not been
employed to simulate hysteresis phenomena in any multiphase reaction systems.
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Hydrogenation of benzene to cyclohexane is an appropriate model reaction system for
investigation, because of its industrial and academic importance. The kinetics of this reaction in
Pd/γ-alumina catalysts has been well studied by Zhou et al.4; the side reactions can be assumed
negligible under a wide range of temperature21. Besides, the detailed physical and
thermodynamic properties of benzene and cyclohexane can be found in the literature.22 All these
make the simulation of hydrogenation of benzene to cyclohexane in Pd/γ-alumina catalyst
particles feasible.
In this work, we propose a discrete model, which can describe the coupled mass transfer,
reaction, and phase change in porous catalysts. Mass transfer and reaction in both liquid and
vapor phases are included in this model; most importantly, the pore blocking is included by using
an extended Hoshen-Kopelman algorithm23. We choose hydrogenation of benzene to
cyclohexane over Pd/γ-alumina catalysts as the model reaction system, and validate our model by
comparing with the corresponding experiments and a continuum model4. Lastly, the pore
blocking effects on the hysteresis in effectiveness factor and the sensibility of these effects to the
pore structure of catalyst particles are investigated by using the proposed discrete model.

Modeling
The proposed discrete model consists of three tightly coupled parts, namely: the pore network,
mass transfer and reaction, and phase change. Pore networks are constructed to represent the pore
structure of catalyst particles, as illustrated in Fig. 1; equations of mass transfer and reaction in
the pore network are solved to generate the concentration profile; the phase state in each pore,
which should be known before calculating the parameters characterising the equations of mass
transfer and reaction, is determined by using capillary condensation and pore blocking theories.
The three parts are integrated into an overall algorithm, discussed further on and shown in Fig. 3.
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In this work, hydrogenation of benzene to cyclohexane over Pd/γ-alumina catalysts is used as the
model reaction system.
The particle temperature is assumed to be constant, which is reasonable even for catalysts with
very high activity if the thermal conductivity of catalysts is not too low37. The difference between
bulk temperature and particle temperature caused by the release of reaction heat is not included
in this work. However, if the discrete model is to be inserted in a reactor model, these
nonisothermal effects must be included.
Pore network
We build three-dimensional (cubic, within a spherical domain), and two-dimensional (square)
pore networks for separate simulations and purposes, as shown in Fig. 1. The pores are assumed
to be cylindrical. For an independent cylindrical pore, there is no pore blocking phenomenon;
only when connecting cylindrical pores and then forming a pore network, pore blocking can
happen. If there are some ink-bottle pores, the situation could be more complex, because pore
blocking can even occur in an independent ink-bottle pore.
The three-dimensional pore networks in a spherical domain are used to validate the proposed
discrete model, because the Pd/γ-alumina catalyst particles used in the experiments4 for the
validation are spherical; the two-dimensional square pore networks are employed to probe the
pore blocking effects on multiphase reactions, because these pore networks are adequate to grasp
some of the main features of the pore structure in real catalyst particles, while using these pore
networks reduces the computational cost to within a reasonable limit. It is worth noting that twodimensional pore networks are not able to describe the shape of real catalysts. If one wants to
investigate the effects of shape, three-dimensional pore networks must be used. In this work, we
focus on investigating the effects of connectivity and pore size distribution. Two-dimensional
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pore networks should be adequate, although quantitative but not qualitative differences in results
could be expected when using three-dimensional pore networks.
As shown in Fig. 1, the pore bodies corresponding to the nodes of the network are treated as
zero-volume intersections; while all the pore volume is attributed to the throats or channels24-26.
The nodes are uniformly distributed, and the number of nodes are increased until obtaining
consistent simulation results.19,20 The pores between two adjacent nodes are allocated according
to the connectivity, and radius of each pore channel is randomly assigned, following a log-normal
distribution4:

 ( ln r − ln ra )2 
f (r) =
exp  −

2σ 2
2π rσ


Vt

(1)

where f(r) is the pore size distribution (PSD) density at radius r, Vt is the total pore volume of the
catalyst particles, ra is the volume-averaged radius, and σ is the standard deviation. To avoid
undersized or oversized pores, we limit pore radii in a reasonable range [rlow, rhigh], where the
values of cumulative distribution function of the log-normal distribution are between 0.001 and
0.999.
Mass transfer and reaction
Mass transfer and reaction in both vapor and liquid phases simultaneously occur in the pore
network. This process is described by using different types of equations in the pore channels and
the nodes. In the pore channels, a continuity equation is used to describe diffusion and reaction;
in nodes, Kirchhoff’s current law is satisfied due to the assumption of zero-volume nodes. It is
worth noting that the parameters of diffusion and reaction in vapor-filled and liquid-filled pores
are different, although the equations for these pores are essentially the same, if convective flow
can be ignored. We also assume that contributions from surface diffusion are minimal and the
temperature gradient in the catalyst particle is negligible.

AIChE Journal
This article is protected by copyright. All rights reserved.

7

AIChE Journal

Page 8 of 50

In the pore channels, the continuity equation, for component i, involving diffusion and reaction
is thus given by:
dJ i ,n rn
− Ri = 0
dln 2

(2)

where Ji is the diffusion flux of component i in pore n, Ri is the reaction rate per pore surface area
of component i, ln is the length of pore n, and rn is the radius of pore n. Because benzene and
cyclohexane are very close in physical and thermodynamic properties,4,21 our model reaction
system can be regarded as a binary mixture, i.e., benzene and cyclohexane as one component
mixed with hydrogen. Fick’s law is strictly valid for binary mixtures.35 Therefore, to reduce the
computational cost, Fick’s law rather than the Dusty Gas model is employed:

J i ,n = − Di ,n

dCi ,n
dln

(3)

where Di,n and Ci,n are the effective diffusivity and the concentration of component i in the
mixture, in pore n. For reacting systems consisting of more than two components with different
properties, the Maxwell-Stefan equations should be used to calculate the diffusion fluxes.26
For vapor-filled pores, Di,n is calculated by using the Bosanquet equation27:
Di ,n =

Di ,m Di ,k

Di ,m + Di , k

(4)

in combination with the Wilke approximation:

Di ,m =

1 − xi
xj
n

∑

i =1
j ≠i

Di , j

(5)

where Di,k is the Knudsen diffusivity of component i, Di,m is the molecular diffusivity of
component i, Di,j is the binary diffusivity of component i in mixture of i and n components j, and
xi is the mole fraction of component i. Fick’s law with the Bosanquet equation as Fickian
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diffusivity is a very good approximation for the Dusty Gas model, even when temperature (~800
K) and pressure (~80 bar) are very high.27 For liquid-filled pores, Di,n is calculated by employing
the Tyn and Calus method28:
Di , n = 8.93 × 10

−12

VB0.267 T  δ B 
 
Vi 0.433 µ B  δ i 

0.15

(6)

where: Vi is the molar volume of component i at its normal boiling temperature; VB, the molar
volume of benzene at its normal boiling temperature, is regarded as the molar volume of the
solvent at its normal boiling temperature; µ B is the dynamic viscosity of benzene; T is the
temperature; δ B and δ i are surface tensions for the component i and benzene. An expression for
the reaction rate per pore surface area of component i for vapor-filled pores (Ri,v) and liquid-filled
pores (Ri,l) can be found elsewhere4, and is presented in Eq. (7) and Eq. (8), respectively:
0.5

 −28250  PB  PH  1
0.199vi exp 
 

 RT  10  10  S
Ri ,v =
0.5

 41170  PB  
 −9370   PH  
−4
−2
1 + 1.80 × 10 exp  RT  10  1 + 2.95 × 10 exp  RT   10  

  

   


 −43880  PH 1
Ri ,l = 0.436vi exp 

 RT  10 S

(7)

(8)

where vi is the stoichiometric number of component i, PB is the partial pressure of benzene, PH is
the partial pressure of benzene, R is the universal gas constant, and S, the surface area of the
catalyst Pd/γ-alumina, is 246.6m2/g.4
In the inner nodes, Kirchhoff’s current law is employed:

∑

n=Z
n =1

π rn2 J i ,n = 0

(9)

where Z is the connectivity; as to the boundary nodes, Robin boundary conditions are given as
follows
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dC i , n
dln

(10)

where ki is the mass transfer coefficient of component i in the catalyst surface film, and Ci,b is the
bulk concentration of component i.

Phase change
For independent pores, i.e., the pores without connections to other pores, capillary
condensation theory alone is adequate to determine the phase state in these pores if the conditions
(e.g., concentration of each component and temperature) in these pores are known. In our case,
pore blocking theory, however, must be included, because the phase state of connected pores can
be significantly affected by pore blocking. As mentioned before, the liquid mixture can be
regarded as pure benzene when determining the phase state, because benzene and cyclohexane
are very close in physical properties.
At any given condition, by comparing the critical pore radius of capillary condensation (rc)
with the real pore radius, one can determine the phase state in a particular pore. During
condensation, a pore is vapor-filled when its radius is larger than rc. During evaporation, not all
pores with radius larger than rc are filled with vapor, because of the pore blocking effect. The
liquid in some large pores, e.g., ink-bottle pores, can be trapped by the liquid in their adjacent
pores. These large pores stay filled with liquid until the liquid in at least one of their adjacent
pores has evaporated, as shown in Fig. 2. In this work, the extended Hoshen-Kopelman
algorithm23 is employed to identify these pores with blocked liquid. The extended HoshenKopelman algorithm is able to handle any pore network, regardless of whether the pore network
is two-dimensional or three-dimensional, uniform or random, cubic or in any other topology.
The critical pore radius of capillary condensation (rc) is

rc = t + rk
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where t is the layer thickness, and rk is the Kelvin radius. The layer thickness (t) is obtained from
a modified Halsey equation29:
1/3


 P
5
t = tm 
  
 ln ( Ps / P )   Ps 

m

(12)

where tm is the monolayer molecular thickness, Ps is the saturation vapor pressure of the
adsorbate, P is the pressure of the adsorbate, and m is an unknown parameter that needs to be
determined by experiments. Cheng et al.22 reported that m for benzene is 0.4, and tm for benzene
is
tm = 0.1 + 7.57 × 10 −4 T

(13)

The Kelvin radius (rk) is determined by using the Kelvin equation for evaporation (Eq. (14)) and
Cohan equation for condensation (Eq. (15)), because the meniscus shape is close to
hemispherical during evaporation and cylindrical during condensation, respectively.

rk =

rk =

2M δ
P 
RT ρ ln  s 
P
Mδ
P 
RT ρ ln  s 
P

(14)

(15)

In these equations, M is the average molecular weight of the adsorbate, δ is the surface tension of
the adsorbate, and ρ is the density of the adsorbate. However, in some reaction systems with nonideal mixtures, e.g., hydrodesulphurization reactions19,20, a multicomponent version of the Kelvin
equation30 should be employed to determine rk. Also, these equation should be replaced by more
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accurate ones for narrow mesopores, e.g., based on nonlocal density functional theory
(NLDFT)31,36.

Implementation
The overall algorithm is presented in Fig. 3, and implemented in Matlab. In step 1, the pore
network is constructed according to the assigned topological and geometrical parameters, and
then the initial guess of concentration and phase state is allocated to each pore. Step 2 aims to get
the concentrations in all pore channels by simulating mass transfer and reaction in the pore
network. The function ‘fsolve’ in Matlab is used to simultaneously and iteratively solve Eq. (2),
Eq. (9), and Eq. (10) for all pore channels and nodes. This iteration process does not stop until
the simulation has converged. During this process, the phase states calculated from step 3, and
the parameters for diffusion and reaction in the vapor and liquid phases are constantly fed into
the simulation. After getting these concentrations, step 3 is performed to determine the phase
state for each pore channel. If the new phase states are different from the previous ones, the
process goes back to step 2; if unchanged phase states in all the pore channels are obtained, the
results are output and the process stops.
After obtaining the concentrations and phase states in all the pore channels, the effectiveness
factor (η ) of the catalyst particle is calculated by
N

η=

∑ 2π r l R ( C
n n

C

B ,n

n =1
N

∑ 2π r l R ( C
n n

C

B ,b

n =1

, CH ,n , T )
, C H ,b , T )

(16)

where N is total number of pores. Then, the effectiveness factors of catalyst particles with
different pore structures and under different bulk pressures of benzene and temperatures are
calculated to investigate how pore blocking affects the multiphase reactions and how pore
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structure changes the pore blocking effects. In addition, the wetting fraction (fw) in the catalyst
particles is calculated by
Nl

V − Vs
fw =
=
Vt − Vs

∑π r l

2
n n

n =1

(17)

Nv

N

∑ π r l − ∑ 2π r l t
2
n n

n =1

n n n

n =1

where V is the total adsorbed volume, Vt is the total pore volume of the catalyst, Vs is the
saturated multilayer adsorption volume, and Nl and Nv are the number of liquid-filled pores and
vapor-filled pores, respectively22. The pore blocking effects on the wetting fraction are also
investigated to support the explanations of the pore blocking effects on multiphase reactions,
which is shown in the supporting information.

Results and Discussion
Model validation
The proposed discrete model is validated by comparing with a continuum model and
experiments at the particle level4. Parameters for this model validation are presented in Table 1,
and results are shown in Fig. 4. The number of nodes, i.e., 5649, is adequate and reasonable,
because the simulation results are almost the same but computational cost increases significantly
when adding more nodes; the gas-solid mass transfer coefficients, which are fitted from the
experiments, are within the reasonable range reported in the literature32,33; the other parameters
are obtained from elsewhere4,34.
When plotting the effectiveness factor of the catalyst particle as a function of the bulk pressure
of benzene, a hysteresis loop is formed, as shown in Fig. 4. The condensation branch of the
steady states is well above the evaporation branch. The internal wetting fraction of the catalysts
during condensation (increasing bulk pressure of benzene) is much lower than the one during
evaporation (decreasing bulk pressure of benzene), which can be found in the supporting
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information. The inconsistent wetting fractions would lead to different effectiveness factors (η),
because the reaction rate in the vapor phase is different from the one in the liquid phase
according to Eq. (7) and (8). More detailed explanations are included in the supporting
information. Therefore, there are two steady states at the same reaction condition.
The effectiveness factors calculated by the discrete model are much closer to the experimental
ones when comparing with the ones predicted by the continuum model, and, therefore, the
discrete model is more accurate than the continuum model. The proposed discrete model includes
pore blocking, but the continuum model did not do this, which is likely to be the main reason
why the discrete model is better. Zhou et al.4 assumed that the film resistance on the surface of
catalyst particles is negligible in their continuum model, but we include the film resistance in the
proposed discrete model (see Eq. (10)), which could be another reason.
Meanwhile, Fig. 5 is given to provide direct insight into which fraction of the reaction rate
occurs in the vapor-filled and liquid-filled pores. There are two branches of reaction rates (see the
solid lines in Fig. 5), due to reaction rate hysteresis. The reaction rates of vapor-filled pores
decrease with the bulk pressure of benzene, because of the decrease in the number of vapor-filled
pores; the ones of liquid-filled pores increase with the bulk pressure of benzene, because of the
increase in the number of liquid-filled pores. The condensation branch of the reaction rate in the
vapor-filled pores is well above the corresponding evaporation branch, because more pores are
filled with vapor during condensation; the evaporation branch of the reaction rate in the liquidfilled pores is well above the corresponding condensation branch, because more pores are filled
with liquid during evaporation.

Pore blocking effects on hysteresis in effectiveness factors
In this section, pore blocking effects on the multiphase reaction, which are reflected by how
pore blocking changes the hysteresis in effectiveness factors, are probed using a 2D model; the
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relationships between pore network parameters, i.e., connectivity and pore size distribution, and
pore blocking effects are investigated. The parameters used to simulate pore blocking effects are
presented in Table 2. The number of nodes is set at 1681 (41×41), because increasing the nodes
only causes negligible differences in the simulation results but the computational cost would
increase significantly. The film resistance of the catalyst outer surface is assumed to be negligible
when probing pore blocking effects, i.e., the mass transfer coefficient of component i (ki in Eq.
(10)) is assumed to be infinitely large for practical purposes. This assumption is made, because
the mass transfer coefficient would not qualitatively affect the results in this section and the mass
transfer coefficient can be very difficult to predict accurately with changing reaction conditions.
Therefore, Dirichlet boundary conditions are assumed in this section:

Ci ,n = Ci ,b

(18)

To quantify the pore blocking effects on the hysteresis in effectiveness factor, a parameter fPB
is introduced, which defines the proportion of the hysteresis loop area that can be associated to
pore blocking effects:
f PB =

S PB
St

(19)

where SPB is the hysteresis loop area caused by pore blocking effects and St is the total hysteresis
loop area. When including the extended Hoshen-Kopelman algorithm23 in our discrete model to
describe pore blocking, one obtains the evaporation branch of the effectiveness factor with pore
blocking effects included (see red dashed line in Fig. 6); when removing this algorithm from our
model, one obtains the evaporation branch with pore blocking effects excluded (see blue dotted
line in Fig. 6). The area between the two evaporation branches is the hysteresis loop area caused
by pore blocking effects, which reflects the importance level of pore blocking in affecting the
hysteresis in effectiveness factors.
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Fig. 6a indicates that 42% of the hysteresis loop area is caused by pore blocking when the
effectiveness factors are presented as a function of bulk pressure of benzene changing from 3 bar
to 7 bar; Fig. 6b shows that 44% of the hysteresis loop area is caused by pore blocking when the
effectiveness factors are plotted against a change in particle temperature from 415 K to 460 K.
These results indicate that pore blocking significantly affects multiphase reactions and must be
included when simulating multiphase reactions in porous catalyst particles. Then, it becomes
interesting to probe the sensitivities of the pore blocking effects to the pore structure of catalyst
particles, e.g., connectivity and pore size distribution. These results are shown in Fig. 7, Fig. 8,
and Fig. 9.
Fig. 7 shows the percentage of the hysteresis loop area caused by pore blocking (fPB) as a
function of connectivity (Z). The fPB decreases significantly when increasing connectivity from 3
to 6, changing from 42% to 18%, when varying benzene pressure as illustrated in Fig.7a, and
from 44% to 17%, when varying temperature as shown in Fig. 7b. These results indicate that pore
blocking effects on the hysteresis in effectiveness factors can be significantly weakened when the
connectivity of the pore network is sufficiently high. By changing the wetting fraction in a
catalyst particle, pore blocking affects the hysteresis in effectiveness factor, which is shown in the
supporting information. The blocked liquid in pores that have more adjacent pores connected to
them evaporates more easily during a reduction in pressure or an increase in temperature, because
trapped liquid in a pore can be released if liquid in one of their adjacent pores has evaporated.
Therefore, a well-connected pore network largely reduces the difference in wetting fractions
between evaporation and condensation, and then significantly weakens pore blocking effects.
Fig. 8 and Fig. 9 show the sensitivity of pore blocking effects to pore size distribution (PSD),
which is described by Eq. (1). Fig. 8 presents the proportion of the hysteresis loop area caused by
pore blocking as a function of the standard deviation. Pore blocking effects are very sensitive to
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the standard deviation, with fPB increasing from 0% to 46%, as shown in Fig. 8a (change in PB),
and from 0% to 47%, as shown in Fig. 8b (change in T), when changing the standard deviation
from 0 to 0.7. These results show that pore blocking effects can be significantly enhanced when
the standard deviation of the PSD is large. A large standard deviation indicates a wide
distribution of pore size according to Eq. (1), and also means that broad pores are more likely to
be surrounded by narrow pores; in this case, liquid in broad pores is more easily trapped by liquid
in adjacent pores, because liquid in narrow pores does not easily evaporate. Therefore, a wide
pore size distribution largely increases the difference in wetting fractions between evaporation
and condensation, and then significantly enhances pore blocking effects.
Fig. 9 shows the proportion of the hysteresis loop area caused by pore blocking as a function
of the volume-averaged pore radius of the PSD described in Eq. (1). The fluctuation of fPB is not
significant when changing the volume-averaged pore radius from 2.5 nm to 20 nm, fluctuating
between 23% and 31%, as shown in Fig. 9a (change in PB), and between 25% and 33%, as
illustrated in Fig. 9b (change in T). These results indicate that the volume-averaged pore radius
can only slightly change pore blocking effects. A change in volume-averaged pore radius would
not change the shape of PSD curve, which indicates that the ratio between the radii of the narrow
pores and broad pores would not change significantly. Therefore, the volume-averaged pore
radius would not significantly change pore blocking effects within the range of mesopore size (125 nm, according to IUPAC). It is worth noting that fPB cannot be accurately calculated when the
volume-averaged pore radius is above 25 nm, because the hysteresis loop area can be very small.
Also, for very narrow pores, the effect of surface diffusion could become more significant.
During multiphase reactions in catalysts, the pore network structure, including connectivity
and pore size distribution, can be considered as unchanged, because the liquid-filled pores can
also contribute to mass transfer and reaction rate, just as vapour-filled pores. However, for
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deactivation caused by coking in catalysts, the blocked pores filled with coke cannot contribute
to mass transfer and reaction rate, and the pore network structure would change with time. Thus,
the pore network parameters discussed in this work are applied for all pores, whether they are
open or (partially) blocked.

Conclusions
A discrete pore network model was used to simulate multiphase reactions in porous catalyst
particles. This model was validated by comparing results with those from a continuum model and
experiments reported before4, for the hydrogenation of benzene to cyclohexane in Pd/γ-alumina
catalyst particles. For the first time, pore blocking effects on the hysteresis in effectiveness factor
were evaluated, and their relationship with catalyst pore network structure was probed.
The simulation results show that pore blocking effects contribute to up to 50% of the hysteresis
loop area in some cases, indicating that pore blocking effects on multiphase reactions in catalyst
particles are very important and must be considered when modeling such reactions. Pore
blocking effects are significantly enhanced when decreasing the pore network connectivity
(changing it from 6 to 3) or increasing the standard deviation of the PSD described in Eq. (1)
(changing it from 0 to 0.7); the volume-averaged pore radius of the PSD (changing it between 2.5
nm and 20 nm), however, is not important in inducing pore blocking effects.
These insights are useful when modeling and designing multiphase catalytic processes, and
should be considered in reactor models. They are also relevant to assist the design of porous
catalytic materials, in order to achieve a particular hysteretic behavior or a desired catalytic state.
The discrete model in this work can be adapted to represent structural heterogeneities, e.g.,
bidisperse pore networks or core-shell particles, which are more representative of real catalyst
pellets than random pore networks. Moreover, the discrete model may also be adapted to
simulate liquid imbibition; when some fluid contacts catalysts particles, this phenomenon could
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become significant13. These will become our future work.
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Notation
Ci,n

concentration of component i in pore n, mol/m3

Ci,b

bulk concentration of component i, mol/m3

d

diameter of the catalyst particle, mm

Di,j

binary diffusivity of component i in mixture of i and j, m2/s

Di,k

Knudsen diffusivity of component i, m2/s

Di,m molecular diffusivity of component i, m2/s
Di,n
fPB

effective diffusivity of component i in pore n, m2/s
proportion of hysteresis loop area caused by pore blocking effect, dimensionless
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wetting fraction, dimensionless

f(r) pore size distribution density at radius r, cm3/g/nm
Ji,n

diffusion flux of component i in pore n, mol/m2/s

ki

mass transfer coefficient of component i, m/s

kB,gs gas-solid mass transfer coefficient for benzene, m/s
kC,gs gas-solid mass transfer coefficient for cyclohexane, m/s
kH,gs gas-solid mass transfer coefficient for hydrogen, m/s
L

side length of the model catalyst, mm

ln

length of pore n, m

M

molecular weight, g/mol

Nl

number of liquid-filled pores, dimensionless

Nv

number of vapor-filled pores, dimensionless

P

pressure, bar

PB

partial pressure of benzene, bar

PB,b

bulk pressure of benzene, bar

PC,b

bulk pressure of cyclohexane, bar

PH

partial pressure of hydrogen, bar

Ps

saturation vapor pressure of the adsorbate, bar

Pt

total pressure, bar

r

pore radius, nm

ra

volume-averaged pore radius, nm

rc

critical pore radius of capillary condensation, nm

rk

Kelvin radius, nm

rn

radius of pore n, m
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R

universal gas constant, J/mol/K

Ri

reaction rate per pore surface area of component i, mol/m2/s

RC

reaction rate per pore surface area of cyclohexane, mol/m2/s

Ri,v

reaction rate per pore surface area of component i for vapor-filled pores, mol/m2/s

Ri,l

reaction rate per pore surface area of component i for liquid-filled pores, mol/m2/s

RC,v

reaction rate per pore surface area of cyclohexane for vapor-filled pores, mol/m2/s

RC,l

reaction rate per pore surface area of cyclohexane for liquid-filled pores, mol/m2/s

S

surface area of the catalyst, m2/g

St

total hysteresis loop area, dimensionless

SPB

hysteresis loop area caused by pore blocking effect, dimensionless

t

layer thickness, nm

tm

monolayer molecular thickness, nm

tn

adsorbed layer thickness in pore n, m

T

temperature, K

vi

stoichiometric number of component i, dimensionless

V

total adsorbed volume in the model catalyst, m3

Vs

saturated multilayer adsorption volume in the model catalyst, m3

Vt

total pore volume of the model catalyst, m3

VB molar volume of benzene at its normal boiling point, m3/mol
Vi

molar volume of component i at its normal boiling point, m3/mol

xi

mole fraction of component i, dimensionless

Z

pore network connectivity, dimensionless

Greek Letters
σ

standard deviation, dimensionless
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µ

viscosity, cP

δ

surface tension, N/m

ρ

density, kg/m3

η

effectiveness factor, dimensionless
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Subscripts and Superscripts
a

average

B

benzene

b

bulk

C cyclohexane
c

critical

gs

gas-solid film

H

hydrogen

i, j,n
l
PB

species type

liquid phase
pore blocking

s

saturation

t

total

v

vapor phase

w

wetting
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Table 1. Parameters for the model validation
Node number

5649
5b

Connectivity (Z)
Diameter of the catalyst particle (d)

4 mma

Total pore volume of the catalyst (Vt)

0.47 cm3/ga
3.5 nma

Volume-averaged pore radius(ra)

0.38a

Standard deviation (σ)
Particle temperature (T)

433 Ka

Bulk pressure of benzene (PB,b)

4-7 bara

Bulk pressure of cyclohexane (PC,b)

≈ 0 bara

Total pressure (Pt)

10 bara
6.5×10-5 m/sc

Gas-solid mass transfer coefficient
for benzene (kB,gs)

6.5×10-5 m/sc

Gas-solid mass transfer coefficient
for cyclohexane (kC,gs)

4.1×10-4m/sc

Gas-solid mass transfer coefficient
for hydrogen (kH,gs)
a

Data taken from Zhou et al.4

b
c

Data taken from Murray et al.34

Fitted data
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Table 2. Parameters for the simulations of pore blocking effects on the multiphase reaction
Number of nodes

1681 (41×41)

Network dimensions

4×4 mm

(square L×L)
Connectivity (Z)

3-6

Total pore volume of the catalyst (Vt)

0.47 cm3/g

Volume-averaged pore radius (ra)

2.5-20 nm

Standard deviation (σ)

0-0.7

Particle temperature (T)

410-460 K

Bulk pressure of benzene (PB,b)

3-8 bar

Bulk pressure of cyclohexane (PC,b)

≈ 0 bar

Total pressure (Pt)

10 bar
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List of Figure Captions

Figure 1. (a) Illustration of three-dimensional pore networks (connectivity=6); (b) illustration of
two-dimensional square pore networks (connectivity=4).

Figure 2. Illustration of the pore blocking phenomenon in the pore network during the
evaporation process.

Figure 3. The overall algorithm for the proposed discrete model simulating coupled diffusion,
reaction and phase change in porous catalyst particles.

Figure 4. Comparison between the effectiveness factors predicted by the proposed discrete
model, the continuum model4, and experiments4. The arrows indicate the direction of changing
the bulk pressure of benzene.

Figure 5. Reaction rates of all pores, vapor-filled pores and liquid-filled pores, as functions of
bulk pressure of benzene. The parameters for simulations are presented in Table 1.

Figure 6. Illustrations of the percentage of the hysteresis loop area caused by pore blocking
effects: The effectiveness factor as a function of (a) bulk pressure of benzene and (b) particle
temperature. The arrows indicate the direction of a change in bulk pressure of benzene or a
change in particle temperature. Fixed parameters: (a) T=433 K, Z=3, ra=3.5 nm, and σ=0.38; (b)
PB,b=5 bar, Z=3, ra=3.5 nm, and σ=0.38.
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Figure 7. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of connectivity (Z). Fixed parameters: (a) T=433 K, ra=3.5 nm, and σ=0.38; (b) PB,b=5 bar, ra=3.5
nm, and σ=0.38.

Figure 8. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of the standard deviation (σ) of the PSD described by Eq. (1). Fixed parameters: (a) T=433 K,
Z=4, and ra=3.5 nm; (b) PB,b=5 bar, Z=4, and ra=3.5 nm.

Figure 9. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of the volume-averaged pore radius (ra) of the PSD described by Eq. (1). Fixed parameters: (a)
T=433 K, Z=4, and σ=0.38; (b) PB,b=5 bar, Z=4, and σ=0.38.
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Figure 1. (a) Illustration of three-dimensional pore networks (connectivity=6); (b) illustration of
two-dimensional square pore networks (connectivity=4).

AIChE Journal
This article is protected by copyright. All rights reserved.

3

AIChE Journal

Page 34 of 50

Figure 2. Illustration of the pore blocking phenomenon in the pore network during the
evaporation process.
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Figure 3. The overall algorithm for the proposed discrete model simulating coupled diffusion,
reaction and phase change in porous catalyst particles.
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Figure 4. Comparison between the effectiveness factors predicted by the proposed discrete
model, the continuum model4, and experiments4. The arrows indicate the direction of changing
the bulk pressure of benzene.
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Figure 5. Reaction rates of all pores, vapor-filled pores and liquid-filled pores, as functions of
bulk pressure of benzene. The parameters for simulations are presented in Table 1.
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Figure 6. Illustrations of the percentage of the hysteresis loop area caused by pore blocking
effects: The effectiveness factor as a function of (a) bulk pressure of benzene and (b) particle
temperature. The arrows indicate the direction of a change in bulk pressure of benzene or a
change in particle temperature. Fixed parameters: (a) T=433 K, Z=3, ra=3.5 nm, and σ=0.38; (b)
PB,b=5 bar, Z=3, ra=3.5 nm, and σ=0.38.
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Figure 7. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of connectivity (Z). Fixed parameters: (a) T=433 K, ra=3.5 nm, and σ=0.38; (b) PB,b=5 bar, ra=3.5
nm, and σ=0.38.
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Figure 8. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of the standard deviation (σ) of the PSD described by Eq. (1). Fixed parameters: (a) T=433 K,
Z=4, and ra=3.5 nm; (b) PB,b=5 bar, Z=4, and ra=3.5 nm.
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Figure 9. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function
of the volume-averaged pore radius (ra) of the PSD described by Eq. (1). Fixed parameters: (a)
T=433 K, Z=4, and σ=0.38; (b) PB,b=5 bar, Z=4, and σ=0.38.
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Figure 1. (a) Illustration of three-dimensional pore networks (connectivity=6); (b) illustration of twodimensional square pore networks (connectivity=4).
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Figure 2. Illustration of the pore blocking phenomenon in the pore network during the evaporation process.
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Figure 3. The overall algorithm for the proposed discrete model simulating coupled diffusion, reaction and
phase change in porous catalyst particles.
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Figure 4. Comparison between the effectiveness factors predicted by the proposed discrete model, the
continuum model4, and experiments4. The arrows indicate the direction of changing the bulk pressure of
benzene.
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Figure 5. Reaction rates of all pores, vapor-filled pores and liquid-filled pores, as functions of bulk pressure
of benzene. The parameters for simulations are presented in Table 1.
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Figure 6. Illustrations of the percentage of the hysteresis loop area caused by pore blocking effects: The
effectiveness factor as a function of (a) bulk pressure of benzene and (b) particle temperature. The arrows
indicate the direction of a change in bulk pressure of benzene or a change in particle temperature. Fixed
parameters: (a) T=433 K, Z=3, ra=3.5 nm, and σ=0.38; (b) PB,b=5 bar, Z=3, ra=3.5 nm, and σ=0.38.
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Figure 7. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function of
connectivity (Z). Fixed parameters: (a) T=433 K, ra=3.5 nm, and σ=0.38; (b) PB,b=5 bar, ra=3.5 nm, and
σ=0.38.
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Figure 8. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function of the
standard deviation (σ) of the PSD described by Eq. (1). Fixed parameters: (a) T=433 K, Z=4, and ra=3.5
nm; (b) PB,b=5 bar, Z=4, and ra=3.5 nm.
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Figure 9. The proportion of the hysteresis loop area caused by pore blocking (fPB) as a function of the
volume-averaged pore radius (ra) of the PSD described by Eq. (1). Fixed parameters: (a) T=433 K, Z=4,
and σ=0.38; (b) PB,b=5 bar, Z=4, and σ=0.38.
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