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ABSTRACT 

Designing the pore network structure is an effective approach to improve the performance of 

industrial catalyst particles, although it receives less attention than designing catalytic surfaces 

or active sites. This work presents a first example of the optimization of catalyst pore network 

structures in the presence of deactivation by coke formation, using a three-dimensional pore 

network model. Propane dehydrogenation in a Pt-Sn/Al2O3 catalyst particle is taken as the model 

reaction system. Catalyst particles with unimodal and bimodal pore size distributions are 

investigated, both being commonly used in industry. The porosity, connectivity, pore size, and 

their spatial distributions are optimized under two separate assumptions: constant intrinsic 

activity per unit catalyst weight and constant intrinsic activity per unit internal surface area. The 

optimized catalyst shows up to 14-fold improvement in the time-averaged propene formation 

rate, when compared to a benchmark catalyst. This significant improvement is primarily because 

of reductions in diffusion resistance and pore blockage. 

 

Keywords: propane dehydrogenation, deactivation by coking, pore network model, catalyst 

design, optimization 
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Introduction 

The design of industrial, supported heterogeneous catalysts involves the catalytically active 

phase (e.g., in the form of nanocrystals with various facets), as well as the catalyst support (size, 

shape and pore network structure)1,2. The former, nanoscale problem has been extensively 

investigated, and considerable progress has been made; the latter, mesoscale problem receives 

less attention, although such research is also very important in developing industrial catalysts 

with high activity, selectivity, and stability1. On the one hand, the nanoporous structure provides 

for a large internal surface area to well dispersed catalytic active sites (e.g., metals like Pt), yet, 

on the other hand, it also causes strong diffusion resistance due to confinement effects. Strong 

diffusion resistance leads to steep concentration gradients of products and reactants, which can 

significantly reduce the activity, selectivity, and stability of catalyst particles. Thus, to achieve 

an industrial catalyst with high performance, it is essential to properly design its pore network 

structure.  

The benefits of designing the catalyst pore network structure has been pointed out in several 

works. For example, Beeckman and Hegedus3 computationally optimized the mesopore size and 

mesoporosity of a deNOx catalyst, and they found that the optimized catalyst showed up to 50% 

improvement in volumetric activity. Keil and Rieckmann1,4 performed extensive numerical 

optimizations of a hydrodemetalation catalyst, and a significant increase in activity was observed 

after optimizing the mesopore size and mesoporosity. Wang and Coppens5,6 introduced optimal 

macroporosity into the mesoporous catalysts for deNOx and autothermal reforming of methane, 

and they found that the computationally optimized macro–mesoporous catalysts for the two 
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reaction systems could be 80-180% and 40-300% more active, respectively, as well as allow to 

tune the H2/CO ratio in the case of autothermal reforming. More recently, Wei7 introduced an 

additional material with high fluid diffusivity into a catalyst particle and numerically optimized 

this composite catalyst particle, showing that the optimized catalyst can be many times more 

active. In addition, a well-designed pore network is also beneficial to improving catalyst lifetime. 

For example, the useful lifetime of a hydrodemetalation catalyst can be doubled by numerically 

optimizing the hierarchical pore network8. Meanwhile, many experimental techniques have been 

developed to synthesize calculated optimal pore structures9–11. 

In the aforementioned works, the optimization of the catalyst pore network structure ignores 

possible effects of deactivation by coking. No studies that include this effect have been reported, 

to the best of our knowledge, although deactivation by coke formation is commonplace in 

numerous industrial processes, e.g., fluid catalytic cracking12,13, catalytic reforming of 

methane12,14, and propane dehydrogenation15.  

In catalyst particles, the process of catalyst deactivation by coking can be very complex. Coke 

is regarded as an undesired byproduct, and the types of coke formed in catalysts can be largely 

different. The composition of coke includes aliphatics, aromatics, and pregraphite, and the 

formation of coke could involve several active sites and many reactions16. At the catalyst particle 

level, coke deactivates catalysts following three mechanisms, namely, site coverage, pore 

narrowing, and pore blockage12,17,18 (see the illustrations in Figure S1 in the Supplementary 

Information). Firstly, coke covers catalytic active sites and isolates these sites from reactants. 

Secondly, coke often covers the internal surface non-uniformly at the catalyst particle level, 
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because of the significant concentration gradients of coke precursors in the particle. Then, with 

the buildup of coke on the pore surface, coke narrows the pores and thus adds diffusion 

resistance, which further reduces the activity of the catalyst particles. Finally, coke can even plug 

pores, leading to the complete deactivation of these pores. When the fraction of open pores drops 

below a critical threshold, namely, the percolation threshold, the previously connected, particle-

spanning cluster of open pores becomes disconnected and many open pores become inaccessible 

to reactants19–22. This percolation phenomenon can lead to a large change in macroscopic 

properties, like the effective diffusivities of the components and the observed reaction rates20,21. 

As a result, the catalyst pore network structure could have an important effect on the process of 

deactivation by coking, and, in turn, coking changes the pore network structure with time. 

Considering these interrelated phenomena, the optimization of the catalyst pore network 

structure in the presence of deactivation by coking should be performed, aided by a proper 

mathematical model.  

Continuum models are commonly employed to perform the optimization of catalyst pore 

network structures in the absence of deactivation by coking. Continuum models are 

characterized by a pseudo-homogeneous description of diffusivity, reaction rate, tortuosity, and 

many other macroscopic properties at length scales much larger than the dimension of individual 

pores19–21. Due to this pseudo-homogeneous assumption, continuum models are simple and 

efficient, provided that the pore network structure does not change significantly. However, the 

process of deactivation by coking is usually accompanied by significant changes in pore network 
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structure, and the percolation threshold could even be reached, in which case continuum models 

break down23.  

A discrete model is an appropriate alternative to optimize catalyst pore network structure in 

the presence of deactivation by coking. Common types of discrete models include Bethe 

lattices24,25 and various pore network models24,26 to describe both morphology and topology of 

the void space in catalyst particles, and thus the local heterogeneity and dynamic change in pore 

network structure can be properly accounted for. More importantly, pore network models have 

been successfully used to simulate some reaction systems with percolation phenomena, such as 

hydrodesulphurization27,28, hydrodemetalation1,19,20, deactivation of immobilized glucose 

isomerase29–31, benzene hydrogenation32,33, and propane dehydrogenation34. Therefore, a pore 

network model is preferable to carry out the optimizations in this work. 

Propane dehydrogenation is an appropriate model reaction system for investigation, because of 

its industrial and academic importance. At present, propane dehydrogenation is one of the most 

important methods for the on-purpose production of propene, a key feedstock in the 

petrochemical industry15,35–37. Although this process has been commercialized, its catalysts are 

still plagued by deactivation due to coking. For example, the Pt-Sn/ZnAl2O4 catalyst used in the 

Uhde STAR process should be regenerated after 7 hours on stream; the CrOx/Al2O3 catalyst used 

in the Catofin process is significantly deactivated after only 12 minutes38,39. Recently, we 

proposed a two-dimensional pore network model to simulate the process of deactivation by 

coking in a Pt-Sn/Al2O3 particle for non-oxidative propane dehydrogenation, and we found that 

the pore network structure strongly affects this deactivation process and the catalyst 
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performance34. However, to the best of our knowledge, no literature has reported the 

optimization of propane dehydrogenation catalyst particles even in the absence of deactivation 

by coking, let alone in its presence. 

In this work, a three-dimensional pore network model is proposed, and employed to optimize 

the catalyst pore network structure in the presence of deactivation by coking. Non-oxidative 

propane dehydrogenation in a Pt-Sn/Al2O3 catalyst particle is taken as the model reaction system. 

Generally, catalyst particles could contain a unimodal or a bimodal pore network40,41; thus, 

optimizations for both types of networks are presented here. For unimodal pore networks, the 

porosity, pore connectivity, pore size, and their spatial distributions are optimized; for bimodal 

pore networks, the arrangement, porosity, and radius of the broad pores are optimized. This work 

presents a powerful pore network model and some useful guidance for developing catalyst 

particles with high resistance against deactivation by coking. 

Modeling Approach 

The three-dimensional pore network model used for optimization can be divided into three 

parts, namely, the pore network, the modeling equations for reaction and diffusion, and those for 

coking and deactivation. These parts are intimately coupled: the pore network provides the 

surface area and pore volume for diffusion, reaction, coking, and deactivation; solving the 

equations for reaction and diffusion yields the concentration profiles of reactants and products, 

which determine the rates of coking and deactivation; the solution of the coking and deactivation 

equations are used to update the pore network structure and the distribution of catalytic activity, 

which, in turn, affects reaction and diffusion.  
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Before introducing the three parts of the pore network model, the following assumptions are 

made: Pt-Sn/Al2O3 is chosen as the model catalyst, since it is widely used in propane 

dehydrogenation processes15; the gradients of temperature and total pressure are assumed to be 

negligible, which has been proven in the literature34; side reactions, except for the coke 

formation reaction, can be neglected under the reaction conditions in this work15; coke is 

assumed to be non-catalytic and its formation is irreversible45; all types of coke are assumed to 

have similar properties and they deactivate the catalyst particle following the same mechanisms45. 

For all the catalyst particles, either the intrinsic activity per unit catalyst weight is assumed to be 

constant, or the intrinsic activity per unit internal surface area is assumed to be the same. These 

two distinct assumptions about the intrinsic activity are compared, because different assumptions 

can lead to different optimization results. In practice, the two assumptions about the intrinsic 

activity are reasonable to a large extent: the metal loading per unit catalyst weight stays constant 

when the incipient wetness impregnation method is used; the metal loading per unit internal 

surface area tends to be constant when the wet impregnation method is adopted42. In this work, 

only the primary features and principal model equations of the three-dimensional pore network 

model are described, since the model is similar to the two-dimensional one in our previous work, 

where more details can be found34. 

 

Pore network 

The three-dimensional pore network within a spherical domain (see Figure 1) is used to 

describe the pore space of a spherical catalyst particle; the method of generating this pore 
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network is adopted from the literature, where its details can be found43. The nodes and bonds are 

assumed to be zero-volume intersections and cylindrical pores, respectively. These pores are 

connected to their neighbors, according to a predefined connectivity. Their pore radii are 

deliberately assigned to achieve unimodal and bimodal pore size distributions, as well as various 

spatial distributions of pore size. It is worth noting that the external shape of a catalyst particle 

can affect the catalyst performance to some extent43. However, this work focuses on optimizing 

the pore network structure inside the catalyst particle, and the external shape would not 

qualitatively affect these optimization results or the general conclusions.  

The statistical pore volume distribution of unimodal pore networks is assumed to follow a log-

normal distribution: 

( ) ( )2

2

ln ln
exp

22
o at

o
o

r rVf r
r σπ σ

 −
= − 

  
                                           (1), 

where ro and ra are the original (initial) and volume-averaged pore radii for a fresh catalyst 

particle, σ is the standard deviation of the natural logarithm of the pore radius, and Vt is the total 

pore volume of the catalyst particle. Three characteristic spatial distributions of pore size are 

compared in this work. They are the random, uniform spatial distribution of pore size (UD1), the 

descending distribution of pore size toward the center of the catalyst particles (UD2), and the 

ascending distribution of pore size toward the center of the catalyst particles (UD3). The three 

spatial distributions of pore size are illustrated in Figure 2a, while the method of generating these 

distributions can be found elsewhere44. 
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Bimodal pore networks contain both narrow and broad pores. A bimodal pore network is 

generated by performing the following two steps: firstly, according to the log-normal distribution 

(see Eq. 1), randomly assigning a narrow pore radius to each pore in the network; then, replacing 

some narrow pores with broad pores that have a uniform pore radius. Two characteristic spatial 

distributions of broad pores are investigated in this work, which are illustrated in Figure 2b: a 

random, uniform spatial distribution of broad pores (BD1), and a spatial distribution where all 

broad pores form a cluster that is directly connected to the outer surface of the catalyst particle 

(BD2).  

Equations describing reaction and diffusion 

The process of the main reaction (here, propane dehydrogenation to propene) and diffusion can 

be described by the following principal equations in the cylindrical pores and nodes. In a 

cylindrical pore, the quasi-steady-state condition is satisfied, as the rates of the main reaction and 

diffusion are much faster than the rate of coke formation15, and the steady-state continuity 

equation for component i is: 

2

2 0i o idJ r R
dl r

− =                                                   (2), 

where r and l are the radius and length of the pore, Ri is the reaction rate of component i per 

unit pore surface area, and Ji is the diffusion flux of component i.  

The equation for Ri is taken from the work by Li et al.45: 
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where a (0 ≤ a ≤ 1) is the deactivation function for the main reaction (see Eqs. 11 and 12), vi is 

the stoichiometric number of component i, Scat is the internal specific surface area of a catalyst 

particle, k1 and K are the reaction rate and reaction equilibrium constants, K2 and K3 are the 

adsorption equilibrium constants, and 
3 8C HP , 

3 6C HP , and 
2HP  are the partial pressures of propane, 

propene, and hydrogen, respectively. The temperature-dependent equations for the kinetic 

parameters (k1, K, K2, and K3) in Eq. 3 are also adopted from the same literature45.  

The equation for Ji follows Fick’s law: 

,
i

i i e
dCJ D
dl

= −                                                     (4), 

where Ci is the concentration of component i and Di,e is the effective diffusivity of component i. 

Di,e is determined by a modified Wilke-Bosanquet equation1,8,46: 
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                                                          (6), 

where Di,K is the Knudsen diffusivity of component i that is calculated by using the kinetic 

theory of gases47, Di,j is the binary diffusivity of component i in a mixture of i and j that is 

obtained from the Chapman-Enskog equation48, and xi and xj are the mole fractions of 

component i and j. This modified Wilke-Bosanquet equation includes the effect of pore 

narrowing caused by coke deposition, which can lead to restricted, “configurational” 

diffusion8,46. It should be noted that the Wilke-Bosanquet model is adequate because the results 
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calculated by this model are almost the same as the ones obtained from the more complex and 

also more computationally intensive Dusty Gas model, as shown in our previous work34. 

For an inner node, Kirchhoff’s law is satisfied, due to its zero-volume assumption: 

2
,1

0n Z
n i nn

r Jπ=

=
=∑                                                   (7), 

where Z is the pore connectivity, rn is the radius of pore n, and Ji,n is the diffusion flux of 

component i in pore n. For a boundary node, a Dirichlet boundary condition is used: 

,i i bC C=                                                            (8), 

where Ci,b is the bulk concentration of component i. 

 

Equations describing coking and deactivation 

The process of coking and deactivation in cylindrical pores is described by the following 

equations. The accumulation of coke over time in a cylindrical pore can be described by: 

( ) ( ) ( )c c cC t t C t R t t+ ∆ = + ∆                                           (9), 

where Cc(t) (with Cc(0) = 0 g/m2) is the loading of coke in a pore at time t, ∆t is the time step, 

and Rc is the coking rate per unit pore surface area. Rc is calculated by the coking kinetics 

reported in the literature45: 

3 6

231
c C Hc

c c
H

k PdCR a
dt K P

= =
+

                                              (10), 

where ac is the deactivation function for the coke formation reaction (see Eqs. 11 and 12) and kc 

is the reaction rate constant of the coke formation reaction. 
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Coke deactivates a catalyst particle in three ways: site coverage, pore narrowing, and pore 

blockage12,34 (see the illustrations in Figure S1 in the Supplementary Information). The 

contribution of site coverage to catalyst deactivation is reflected by the deactivation functions (a 

and ac) in Eqs. 3 and 10. In this work, we assume that the coke formation reaction and main 

reaction occur on the same sites and a single site is involved in the rate-determining steps of 

these reactions. Based on this assumption, the deactivation functions can be described by18: 

cm c
c

cm

C Ca a
C
−

= =                                                      (11), 

where Ccm is the maximum loading of coke required to completely deactivate the active sites on 

the catalyst surface. Equation 11 is a good approximation to calculate the activity loss caused by 

site coverage, as has been proven in the literature45. When combining Eqs. 10 and 11, we obtain: 

3 6

231
d C H c

d
H cm

k P kda a k
dt K P C

− = =
+

                                      (12), 

where kd is the deactivation rate constant, which is a temperature-dependent function that can be 

adopted from the literature45.  

The contribution of pore narrowing to catalyst deactivation is reflected in Eq. 5, where the 

additional diffusion resistance caused by pore narrowing is included. In Eq. 5, the real-time pore 

radius of a cylindrical pore (r) can be obtained from the coke loading (Cc)46: 

2 2o c o cr r C r ρ= −                                                    (13), 

where ρc is the coke density.  
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The contribution of pore blockage to catalyst deactivation is also important. When the real-

time radius of a pore is smaller than the molecular radius of propane (0.215 nm)49, this pore is 

regarded as plugged by coke and completely deactivated. Some open pores could be surrounded 

by plugged pores and then become inaccessible to reactants, and such pores are also completely 

deactivated. In this case, the extended Hoshen-Kopelman algorithm50 is employed to identify 

these inaccessible pores.  

 

Optimization 

The objective function is the time-averaged propene formation rate per unit catalyst volume 

(Robj), which reflects both activity and stability of a catalyst particle, as illustrated in Figure 3: 

0

mt t

appt
obj

m

R dt
R

t

=

== ∫
                                                 (14), 

where tm is the maximum time for reaction and Rapp is the apparent reaction rate for propene 

formation (mol/m3/s). Rapp can be determined by using a scaling rule1,24: 
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∑

                            (15), 

where RPN is the overall reaction rate in a pore network, f is the scaling factor, 
3 6 ,C H nR  is the 

formation rate of propene in pore n, and ε is the porosity of a catalyst particle. 
3 6 ,C H nR  is obtained 

by solving the pore network model, and the algorithm for this model can be found in our 

previous work34. The simulations are performed in MATLAB 2016b. 
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For unimodal pore networks, three spatial distributions of pore size (i.e., UD1, UD2, and UD3, 

see Figure 2a) are compared; the porosity, the pore connectivity, the volume-averaged pore 

radius, and the standard deviation are optimized. For bimodal pore networks, two spatial 

distributions of broad pores (i.e., BD1 and BD2, see Figure 2b) are compared; the porosity and 

radius of the broad pores are optimized.  

 

Results and Discussion 

A typical simulation 

Before optimizing the catalyst pore network structure, a typical simulation is conducted to 

obtain the fundamental characteristics of deactivation by coking in a catalyst particle and also to 

provide a benchmark for comparison in the following sections. The catalyst particle for this 

typical simulation contains a unimodal pore network with randomly distributed pore size (i.e., 

UD1). The simulation parameters are given in Table 1. The number of nodes, 2139, is adequate 

to obtain accurate simulation results (see Figure S2 in the Supplementary Information), while 

adding more nodes would increase computational cost significantly. The time step, 250 s, is also 

reasonable, as proven in Figure S3. Besides, the pore size distribution of this benchmark catalyst 

particle is very close to that of a commercial Pt-Sn/Al2O3 catalyst51, and other structural 

parameters are typical for Al2O3 particles. The simulation results are presented in Figs. 3 and 4.  

 

Figure 3 shows the change over time in the apparent reaction rate for propene formation. The 

apparent reaction rate decreases from 8.40 mol/m3/s to only 0.36 mol/m3/s after 10000 s on 
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stream. This decrease in activity can be attributed to the deposition of coke, which covers active 

sites, narrows pores, and even plugs pores. Figure 3 also illustrates the definition of the time-

averaged propene formation rate (Robj), which is the objective function in this work. For the 

catalyst particle in this typical simulation, Robj is 1.90 mol/m3/s, which is considered as the 

benchmark for comparison. To gain more insight into the process of deactivation by coking, the 

distributions of coke-plugged pores and concentrations of propane at different reaction times (t = 

250, 2000, and 4000 s) are given in Figure 4. 

In Figure 4a, when t ≤ 2000 s, many pores in the central zone of the catalyst particle are still 

accessible to the reactant and products; when t ≥ 4000 s, the plugged and inaccessible pores form 

a large cluster that occupies the central zone of the catalyst particle. As observed in Figure 4b, 

the concentration gradient of propane at t = 250 s is very steep, indicating strong diffusion 

resistance. With the progression of coke deposition, pores get narrower and the diffusion 

resistance increases. When t ≥ 4000 s, only the pores in the outer zone of the catalyst particle are 

available for propane dehydrogenation, while the central zone is completely deactivated.  

 

Unimodal pore network 

Figure 5 shows the effect of porosity (ε) on the time-averaged propene formation rate (Robj) of 

the catalyst particles with three different initial spatial distributions of pore size (i.e., UD1, UD2, 

and UD3, see Figure 2a). For the same porosity, Robj for UD2 is the highest, while the one for 

UD3 is the lowest (< 0.10 mol/m3/s). For UD2, the large pores are located in the outer zone of 

the catalyst particle, and this spatial distribution is favorable in two aspects. Firstly, this 
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decreases the diffusion resistance in the outer zone, which is the primary zone for the propane 

dehydrogenation reaction; secondly, the large open pores do not tend to become inaccessible 

during the coking process, as they are not surrounded by small pores. For the effect of spatial 

distributions of pore size, similar results are observed in Figs. 6-8, which can be explained in the 

same way.  

In Figure 5a, the optimal porosity for UD1 is 0.5 and the corresponding Robj is 1.91 mol/m3/s; 

the optimal porosity for UD2 is 0.4 and its Robj is 5.69 mol/m3/s, which is 200% higher than the 

benchmark (1.90 mol/m3/s, see Table 1 for the corresponding pore network structure). Under the 

assumption of constant intrinsic activity per unit catalyst weight, these results in Figure 5a can 

be explained by a compensation effect where, on the one hand, a high porosity indicates more 

void space for diffusion and thus is more favorable for diffusion, while, on the other hand, a high 

porosity also means less catalyst weight for reaction. In Figure 5b, Robj for UD1 and UD2 

increase almost linearly with porosity. Under the assumption of constant intrinsic activity per 

unit internal surface area, a high porosity indicates high diffusion flux and also large catalyst 

surface area for reaction, which leads to the increased Robj in Figure 5b. The linear increase of 

Robj in Figure 5b can also be explained based on Eq. 15. The overall reaction rate in a pore 

network (RPN) in Eq. 15 does not change with porosity under this assumption of intrinsic activity, 

but the scaling factor (f) increases linearly with porosity. Therefore, a porosity close to 1 would 

be optimal, but due to the limited mechanical stability of the catalyst particles in a tubular reactor, 

one has to fix the total porosity to a smaller value, for example, 0.6-0.7. 
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Figure 6 displays the effect of pore connectivity (Z) on Robj of the catalyst particles with UD1, 

UD2, and UD3 spatial distributions. For UD1 and UD2, Robj slightly increases with Z changing 

from 4 to 6, and then fluctuates slightly, which is purely due to statistical effects, as noted from 

repeated simulations for several statistical realizations of the pore network (see Figure S4 in the 

Supplementary Information). A higher pore connectivity leads to weaker diffusion resistance, 

and large pores are less likely to be surrounded by the coke-plugged pores. However, these 

favorable effects are negligible when pore connectivity is large enough (Z ≥ 6, in this case). 

Generally, Robj is not sensitive to pore connectivity (Z ≥ 4) in this reaction system, and a 

connectivity of 6 is adequate.  

 

In Figure 7a, Robj increases significantly when the volume-averaged pore radius (ra) changes 

from 3.5 to around 50 nm for all three spatial distributions, after which Robj increases more 

slowly to an asymptotic value at ra > 250 nm. Remarkably, when ra = 250 nm, Robj for UD1 and 

UD2 reaches 20.72 and 27.45 mol/m3/s, respectively, which is 10.9 and 14.4 times larger than 

the benchmark (1.90 mol/m3/s). Under the assumption of constant intrinsic activity per unit 

catalyst weight, a large ra is favorable to enhance Robj in two ways: firstly, the diffusion 

resistance decreases significantly, as Knudsen diffusion is dominant in the range of 3.5 nm ≤ ra ≤ 

50 nm and it is still important in the range of 50 nm ≤ ra ≤ 250 nm (see Figure S5 in the 

Supplementary Information); secondly, large pores are more resistant to deactivation caused by 

pore narrowing and pore blockage. In Figure 7b, the optimal ra for UD1 and UD2 is 20 and 9 nm, 

respectively, and the corresponding Robj is 3.87 and 7.56 mol/m3/s, which is about 2 and 4 times 
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larger than the benchmark (1.90 mol/m3/s). When the intrinsic activity per unit internal surface 

area is assumed to be constant, there exists a compensation effect where, on the one hand, a large 

pore radius is more beneficial for diffusion, while, on the other hand, a large pore radius also 

indicates less pores when porosity is fixed, and thus a lower internal surface area for reaction. 

This compensation effect explains the results for UD1 and UD2 in Figure 7b. For UD3, the 

optimal ra (50 nm) is much larger than the optimum for UD1 and UD2, as the diffusion 

resistance is more severe and, therefore, a larger ra is required to reach the maximum Robj (1.53 

mol/m3/s). Besides, when ra is large enough, the diffusion limitations become negligible and the 

spatial distribution of the pores would have no effect on the result, as shown by the convergence 

of Robj for UD1, UD2, and UD3 to the same values at ra ≥ 250 nm (see Figure 7b). 

 

Moving to the effect of the standard deviation (σ), in Figure 8, for σ = 0, all the pores in the 

pore network have the same radius (i.e., 5 nm) and Robj is the same for the three spatial 

distributions. For UD1, Robj decreases when σ increases from 0 to 1. A large σ indicates a broad 

pore size distribution. Due to this, large pores are more likely to be surrounded by small pores 

and become inaccessible during the coking process, which has a strong detrimental effect on the 

apparent activity. Comparing, as before, the assumptions of constant intrinsic activity per unit 

weight (a) and per unit surface area (b), for UD2, there exists a maximum Robj (5.68 mol/m3/s) at 

σ = 0.5 in Figure 8a and a maximum Robj (6.44 mol/m3/s) at σ = 0.7 in Figure 8b. This is because 

of a compensation effect. On the one hand, a broader pore size distribution means that larger 

pores are located in the outer zone of the catalyst particle, which enhances the apparent activity; 
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on the other hand, a broader pore size distribution also indicates that smaller pores are located in 

the central zone, which makes the central zone almost useless for reaction. For UD3, Robj 

decreases when σ increases from 0 to 1. The outer zone of the catalyst particle is the primary 

zone for the propane dehydrogenation reaction, because it is exposed to the environment. Thus, 

placing smaller pores in the outer zone results in a lower Robj.  

Bimodal pore network 

For the bimodal catalysts, the porosity corresponding to narrow pores (εN) is assumed to be 

0.45, and the porosity associated to broad pores (εB) varies with the number of broad pores in the 

pore network. The total porosity (ε) can be calculated by: 

( )1B B Nε ε ε ε= + −                                                         (16) 

Figure 9 shows the effect of total porosity (ε) on Robj in catalyst particles with spatial 

distributions of broad pores of types BD1 and BD2. Robj for BD2 is larger than the one for BD1. 

For example, in Figure 9a, Robj for BD2 (4.13 mol/m3/s) is 2.4 times as large as for BD1 (1.73 

mol/m3/s) at ε = 0.70; in Figure 9b, Robj for BD2 (4.95 mol/m3/s) is 2.5 times as large as for BD1 

(2.01 mol/m3/s) at ε = 0.70. If broad pores are randomly distributed in the pore network (BD1), 

these broad pores are more likely to be surrounded by narrow pores and easily become 

inaccessible to reactant during the coking process. However, if broad pores form a large cluster 

that is directly connected to the outer surface (BD2), these broad pores remain accessible, as 

long as they are not plugged by coke. This explains the higher Robj for BD2. For the effect of the 

spatial distribution of the broad pores, similar results are found in Figure 10, which can be 

explained in the same way. 
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As seen from Figure 9a, there exists a maximum Robj for BD2 (4.49 mol/m3/s) at a total 

porosity of 0.78. This optimal bimodal catalyst particle is 2.4 times more active and uses 60% 

less catalyst weight, when compared to the unimodal benchmark catalyst (see Table 1 for its pore 

network structure). Under the assumption of constant intrinsic activity per unit catalyst weight, 

more broad pores in BD2 indicate lower diffusion resistance and higher resistance against 

deactivation caused by pore blockage, but less catalyst weight for reactions. The two competing 

factors lead to the optimal total porosity for BD2. In Figure 9b, the Robj for BD2 increases with 

the total porosity. Under the assumption of constant intrinsic activity per unit internal surface 

area, more broad pores indicate lower diffusion resistance, higher resistance against deactivation 

caused by pore blockage, and larger internal surface area for reactions, which result in the 

increased Robj for BD2. In practice, the BD2 spatial distribution of broad pores is preferable for 

bimodal catalysts, while the preferable total porosity should be a compromise between apparent 

activity and crush strength. This archetype in spatial distribution is also expected to be closer in 

nature to the one formed during catalyst pellet synthesis from smaller particles.  

 

Figure 10 displays the effect of the broad pore radius (rB) on Robj in the catalyst particles at the 

fixed total porosity of 0.70. For BD2, there exist a maximum Robj (4.28 mol/m3/s) at rB = 18 nm 

in Figure 10a and a maximum Robj (5.35 mol/m3/s) at rB = 15 nm in Figure 10b. As the total 

porosity is fixed in this case, a larger rB indicates weaker diffusion resistance in the cluster of 

broad pores, on the one hand, and also a smaller number of broad pores in the cluster, on the 

other hand. The two competing factors lead to an optimal rB. For BD1, Robj decreases when rB 
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increases from 10 to 150 nm. When rB is large and the number of broad pores is small, these 

broad pores are easily surrounded by coke-plugged narrow pores and, then, become inaccessible 

to the reactant, thus become completely deactivated. In Figure 10a, the bimodal catalyst particle 

with spatial distribution BD2 and an optimal broad pore radius of 18 nm is 2.3 times more active 

and saves 45% catalyst weight, when compared to the unimodal benchmark catalyst. In Figure 

10b, the optimal bimodal catalyst particle is 2.8 times more active and saves 45% catalyst weight 

when compared to the benchmark catalyst. 

 

It should be noted that the BD2 adopted in this work are subsets of the universal set containing 

all BD2, and they are not the globally optimal spatial distribution of broad pores, as the broad 

pores are concentrated locally. Using continuum models and assuming negligible pore blockage, 

Coppens and coworkers8,40,53,54 found that BD2, with broad pores uniformly distributed, is very 

close to the optimal distribution, even when deactivation occurs in a catalyst particle. When 

simulating the catalyst particle with this close-to-optimal BD2 by using the pore network model 

in this work, the scaling rule (Eq. 15) breaks down, since the concentration profiles of reactants 

and products vary significantly with the dimension (or the number of pores) of the pore network. 

In this case, to assure the accuracy of the simulation, a pore network with the real number of 

pores (~1016, if the pore length approximates the pore diameter of the narrow pores) should, 

ideally, be used. Such simulation would be too computationally expensive to perform on any 

computer. To solve this problem, a multi-scale pore network model should be proposed, which 

will be the subject of future work.  
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Conclusions 

The pore network structure of a Pt-Sn/Al2O3 catalyst particle for propane dehydrogenation is 

optimized by using a three-dimensional pore network model, and accounting for significant 

deactivation by coking over time. The model describes coupled diffusion, reaction, coking, and 

deactivation; it also includes three mechanisms of deactivation by coking, namely, site coverage, 

pore narrowing, and pore blockage, and it assumes all types of coke deactivate the catalyst 

particle following the above three mechanisms. A time-averaged propene formation rate is 

defined as the objective function for optimization, which reflects both apparent activity and 

stability of the catalyst particle. Unimodal and bimodal pore networks are optimized under two 

separate assumptions, namely, constant intrinsic activity per unit catalyst weight and constant 

intrinsic activity per unit internal surface area. 

For a unimodal catalyst particle, placing large pores in the outer zone of catalyst particles 

(UD2) is the favorable spatial distribution, due to the improved diffusion in the outer zone and 

weakened effect of pore blockage. Under the assumption of constant intrinsic activity per unit 

catalyst weight, there exists an optimal porosity (e.g., 0.4 for UD2), a pore connectivity of 6 is 

adequate, a large volume-averaged pore radius is preferred, and there is an optimal width of the 

pore size distribution (σ = 0.5) for UD2. Under the assumption of constant intrinsic activity per 

unit internal surface area, a large porosity is favorable, a pore connectivity of 6 is adequate, there 

is an optimal volume-averaged pore radius (9 nm) for UD2, and there exists an optimal width of 

the pore size distribution (σ = 0.7) for UD2. For a bimodal catalyst particle, connecting broad 

 

 
This article is protected by copyright. All rights reserved.



 

pores into a cluster directly exposed to the external surface (BD2) is more favorable than 

randomly distributing these broad pores (BD1), because the effect of pore blockage is much 

weaker for BD2. This implies a truly hierarchical pore size distribution, with large pore channels 

interspersed by narrow ones. Under the assumption of constant intrinsic activity per unit catalyst 

weight, there exist an optimal total porosity (ε = 0.78) and an optimal broad pore radius (rB = 18 

nm) for BD2. Under the assumption of constant intrinsic activity per unit internal surface area, a 

large total porosity is favorable and there exists an optimal broad pore radius (rB = 15 nm) for 

BD2. The optimized unimodal catalyst particle with the UD2 spatial distribution of pore size and 

a volume-averaged pore radius of 250 nm can be up to 14 times more active than the benchmark, 

which indicates that engineering the catalyst pore network structure is a very effective approach 

to improve the performance of industrial catalyst particles for propane dehydrogenation.  

This article has presented a three-dimensional pore network model and some useful guidelines 

for optimizing catalyst particles in the presence of deactivation by coke formation, which could 

be applied to other processes as well. It should also be noted that the BD2 in this work are 

subsets of the universal set containing all BD2. To find the globally optimal BD2, a multi-scale 

pore network model should be developed, which is one of our objectives for future work. 
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Notation 

Cc         loading of coke, g/m2 

Ccm       maximum loading of coke, g/m2 

Ci         concentration of component i, mol/m3 

Ci,b       bulk concentration of component i, mol/m3 

Di,e       effective diffusivity of component i, m2/s 

Ji           diffusion flux of component i, mol/m2/s 

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

l             pore length, m 

ln            length of pore n, m 

Pi          partial pressure of component i, bar 

Pi,b        bulk partial pressure of component i, bar 

r            pore radius, m 

rn          radius of pore n, m 

ra, ro      original and volume-averaged pore radii for a fresh catalyst particle, m 

Rc          coking rate per unit pore surface area, g/m2/s 
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Ri          reaction rate per pore surface area of component i, mol/m2/s 

Scat        surface area for a fresh catalyst particle, m2/g 

t              time, s 

xi          mole fraction of component i, dimensionless 

Z          pore network connectivity, dimensionless 

σ     standard deviation, dimensionless 

ρc     coke density, g/m3 

ε      total porosity, dimensionless 
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Table 1. Parameters for a typical simulation.  

Number of nodes 2139 

Time step (∆t) 250 s 

Maximum time for reaction (tm) 10000 s 

Maximum loading of coke (Ccm) 5×10-3 g/m2 

Temperature (T) 838 K 

Total pressure (Pt) 1 bar 

Bulk pressure of propane (
3 8 ,C H bP ) 0.8 bar 

Bulk pressure of propene (
3 6 ,C H bP ) 0.1 bar 

Bulk pressure of hydrogen (
2 ,H bP ) 0.1 bar 

Total porosity (ε) 0.45 

Pore connectivity (Z) 6 

Volume-averaged pore radius (ra) 5×10-9 m 

Standard deviation of the natural logarithm of the 
pore radius (σ) 

0.5 

Internal specific surface area of the catalyst (Scat) 93.6 m2/g 

Radius of the catalyst particle (R) 0.002 m 

Coke density (ρc) 1200 kg/m3 a 
aData taken from Chua et al.52 
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List of Figure Captions 

Figure 1 An illustration of the three-dimensional pore network within a spherical domain. In this 

illustration, the pore connectivity is 6, and the number of nodes is 2139. 

Figure 2 (a) An illustration of UD1, UD2, and UD3 spatial distributions of pores size for a 

unimodal catalyst particle; (b) an illustration of BD1 and BD2 spatial distributions of broad 

pores for a bimodal catalyst particle – here, the blue and grey bonds represent broad and narrow 

pores.  

Figure 3 The change in apparent reaction rate of propene formation over time, and an illustration 

of the definition of the objective function, given by Eq. (14). The simulation parameters are 

given in Table 1.  

Figure 4 (a) The distributions of coke-plugged pores and (b) concentration profiles of propane in 

the pore network at different reaction times. A quarter segment of the spherical pore network is 

cut off to see the details inside the pore network, and the cut surfaces are also displayed. The 

simulation parameters are given in Table 1. 

Figure 5 The effect of porosity (ε) on the time-averaged propene formation rate (Robj) in the 

catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 

weight, (b) constant intrinsic activity per unit internal surface area. Other simulation parameters 

are given in Table 1. 

Figure 6 The effect of pore connectivity (Z) on time-averaged propene formation rate (Robj) of 

the catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 
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weight, (b) constant intrinsic activity per unit internal surface area. Other simulation parameters 

are given in Table 1. 

Figure 7 The effect of volume-averaged pore radius (ra) on the time-averaged propene formation 

rate (Robj) in the catalyst particles under the two assumptions: (a) constant intrinsic activity per 

unit catalyst weight, (b) constant intrinsic activity per unit internal surface area. Other simulation 

parameters are given in Table 1. 

Figure 8 The effect of standard deviation of the natural logarithm of the pore radius (σ) on the 

time-averaged propene formation rate (Robj) of the catalyst particles under the two assumptions: 

(a) constant intrinsic activity per unit catalyst weight, (b) constant intrinsic activity per unit 

internal surface area. Other simulation parameters are given in Table 1. 

Figure 9 The effect of total porosity (ε) on the time-averaged propene formation rate (Robj) of the 

catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 

weight, (b) constant intrinsic activity per unit internal surface area. The radius of broad pores is 

25 nm, while the radii of narrow pores follow a log-normal distribution (see Eq. (1)). The 

porosity corresponding to narrow pores is 0.45, and other simulation parameters are displayed in 

Table 1.  

Figure 10 The effect of the broad pore radius (rB) on the time-averaged propene formation rate 

(Robj) of the catalyst particles under the two assumptions: (a) constant intrinsic activity per unit 

catalyst weight, (b) constant intrinsic activity per unit internal surface area. The radii of narrow 

pores follow a log-normal distribution (see Eq. (1)). The total porosity is 0.70, the porosity 
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associated to broad pores is 0.45, the porosity corresponding to narrow pores is also 0.45, and 

other simulation parameters are displayed in Table 1.  
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Figure 1 An illustration of the three-dimensional pore network within a spherical domain. In this 

illustration, the pore connectivity is 6, and the number of nodes is 2139. 
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Figure 2 (a) An illustration of UD1, UD2, and UD3 spatial distributions of pores size for a 

unimodal catalyst particle; (b) an illustration of BD1 and BD2 spatial distributions of broad 

pores for a bimodal catalyst particle – here, the blue and grey bonds represent broad and narrow 

pores.  
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Figure 3 The change in apparent reaction rate of propene formation over time, and an illustration 

of the definition of the objective function, given by Eq. (14). The simulation parameters are 

given in Table 1.  
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Figure 4 (a) The distributions of coke-plugged pores and (b) concentration profiles of propane in 

the pore network at different reaction times. A quarter segment of the spherical pore network is 

cut off to see the details inside the pore network, and the cut surfaces are also displayed. The 

simulation parameters are given in Table 1. 
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Figure 5 The effect of porosity (ε) on the time-averaged propene formation rate (Robj) in the 

catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 

weight, (b) constant intrinsic activity per unit internal surface area. Other simulation parameters 

are given in Table 1. 
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Figure 6 The effect of pore connectivity (Z) on time-averaged propene formation rate (Robj) of 

the catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 

weight, (b) constant intrinsic activity per unit internal surface area. Other simulation parameters 

are given in Table 1. 
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Figure 7 The effect of volume-averaged pore radius (ra) on the time-averaged propene formation 

rate (Robj) in the catalyst particles under the two assumptions: (a) constant intrinsic activity per 

unit catalyst weight, (b) constant intrinsic activity per unit internal surface area. Other simulation 

parameters are given in Table 1. 
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Figure 8 The effect of standard deviation of the natural logarithm of the pore radius (σ) on the 

time-averaged propene formation rate (Robj) of the catalyst particles under the two assumptions: 

(a) constant intrinsic activity per unit catalyst weight, (b) constant intrinsic activity per unit 

internal surface area. Other simulation parameters are given in Table 1. 
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Figure 9 The effect of total porosity (ε) on the time-averaged propene formation rate (Robj) of the 

catalyst particles under the two assumptions: (a) constant intrinsic activity per unit catalyst 

weight, (b) constant intrinsic activity per unit internal surface area. The radius of broad pores is 

25 nm, while the radii of narrow pores follow a log-normal distribution (see Eq. (1)). The 

porosity corresponding to narrow pores is 0.45, and other simulation parameters are displayed in 

Table 1.  

 

 

 
This article is protected by copyright. All rights reserved.



 

 

Figure 10 The effect of the broad pore radius (rB) on the time-averaged propene formation rate 

(Robj) of the catalyst particles under the two assumptions: (a) constant intrinsic activity per unit 

catalyst weight, (b) constant intrinsic activity per unit internal surface area. The radii of narrow 

pores follow a log-normal distribution (see Eq. (1)). The total porosity is 0.70, the porosity 

associated to broad pores is 0.45, the porosity corresponding to narrow pores is also 0.45, and 

other simulation parameters are displayed in Table 1.  
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