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Abstract

The low effectiveness factor of catalyst pellet caused by high internal diffusion limitation is a common issue in fixed-bed reactor.
Nevertheless, hierarchical structured catalyst provides a promising solution for the contradiction between reaction activity and
diffusion efficiency in large catalyst pellets. Herein, we studied the effect of pore structure parameters of the meso-macroporous
catalyst on Fischer-Tropsch synthesis performances through experiment and pellet scale reaction-diffusion simulation. The
pellet simulation firstly elucidated the reason for the significant improvement on activity and product selectivity for the meso-
macroporous catalyst observed in our experiment. Further optimization via pellet simulation indicated the critical influences
of wax filling degree and that the perfect matching between reaction and mass transfer rates by increasing macropore size and
adjusting porosity within pellet enables the C5+ space-time yield to the maximum. This work could provide a theoretical
guideline for the engineering design of the hierarchical structured catalyst pellet.

KEYWORDS

Fischer-Tropsch synthesis, Pellet simulation, Hierarchical structure, Internal diffusion limitation, Mass trans-
fer enhancement

INTRODUCTION

Fischer-Tropsch synthesis (FTS), playing an essential role in the production of liquid fuels and/or chemicals
from non-petroleum fossil fuels (coal, natural gas, biomass etc.), has drawn great attention due to the
environmental and political considerations, the changes in world fossil energy reserves and the improvements
to the FTS technology1-3 .

Fixed-bed reactors have been widely adopted in low-temperature cobalt-based FTS process, because of the
easy separation of catalysts from heavy waxy products, easy to scale-up, low maintenance and low losses
due to attrition 2. Although the fixed-bed FTS technology has been commercially applied worldwide, the
trade-off between diffusion length in one single pellet and the pressure drop on the bed length is still a
substantial issue for current fixed-bed reactor study 4. For instance, fixed-bed reactors generally require
large catalyst pellets (1-3 mm) to ensure proper pressure drop at specific capacity per reactor 5, while
such millimeter-scale catalyst pellets are proved to suffer from severe internal diffusion limitation and the
resulting inefficient utilization of active cobalt species and excessive methane formation5-9. Therefore, a
great number of studies have been devoted to developing a viable catalyst that can balance high product
yield and reasonable pressure drop simultaneously.

How to effectively enhance intraparticle mass transfer is the kernel to engineering FTS catalyst pellet and
achieving this balance. According to the definition of Thiele modulus Φ = L(kρs/De)

1/210, decreasing
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characteristic diffusion distance (L) could help alleviate the mass transfer restrictions in catalyst pellet. The
eggshell catalyst with active species only deposited in the outer portion of the pellet while keeping the size
of the pellet unchanged is an attractive solution to shorten the diffusion length independently. The eggshell
catalysts have been applied in FTS through both experimental 6,11,12 and modeling studies5-7. However, the
egg-shell structured pellet could commonly possess a low inventory of active phase and thereby a decrease
in volumetric yield 13. The other approach is to alter the geometry of pellets for reducing the pressure
drop of catalyst bed and enhancing the transport process. The simulation studies4,5,8,14 indicated that in
comparison to spherical pellets, more complex shapes, i.e., trilobes or hollow cylindrical pellets, exhibit
excellent hydrodynamic, transport characteristics under industrial conditions, whereas, the low mechanical
strength for hollow cylinder pellet would limit its industrial application5.

The approaches mentioned above, either the nonuniform distribution of active components or the adjustment
on the geometry of pellets, mainly focus on how to shorten the diffusion distance. Besides, designing the
pore spatial structure (bimodal pore or fractal-like structures) is also a practical approach to enhance mass
transfer by increasing the effective diffusivity. In catalysis, the hierarchical structured catalyst pellet could
simultaneously meet the need of high internal surface for active phase distribution and high mass transfer
efficiency15,16. Coppens and his coworkers15,17-21 widely studied the general features of the reaction-diffusion
process in spatially distributed pore structure catalyst by simulation. In recent years, the hierarchical pore
structured catalysts have been extensively applied in adsorption22,23 and catalysis processes 24-30. However,
contrary to plenty of reports in FTS focusing on the novel preparation methods of the hierarchical structure
and the structure-activity relationships 31-37, little attention has been devoted to the detailed reaction-
diffusion process in a hierarchical structured catalyst pellet. Xu et al.38 prepared a bimodal catalyst and
elucidated the reaction-diffusion process inside the pellet using a numerical simulation. Nevertheless, the
elaborate investigation on the relationship between pore structure parameters and performances has not
been reported in literatures.

In comparison to experimental studies, which can only offer discrete experimental points and trends, the
numerical modeling study provides the continuous variation of the apparent reaction performances with
structural parameters efficiently and conveniently. At present, steady state continuum pellet models have
been widely used to simulate the FTS pellet via coupling reaction and transfer processes4,5,7,8,14,39,40. Still,
such simulation studies were basically limited to the optimization of the shape or dimension of the FTS
catalyst pellet based on the assumption of wax fully filled pellet.

In our previous study by Li 32, one kind of hierarchical structured Co/SiO2 catalyst with the macropore
size of 1074 nm and mesopore size of 4 and 36 nm was prepared and compared with a catalyst having
only mesopores. The results proved the effectiveness of hierarchical structure on improving mass transfer.
However, the question why the hierarchical structure enhances mass transfer of FTS and how the pore
structure parameters quantitatively influence the catalysis performances remains mysterious, which hinders
the rational design of FTS catalyst engineering pellet.

Hence, in this work, on one hand, a series of meso-macroporous catalyst pellets (10-20 mesh) with the
equivalent mesopore size but various macropore size were synthesized and evaluated for a detailed relationship
between macropore size and FTS performances. On the other hand, a 1-dimension steady state continuum
model was established to simulate the meso-macroporous catalysts. The simulation results of the pellet with
the size of 10-20 mesh reasonably explained the enhancement on mass transfer with increasing macropore
size observed in experiments. In addition, the simulation results of the 2 mm pellet give more insights into
the effects of pore structure parameters on FTS performances at different operation conditions. A Langmuir-
Hinshelwood type kinetics for cobalt-based FTS by Yates and Satterfield41 corrected by our experiment data
and a chain growth probability model 42 were combined to calculate the C5+ space-time yield which was
used as an index to evaluate the FTS performances. The experimental and simulated results regarding to
the intraparticle mass transfer enhancement could provide useful guidance for rational design of industrial
FTS catalyst engineering pellet.

2. EXPERIMENTAL

2
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2.1 Catalyst preparation

The meso-macroporous SiO2 monoliths were prepared by a sol-gel method similar with our previous
studies31,32. By controlling the rates of phase separation and sol-gel process, the interconnected macro-
pores with various diameter were obtained, while the mesopores were from ammonia etching. The prepared
meso-macroporous monoliths were ground into 10-20 mesh as supports and labeled as S0, S50, S150, S280,
S440, S1100, S2100 and S6000 respectively according to the diameter of the macropores. A series of cobalt
catalysts with the same nominal cobalt loading (15 wt %) were prepared by incipient impregnation method.
The obtained supports were impregnated with cobalt nitrate and calcined at 400°C for 6 h after drying
at 60°C for 2 h and at 120°C for 4 h successively. The obtained catalysts were labeled as Co/S0, Co/S50,
Co/S150, Co/S280, Co/S440, Co/S1100, Co/S2100 and Co/S6000 respectively.

2.2 Catalyst characterization

The textural properties of the samples were obtained combining the N2 adsorption-desorption isotherms
measured by an ASAP-2000 Micromeritics instrument and mercury intrusion isotherms measured using a
MicroActive AutoPore Iv 9510 analyzer.

The morphological analysis of the obtained silica monoliths and the prepared catalysts were performed
using a JSM-7001F scanning electron microscope (SEM) operated at 5.0-15.0 kV and using a JEM-2010F
microscope operated at 200 kV respectively.

X-ray diffraction (XRD) characterization was carried out on a PANalytical Empyrean X’pert powder dif-
fractometer operated at 50 kV and 50 mA with Cu Kα radiation.

H2 temperature-programmed reduction (H2-TPR) was performed to obtain reduction profiles of the prepared
catalysts using a Zeton Altamira AMI-200 unit. The detailed sample pretreatment, data processing and
operation method are the same with our previous report 32.

2.3 Catalyst testing

0.5g of the prepared catalyst (10-20 mesh) diluted with an equal volume of quartz sand, was evaluated in a
lab-scale fixed-bed stainless steel reactor (Φ10×500 mm). The other detailed setup used for FTS experiments,
including methods and tools, was described in our previous literature32.

3. MODELING

The model catalyst pellet is assumed as an isothermal and isobaric sphere for common simplicity, and a
1-dimensional steady state continuum model can be used to describe the reaction-diffusion process in the
pellet.

The hierarchical pore structure prepared can be simplified as Figure 1 based on the preparation method
of the meso-macroporous SiO2 monoliths in section 2.1. At typical industrial conditions of cobalt-based
FTS, the hydrocarbons products (especially waxes) could condense and accumulate in pores and form a
thin liquid layer on the external surface of the pellet. Therefore, the syngas must solubilize in the liquid
film first and further diffuse into the pores and reach the internal active sites, accompanying with FTS
reaction5,7-9,14,38,42-44. The external diffusion limitations in the gas and liquid films were assumed to be
negligible because of the high gas linear velocity employed in industrial reactors45. Since the mesopores
formed by ammonia solution etching were mainly dispersed on the internal surface of the macropores and
diffusion length in mesopores was relatively short, the internal diffusion limitations in such mesopores was
not considered in the pellet modeling.

The following Eq.(1) was adopted to describe the overall stoichiometry of FTS on cobalt catalyst, according
to the assumption by Mandic5 to the average molecular weight of hydrocarbon products for their kinetics
experiments with 0.48%Re-25%Co/Al2O3 catalyst.

CO +
(

13
6

)
H2 = H2O + ( 1

6 )C6H14(1)

3
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Fick’s law has been widely used in describing the internal transport process in FTS catalyst pellet 5,8,14,45.
For an isothermal spherical pellet, the generalized reaction–diffusion continuity equation at steady state can
be expressed as:

1
x2 • d

dx

(
x2 • dΨi

dx

)
+ υi · (φ

′

i)
2 ·RCO = 0(2)

The boundary conditions are given as:

x = 0 : dΨi
dx = 0 (3)

x = 1 : Ψi =
csi
csCO

(4)

Herein, x is the dimensionless distance to the center of the pellet, x = r
rp

.Ψi = ci
csCO

represents the local

dimensionless concentration of component i (i = CO, H2, H2O and C6H14).RCO = RCO

RsCO
is the dimensionless

reaction rate of CO. υi is the stoichiometric coefficient, and equals -1, -13/6, 1 and 1/6 respectively for

CO, H2, H2O and C6H14. The dimensionless groupφ
′

i = rp(
ρP (−RsCO)

(De,i·CSCO)
)
1/2

is comprised of the radius of the

pellet, rp, the pellet density,ρp, CO consumption rate at the external surface of the pellet,RsCO, the effective
diffusion coefficient of componenti , De,i, and CO concentration at the external surface,CSCO.

Figure 1. Illustrations of the meso-macropore networks.

3.1 kinetics and chain growth factor model

CO consumption rate with Langmuir-Hinshelwood kinetics by Yates and Satterfield 41 was used in this study.
The values of reaction rate constant (k ) and adsorption equilibrium constant (a ) listed in Table 1S (see
Supporting Information ) are from the regression of experimental data with 0.48%Re-25%Co/Al2O3 catalyst
by Mandic et al. 5. The correction factor (f ) in Eq.(5) was used to correct reaction activity based on our
experimental data in the absence of diffusion resistance.

(−RCO) =
f k PCOPH2

(1+a PCO)2
(5)

A chain growth factor model related to temperature and concentration ratio of H2 and CO reported by
Vervloet,42 was adopted to calculate the product selectivity within the pellet.

4
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α = 1

1+kα(
cH2
cCO

)
β
exp(EαR ( 1

493.15−
1
T ))

(6)

3.2 Physical properties

The concentrations of species CO, H2, H2O and C6H14 dissolved in the wax phase assumed to be in equi-
librium with those in the gas phase can be described by Henry’s law 5,8,45. Henry’s law constants for gases
and light hydrocarbons in n-paraffins were calculated from Marano and Holder’s correlation 46.

Wax accumulation in FTS catalyst pores is a non-negligible factor leading to strong internal diffusion lim-
itations because of the low diffusivity of reactants and products in liquid wax7,43,44. Considering the huge
diffusivity difference in liquid phase and gas phase, the diffusivity in pellet is closely related to the wax filling
degree in pores. In the case of pores with wax fully filled, the liquid phase molecular diffusion dominates
the mass transfer restrictions while Knudsen diffusion limitations could be neglected. The diffusivity in
liquid wax, Di,liq, thought to be related to the composition of wax and temperature, can be estimated from
Akgerman’s correlation 47,48. Although the assumption of the pellet with wax fully filled has been applied
for simplicity in almost all numerical modeling studies of FTS catalyst pellet5,7-9,14,38,42-44. The studies by
Jess et al.43,44,49 indicated there might exist only partly filled state in pores under practical industrial FTS
conditions. Furthermore, the introduction of macropores in pore structure is in favor of a reduction in the
filling degree of liquid wax. Despite this, accurate calculation or measurement of filling degree F at a certain
condition is still a complicated and tough task, because of the complex interactions among catalyst apparent
reactivity, diffusivity in pores, product distribution, and liquid phase accumulation rate in pores. Since the
focus of this study is to compare the performances at various porosity and macropore size, F is assumed
as constant with series of values (0.6, 0.7, 0.8, 0.9, 1.0) for simplicity in the following. In the case of the
pellet pores with wax partially-filled (F <1), both Knudsen and molecular diffusion contribute to the mass
transfer process in the pores, and Eq. (10) proposed by Jess50 based on the random pore model 51can be
used to calculate the effective diffusivity in the whole pellet scale.

Deff,i = (1− F )
2
ε2Di,g + F 2ε2(1+3(1−F )ε)

1−(1−F )ε Di,liq(7)

Herein, e is the porosity of the catalyst pellet.Di,g , the gas phase diffusivity in pores, can be described by
the Wilke-Bosanquet model 45:

1
Di,g

= 1
Di,m

+ 1
Di,k

(8)

Di,m , the molecular diffusivity of componenti in the gas mixture of reactants and products in the pore, can
be calculated from the binary gas diffusivityDi,j and the molar contentyi

50.

Di,m = 1−yi∑n
j=1,i 6=j (yi/Di,j)

(9)

The binary gas diffusivity Di,j can be calculated by the Fuller Method52 with the temperature T, pressure
P, molecular weight of each components Mi, and diffusion volume Σv. The value of Σv for components used
in the present study can be obtained from the literature52.

Di,j = 0.00143T 1.75

PM
1
2
i,j [(Σv)

1
3
A+(Σv)

1
3
B ]

2 (10)

Mi,j = 2
(

1
Mi

+ 1
Mj

)−1

(11)

The Knudsen diffusivity Di,k can be calculated based on the kinetic theory of gases 52 with the radius of
pore Rp, temperature T and molecular weight Mi.

Di,k = 97RP ( T
Mi

)
1
2 (12)

Parameters used in simulation of the 2 mm pellet were listed in Table 1.

Table 1 Parameters for 2 mm pellet simulations

5
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Parameter Symbol Unit Value

Temperature T K 473, 493, 513
Total pressure P MPa 1.0, 2.0, 3.0, 4.0
H2/CO / / 2.0
Pellet radius rp mm 1.0
Density of support skeleton ρs kg/m3 2150
Porosity of the pellet e / 0.4-0.85
Mesopore diameter dp,meso nm 8
Macropore diameter dp,macro nm 50-800

3.3 Performances parameters

Performances parameters and the calculation equations used in this modeling study were listed in Table 2S
(see Supporting Information). Typically, C5+ space-time yield (STYC5+

) in FTS is a key factor, because it
is a combination of catalyst apparent activity and selectivity. Therefore, in the following discussion, STYC5+

is used as the evaluation criteria for catalyst reaction-diffusion performances.

3.4 Method of solution

The second-order ordinary differential equation, Eq. (5), was first written as two first-order ordinary differ-
ential equations, for each component. The obtained system of first-order ordinary differential equations with
the boundary conditions specified at two points was then solved by finite different method. The integral
terms in performance parameters listed in Table 2S were calculated using trapezoidal rule based on the
concentration profiles calculated within the pellet.

4. RESULTS AND DISCUSSION

4.1 Physicochemical Properties

The SEM images of the prepared supports with various macropore size are shown in Figure 2. The sample
of S0 exhibited packed aggregates of silica particles (no macropore), while the other samples (S50 ˜ S6000)
exhibited a honeycomb structure with macropores. From S50 to S6000, the size of the macropore increased
gradually, and the results of SEM observations were in good agreement with those of mercury intrusion
porosimetry as shown in Figure 1S(a) (see Supporting Information).

Figure 2 SEM images of the prepared supports.

As shown in Figure 2S (see Supporting Information), the isotherms of the prepared supports and catalysts
were of type IV in shape with typical hysteresis loop. The supports of S440, S1100, S2100, S6000 and the cor-
responding cobalt catalysts(Co/S440, Co/S1100, Co/S2100, Co/S6000) displayed similar type H1 hysteresis
loop, which is representative of an adsorbent with a narrow distribution of relatively uniform mesopores53.

6



P
os

te
d

on
A

u
th

or
ea

14
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

01
07

42
.2

88
32

62
6

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

However, for the samples of S50, S150, S280 and the corresponding catalysts, the hysteresis loop shifted to
a higher p/p0, which means the existence of larger pores34. Therefore, the nitrogen physisorption should
be combined with mercury intrusion porosimetry to obtain the reliable macropore distribution information
53. The detailed textural properties of the supports and catalysts are listed in Table 2. The large specific
surface (˜500 m2/g), beneficial for active phase dispersion, was mainly attributed to the smaller pores (˜8
nm) produced by ammonia etching. The large pore volume of the supports, beneficial for mass transfer, was
due to the presence of macropores. The significant decrease in the specific surface and pore volume of the
cobalt-loaded catalysts compared to the supports could be attributed to the partial pore blocking by cobalt
crystallites. In summary, except for S0 and Co/S0 which were monodispersed mesopore structure, the other
supports and catalyst samples all exhibited meso-macropore structure.

The wide-angle XRD patterns of the prepared catalysts are presented in Figure 1S(b) (see Supporting Infor-
mation). For all the catalyst samples, peaks appearing in 31.4°, 36.9°, 44.8°, 59.4°, and 65.2° corresponded to
the diffractions of Co3O4 phase. The average crystallite sizes of Co3O4, calculated from the Scherrer equation
at the most intense diffraction (2θ = 36.9°) are listed in Table 2. Almost all catalysts had similar crystallites
size, except Co/S50 and Co/S150 presenting a slightly larger crystallites size, which can be attributed that
small macropore diameter of Co/S50 and Co/S150 affects the nucleation and growth of cobalt particle. The
typical TEM images of the catalyst samples, as presented in Figure 4S (see Supporting Information), indica-
ted that all catalysts exhibited a worm-hole-like pore structure, which could be attributed to the mesopores
of 7.76˜9.60 nm and the active species were uniformly distributed.

Table 2 The physical properties of the catalyst samples.

Samples
ABET

(m2/g)
V Meso

a

(cm³/g) dMeso
a (nm)

dMacro
b

(nm) d(Co3O4) d(Co) c D (%) d

S0 408.33 0.80 7.76 \
S50 517.60 1.42 9.60 50
S150 526.61 1.23 9.10 150
S280 535.92 1.12 9.40 280
S440 503.84 1.08 9.20 440
S1100 497.54 0.92 8.70 1100
S2100 496.99 0.85 8.30 2100
S6000 488.40 0.80 7.80 6000
Co/S0 300.60 0.55 8.20 0 12.10 9.08 10.58
Co/S50 412.70 1.16 9.60 50 16.20 12.15 7.90
Co/ S150 429.62 1.02 9.10 150 16.50 12.38 7.76
Co/ S280 427.50 0.94 9.40 280 12.10 9.08 10.58
Co/ S440 378.97 0.80 9.20 440 12.50 9.38 10.24
Co/S1100 388.44 0.71 8.40 1100 12.70 9.53 10.08
Co/S2100 378.51 0.63 7.93 2100 12.30 9.23 10.40
Co/S6000 371.10 0.59 7.67 6000 12.70 9.53 10.08

a: calculated from N2adsorption-desorption data b: calculated from Hg intrusion data

c: d(Co) = 0.75 d(Co3O4) d: D (%) = 96/d(Co)

All catalysts presented similar reduction behavior according to the reduction profiles of the catalysts studied
by H2-TPR, as seen in Figure 1S(c) (see Supporting Information). The reduction peaks at 200°C-300°C,
250°C-500°C, 550°C-900°C were usually contributed to the reduction of Co3O4 to CoO, CoO to metallic
Co31,32,37 and the reduction of amorphous Co/silica phase, individually, Co/S50 and Co/S150 had relatively
larger area of the second reduction peak which was mainly caused by the larger crystallites size of these
two catalysts. Besides, the quite weak reduction peaks (at 250°C-500°C) of all catalysts indicated a good
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reducibility and a weak interaction between active phase and supports.

4.2 Reaction performance assessment over hierarchical catalyst

After 24 h of reaction with the steady state achieved, the performances of the prepared FTS catalysts are
collected as in Table 3S (see Supporting Information) and Figure 3. The large catalyst pellets (10-20 mesh)
of FTS, commonly recognized to bear severe internal diffusion limitations, were employed to investigate the
mass transfer enhancement with the meso-macropore structure.

8
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Figure 3 Effect of macropore diameter on (a) CO conversion and (b) CH4 and C5+ selectivities

It can be seen from Figure 3(a), that the diameter of macropores played a positive role in improving reaction
activity, except Co/S50 and Co/S150. The relatively lower reaction activity of Co/S50 and Co/S150 could
be attributed to the larger cobalt crystallites size and lower dispersion. In general, an obvious increase in CO
conversion was observed over the range Co/S0 to Co/S2100, because of the enhancement of diffusivity with
the introduction of macropores. However, as the macropore size was larger than 2100 nm, there was only a
slight increase in CO conversion with further increasing macropore size, suggesting that the internal diffusion
limitation had been nearly ruled out under this condition. The product selectivity results, shown in Figure
3(b), provided more conclusive evidence. For Co/S0 with only mesopore and no macropore, the methane
selectivity was up to 19.64 %, while C5+ selectivity was only 66.36 %. The poor product selectivity was
caused by the severe internal diffusion limitation leading to a higher H2/CO ratio, which would favor methane
formation and chain termination reactions. Obviously, the introduction of macropores was beneficial for
improving production selectivity by diminishing the influence of the internal diffusion limitations and further
reducing the H2/CO ratio in pellet. As macropores were larger than 2100 nm, the product selectivity became
nearly constant with pore size, which was an indicator of the elimination of internal diffusion limitations.
Although the variation trend of FTS activity and selectivity with the macropore size had been investigated
by the experiment, the quantitative relationship between FTS performances and pore structure parameters
were still needed to gain a deep insight into the diffusion-reaction interplay process.

4.3 Simulation results of catalysts used in experiment

Based on the analysis of the experimental data above, the activity data for macropore size of 6000 nm
could be regarded as the intrinsic performance of cobalt-based catalyst prepared in the present study, except
Co/S50 and Co/S150 which had larger crystalline size than the others. Therefore, this activity data was
used to calculate the correction factor f for the kinetic model used in the pellet model. Through a “lumping”
method derived by Liu 54, the CO conversion at the outlet of the bed was calculated and the value of f was
obtained to be 1.687.

However, it is almost infeasible to validate the pellet model directly with the experiment data due to the lack
of accurate value of filling degree (F ) under reaction conditions. Conversely, the established pellet model
was applied to fit the value of wax filling degree Fwith the experimental data. The macroporosity was used
to calculate the effective diffusivity within pellet, because macropores was the main sources of mass transfer
restriction according to the assumption in section 3 and Figure 1. The fitted filling degree, as seen in Table
3 indicated that the pores were wax fully filled for the monodisperse catalyst (with mesopore size of 8 nm)
under the reaction conditions, which was consistent with the general claims in literatures9,43. The results
revealed that introducing macropores was in favor of decreasing wax filling degree, and the filling degree
was only 0.2 as the macropore was 6000 nm. However, the filling degree was always larger than 0.9 as the
macropore size in the range of 280 to 2100 nm. The high filling degree could be attributed to the low gas
velocity in lab-scale fixed-bed reactor, which was unfavorable to the vapor flow out of the pores according
to the definition of the mass transfer coefficient βi

43 :

βi = Sh•Di
L (13)

Here, L is the characteristic length of the catalyst pellet,D i is the diffusivity of product i in feed/product gas
mixture and Sh is the Sherwood number can be calculated by correlating Reynolds number Re and Schmidt
number Sc:

Sh = 2 + 0.664Re1.5Sc0.5 (14)

Table 3 Calculation results of filling degree within the catalysts in experiment based on the pellet model a.

Catalysts εmacro
b CO Conv.(%)

RCO,exp

(mol/kgsupport·s) ηexp
c

ηcal

Filling degree
(F)

Co/S0 \ 28.36 6.351×10-3 0.597 0.596 1.000

9
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. Catalysts εmacro
b CO Conv.(%)

RCO,exp

(mol/kgsupport·s) ηexp
c

ηcal

Filling degree
(F)

Co/S280 0.563 36.53 8.181×10-3 0.768 0.767 0.953
Co/S440 0.574 37.31 8.356×10-3 0.785 0.787 0.953
Co/S1100 0.593 41.20 9.227×10-3 0.867 0.867 0.941
Co/S2100 0.606 45.71 1.024×10-2 0.962 0.961 0.907
Co/S6000 0.444 47.54 1.065×10-2 1.000 0.999 0.200

a Reaction conditions: catalyst size of 10-20 mesh (1.34 mm used in simulation), T = 200 °C, P = 2 MPa,
H2/CO = 2, GHSV = 4.8 L/gcat·h.

b Macroporosity calculated based mercury intrusion volume from 50 to 30000 nm.

cηexp = RCO,exp /RCO,exp,(for Co/S6000).

The simulation results also indicated that the increase of macroporosity from 0.563 to 0.606 also contributed
to the enhancement of mass transfer with increasing macropore size. However, the increase of Knudsen
diffusion coefficient only played a slight effect, because the Knudsen diffusion was not the limiting factor as
the macropore size was larger than 200 nm according to the relationship between gas phase diffusivity and
pore size. (see Figure 5S in Supporting Information).

4.4 Simulation results of a 2 mm catalyst pellet

Based on our meso-macropore model with the fixed mesopore size of 8 nm, the C5+ space-time yield (STYC5+)
in FTS was optimized by adjusting the porosity and macropore diameter over the range of 50 to 800 nm.
The performance of the monodisperse catalyst pellet with the pore size of 8 nm was given as a benchmark
for comparison. The simulation results at the temperature of 473, 493and 513 K are displayed in Figure 4.

Figure 4 STYC5+
of the meso-macropore catalyst pellets with different macropore diameter and filling degree

at the temperature of 473, 493 and 513 K. The pressure was 2.0 MPa, H2/CO was 2.0 and other simulation
parameters were adopted from Table 1.

10
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4.4.1 Filling degree

Although the fitted value of wax filling degree in the meso-macroporous catalysts used in the experiment
was commonly high and around 0.9, in real industry conditions, the high gas velocity around catalyst pellets
would promote the product flow out of the pores. Hence, in the modeling study of a 2 mm industrial pellet,
the filling degree range from 1.0 to 0.6 was considered. Figure 4 indicated that the decrease in wax filling
degree had a significant positive effect on STYC5+

, especially in the temperature of 493 and 513 K, no matter
on monodisperse or bidisperse structured catalyst pellet. Specifically speaking, the optimal STYC5+

over
the monodisperse catalyst, with wax fully filled, ranged from 0.156 to 0.042 g/mLcat·h with the temperature
from 473 to 513 K, which were much lower than that at the partially filled conditions. In contrast, under
full gas condition (F =0), the performance curves of meso-macroporous catalyst were nearly coincide in
Figures 6(e), 6(j) and 6(o), indicating the elimination of the internal diffusion limitations. Therefore, wax
accumulation in catalyst pores was a critical reason for internal diffusion limitation, which was consistent
with the general views in the literature 7,43,44. Considering that the products of low-temperature cobalt-
based FTS are mainly long-chain hydrocarbons which are prone to liquefy and condensate in the catalyst
pores3,43, it is necessary to study the approaches to inhibiting wax filling. From the pellet engineering design
perspective, a higher surface to volume ratio, the introduction of macropores, higher porosity and properly
hydrophilic modification of inner pore surface are all tend to reduce the pore filling degree.

4.4.2 Porosity

It is generally accepted that increasing particle porosity is beneficial for improving diffusion process. However,
increasing porosity also decreases particle density and the density of active cobalt sites with constant load
capacity per mass catalyst. Therefore, there exists an optimal porosity that attains the highest STYC5+

, which
is the vertex of each curve in Figure 4. For the temperature of 513 K and filling degree of 0.6, connecting
the vertices of each curve gets a line, which can be defined as reaction-diffusion boundary line (denoted
as boundary line for short, see Figure 5). The rates of reaction and diffusion reach a perfect matching at
each point of the line. We defined the lower left side of the boundary line as diffusion-limited region, where
apparent reaction rate was controlled by mass transfer, and hence increasing porosity was helpful to improve
diffusion efficiency and increaseSTYC5+

. Correspondingly, the upper right side was defined as reaction-limited
region, where reaction rate was the controlling factor and increasing porosity was disadvantageous to increase
STYC5+

.

11
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Figure 5 STYC5+
of the meso-macropore catalyst pellets with different macropore diameter at 513 K and the

filling degree of 0.6. The total pressure was 2.0 MPa, H2/CO was 2.0 and other simulation parameters were
adopted from Table 1.

4.4.3 Macropore diameter

Since molecular diffusivity is independent of pore size, only changing the macropore size barely affect the mass
transport process in pores with wax fully filled. Therefore, we only considered the partially-filled conditions
to investigate the influences of pore size. The results in Figure 4 revealed thatSTYC5+

was more sensitive to
pore size under low filling degree conditions than that under high filling degree conditions, because low filling
degree means high gas fraction in pores. Furthermore, in the diffusion-limited region, at the temperature
of 493 and 513 K, the increase in macropore size from 50 to 200 nm could significantly improveSTYC5+ ,
and then STYC5+ slightly increased with further increasing the macropore size to 800 nm. This is because
the Knudsen diffusivity is in direct proportion to pore size, and the gas phase effective diffusivity could be
substantially improved by increasing the pore size below 200 nm (see Figure 5S in Supporting Information).
As the pore size was larger than 200 nm, the value of Knudsen diffusivity was far larger than that of molecular
diffusivity. In this case, molecular diffusivity became the main controlling factor for the gas phase effective
diffusivity. In the reaction-limited region, although the gas phase effective diffusivity can also be improved
by increasing macropore size, STYC5+ was almost independent on pore size. Accordingly, the macropore
diameter of 200 nm was preferred for the meso-macroporous catalyst pellets at the temperature range of
473-513 K.

4.4.4 Optimization under different temperature

The dependence of STYC5+ on macropore size was enhanced at higher temperature, because the resulting
higher intrinsic reactivity would sharpen the influence of internal diffusion limitation. Therefore, the elim-
ination of mass transfer restriction via elaborate engineering design of the hierarchical structured pellet is
extremely essential at high reactivity conditions.

Under the total pressure of 2.0 MPa, the filling degree of 0.6, the H2/CO mole ratio of 2.0, the reaction

12
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temperature of 473, 493 and 513 K, the optimal porosity for the meso-macroporous catalyst pellet was in the
range of 0.40 to 0.59.STYC5+of the catalyst pellet ranged from 0.738 to 1.370 g/mLcat·h with the mesopore
and macropore size of 8 nm and 200 nm respectively. And it was 22-210 % higher than that of monodisperse
catalyst under the same conditions. Therefore, it is highly advantaged to utilize the hierarchical structured
catalyst pellet for FTS.

4.4.5 Optimization under different pressure

Based on the simulation result at the temperature of 513 K, the pressure of 2.0 MPa, filling factor of 0.6, the
simulations under different pressure (1.0, 3.0 and 4.0 MPa) were carried out to investigate the optimization,
as shown in Figure 6. It is revealed that in the pressure range studied the dependence ofSTYC5+

on macropore
diameter was similar with the trend mentioned above. Variation of total pressure from 1.0 to 4.0 MPa had
a positive effect on STYC5+ , which can be mainly attributed to two factors: the enhancement of reaction
activity and the high mass transfer driving force at high total pressure. Although higher pressure resulted in
lower gas phase effective diffusivity, due to the fact that gas phase molecular diffusivities vary inversely with
pressure (see Figure 6S in Supporting Information), this adverse effect can be compensated by the higher
concentration of reactants within the pores at higher total pressure. The improvement on STYC5+

was more
significant at the pressure range of 1.0 to 3.0 MPa compared with that at the range of 3.0 to 4.0 MPa. This
can be attributed to the FTS intrinsic kinetics and the inhibition of CO partial pressure on reaction rate
5. For the meso-macroporous catalyst pellet with the mesopore and macropore size of 8 nm and 200 nm
respectively, increasing total pressure from 1.0 to 4.0 MPa led to the optimalSTYC5+

increasing from 1.019
to 1.639 g/mLcat·h with the optimal porosity from 0.56 to 0.6, at the reaction temperature of 513 K, the
H2/CO mole ratio of 2.0 and the filling degree of 0.6.

Figure 6 STYC5+
of the meso-macropores catalyst pellets with different macropore diameter at the total

pressure of 1.0, 2.0, 3.0 and 4.0 MPa. The reaction temperature was 513 K, H2/CO was 2.0, filling degree
was 0.6, and other simulation parameters were adopted from Table 1.

5. CONCLUSIONS

A series of meso-macropore structured cobalt-loading catalyst with the same mesopore size (˜8 nm) and dif-
ferent macropore size (50-6000 nm) were prepared, characterized and evaluated. It was found that macropore
diameter had remarkable influences on FTS activity and selectivity. The underlying reason was explored
by a 1-dimensional steady state continuum model of the pellet. The simulation results found that the en-
hancement of mass transfer was primarily contributed by the decrease of filling degree and the increase of
macroporosity with increasing macropore size, and less contributed by the reduction of Knudsen diffusion
resistance.

The further simulation results of a 2 mm meso-macroporous pellet demonstrated that wax filling degree had a
significant influence on mass transfer, and the optimal STYC5+

can be attained by increasing macropore size
and adjusting porosity at different operation conditions. The enhancement on mass transfer by optimizing
pore structure was more significant at high temperature. Besides, increasing pressure had a significant
positive effect on STYC5+ from 1.0 to 3.0 MPa and then improved slightly with further increasing pressure
to 4.0 MPa.
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This work confirmed the mass transfer advantage of hierarchical structured cobalt-based catalyst pellets for
FTS via elaborate adjustment of pore parameters, and thus the optimized hierarchical structured engineering
pellets via simulation would be further validated and used in the industrial FTS. The research method
presented in this work could be extended to pellet design for other gas-liquid-solid reactions.
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NOTATION

Roman

a adsorption equilibrium constant (1/MPa)

ci concentration of component i (mol/m3)
csCO concentration of CO at the external surface of the pellet (mol/m3)
dp pore diameter (nm)
De,i effective diffusivity of component i in catalyst pellet (m2/s)
D i,g gas phase comprehensive diffusivity of component i in pellet (m2/s)
D i,k Knudsen diffusivity of component i in pore (m2/s)
D i,m gas phase molecular diffusivity of component i in bulk (m2/s)
D i,j binary gas phase diffusivity (m2/s)
f kinetic correction factor
F filling factor
k reaction rate constant (mol/s·kg·MPa2)
kα parameter for chain growth factor model
L character diffusion length of the catalyst pellet (m)
Mi molecular weight of component i
P total pressure (MPa)
Pi partial pressure for component i (MPa)
r distance to the center of the pellet (mm)
rp pellet radius (mm)
Rp pore radius (mm)
R universal gas constant (J/mol·K)
RCO CO consumption rate (mol/kgcat·s)
Rco,total overall CO consumption rate per unit (mol/kgcat·s)
RsCO CO consumption rate at the external surface of the pellet (mol/kgcat·s)
RCO dimensionless reaction rate of CO
Re Reynolds number
Sc Schmidt number
SC5+

selectivity of C5+ components (%)
STYC5+

space-time yield f C5+ (g/mLcat·h)
T temperature (K)
X conversion (%)
x dimensionless distance to the center of the pellet
yi mole fraction of component i
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α chain growth factor

αave average chain growth factor
β parameter for chain growth factor model
e porosity
η effectiveness factor
ρs density of support skeleton (kg/m3)
ρp density of the catalyst pellet (kg/m3)
σij characteristic length, Å
υi stoichiometric coefficient
Σv diffusion volume
Φ Thiele modulus

φ
′

i dimensionless Thiele modulus
Ψ i dimensionless concentration of component i
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