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a b s t r a c t

The influences of particle size, shape, and catalyst distribution on the reactivity and hydrocarbon product
selectivity of a cobalt-based catalyst for Fischer-Tropsch synthesis were investigated in the present work.
A self-consistent kinetic model for Fischer-Tropsch reaction proposed here was found to correlate
experimental data well and hence was used to describe the consumption rates of reactants and for-
mation rates of hydrocarbon products. The perturbed-chain statistical associating fluid theory equation
of state was used to describe vaporeliquid equilibrium behavior associated with Fischer-Tropsch reac-
tion. Local interaction between intraparticle diffusion and Fischer-Tropsch reaction was investigated in
detail. Results showed that in order to avoid the adverse influence of intraparticle diffusional limitations
on catalyst reactivity and product selectivity, the use of small particles is necessary. Large eggshell
spherical particles are shown to keep the original catalyst reactivity and enhance the selectivity of heavy
hydrocarbon products. The suitable layer thickness for a spherical particle with a diameter of 2 mm is
nearly 0.15 mm. With the same outer diameter of 2 mm, the catalyst reactivity and heavy product
selectivity of hollow cylindrical particles with a layer thickness of 0.25 mm are found to be larger than
eggshell spherical particles. From the viewpoint of catalytic performance, hollow cylindrical particles are
a better choice for industrial applications.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

The Fischer-Tropsch synthesis (FTS) is a crucial process that
converts synthesis gas into liquid fuels and high value-added
chemicals. The importance of intraparticle diffusion and reaction
interaction behavior in FTS has long been recognized [1,2]. Eluci-
dating reaction behavior of catalyst particles and realizing the effect
of transport and reaction factors on catalyst performance is crucial
for catalyst design and reactor scale-up.

In order to analyze the interaction between intraparticle diffu-
sion and FTS reaction, a number of modeling studies have been
carried out. Most of the studies employed either a simplified ki-
netics or Langmuir-Hinshelwood (LH) type of kinetics to calculate
the consumption rate of CO, and product selectivity inside the
particles was not considered [2e5]. A catalyst particle model was
developed by Mandi�c et al. [6] to investigate the influence of par-
ticle shapes and process conditions on catalyst performance. In the
numerical simulations, consumption rate of CO as well as formation

rate of CH4 was embedded into the catalyst particle model and the
catalyst effectiveness factor hwas shown to have a maximumvalue
with the increasing of Thiele modulus F and could even reach
values larger than 1.0.

Iglesia et al. [7] introduced selectivity aspects into numerical
simulations. LH kinetics was utilized to describe consumption rate
of CO and formation rate of CH4. An additional model which was
based on the diffusion-enhanced 1-olefin readsorption concept was
used for modeling hydrocarbon product selectivity. One issue is
that the empirical equation which describes a strong influence of
chain length on diffusivity for 1-olefins and n-paraffins, Dnf e�0.3n,
was not confirmed experimentally. Similarly, Vervloet et al. [8]
combined LH rate expressions of CO consumption as reported by
Yates and Satterfield [9] and a chain growth parameter (a) which
depends on temperature and H2/CO ratio to model a single cobalt-
based catalyst particle. It should be pointed out that the kinetic
parameters used for CO consumption [9] and the expression for a
[10] were obtained from experimental data with two different
catalysts, respectively. In addition, the selectivity of hydrocarbon
products was calculated directly according to the ideal Anderson-
Schulz-Flory (ASF) plot. However, it is well-known that FTS* Corresponding author. Tel.: þ86 0351 6010111; Fax: þ86 0351 6010111.
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product distribution actually deviates from the ideal ASF plot. Thus,
values of product selectivity predicted by using ASF plot would not
be very accurate.

Local interaction between intraparticle diffusion and FTS reac-
tionwas reported to depend greatly on the kinetic parameters used
for rate equations and one needs to use kinetic parameters ob-
tained from experimental data with the same catalyst [6]. A
comprehensive FTS kinetic model in which both reactants con-
sumption and hydrocarbon product selectivity were unified was
utilized by Wang et al. [11] to model a single spherical catalyst
particle. This kinetic model was developed from experimental data
with an iron-based FTS catalyst [12] and selectivity of the entire
products not only CH4 selectivity were considered in the particle
model. By using the same kinetic model proposed by Wang et al.
[12], Nanduri andMills [13] further investigated the influence of six
different particle shapes and four different multicomponent flux
models [14e17] on the catalyst performance. These results pro-
vided more detailed information about interactions between
intraparticle diffusion and FTS reaction. It should be noted that due
to lack of considering transport-enhanced effect on 1-olefin read-
sorption and secondary reactions (ORSR), the selectivity of hydro-
carbon products predicted by the kinetic model developed byWang
et al. [12], however, was not that accurate.

In general, in order to describe the intraparticle diffusion and
reaction behavior and its effects on catalyst reactivity and product
selectivity, it is crucial to develop a catalyst particle model inwhich
a self-consistent FTS kinetic model is embedded. The study of
detailed FTS kinetics has received substantial attention and many
efforts have been made on the rate expressions which are able to
describe accurately FTS product distribution [18e24]. However,
there is still no consensus on the rate expressions and one or more
empirical parameters were often incorporated into the rate equa-
tions to describe the FTS product distribution. A detailed FTS kinetic
model which is able to describe the deviation in product distribu-
tion from ASF plot and the variation of 1-olefin to n-paraffin (O/P)
ratio with carbon number will be worth further investigating.

Therefore, the main goal of this work is to establish a particle
model for a cobalt-based FTS catalyst, into which a detailed kinetics
was embedded. Perturbed-chain statistical associating fluid theory
(PC-SAFT) equation of state (EOS) was used to perform vapor-liquid
equilibria (VLE) calculations. The detailed kinetic model considers
the enhancement of VLE effect on ORSR and kinetic parameters
were determined from experiment data [24e26] with an active Co/
Re/g-Al2O3 catalyst. The interactions between intraparticle diffu-
sion and FTS reaction were theoretically analyzed using this multi-
component diffusion-reaction particle model. The influence of
particle size, shape, and catalyst distribution on the reactivity and
hydrocarbon selectivity of this cobalt-based catalyst was investi-
gated. Simulation results are helpful in providing guidance for
catalyst design.

2. Experimental

The experiments were carried out with a 25%Co/0.48%Re/g-
Al2O3 catalyst in a stirred tank slurry reactor and the details on
catalyst preparation and experimental procedures can be found
elsewhere [24,25]. It is worth noting that for the sake of minimizing
physical transport resistances to ensure intrinsic kinetics data,
catalyst particles with diameters of 44e90 mm and an impeller
speed of 750 r$min�1 were selected. In total, 24 sets of experi-
mental datawith temperatures ranging from 478 to 503 K, pressure
from 1.5 to 2.5 MPa, H2/CO ratios from 1.4 to 2.1, and space velocity
from 1.0 to 22.5 NL$g�1$h�1 were used to estimate kinetic param-
eters [24e26].

3. Modeling Methodology

3.1. Reactor model

The reactor model for a stirred tank slurry reactor was modeled
as a CSTR model based on the following assumptions: (1) FTS re-
action only takes place in the liquid phase; (2) VLE is achieved in
this lab-scale reactor; (3) reactor is in isothermal and isobaric
operation; and (4) external mass and heat transfer limitations are
negligible:

Fi;0 � Fi þwcat
XNR
j¼1

aijRj ¼ 0; i ¼ 1;2;/;NC (1)

where Fi,0 and Fi are the molar flow rates of component i at the inlet
and outlet of the reactor, mol$s�1; wcat is the mass of catalyst, kg;
NC and NR are the total number of components and reactions,
respectively; Rj is the rate of reaction j, mol$kg�1$s�1; aij is the
stoichiometric coefficient for the ith component in reaction j. A
total number of 50 n-paraffins (C1 to C50) and 49 1-olefins (C2 to
C50) and three components (H2, CO, and H2O) are considered in the
FTS reaction network. The corresponding matrix of the stoichio-
metric coefficients according to FTS reaction, aij, is presented in
Table 1.

In order to obtain liquid concentrations of 1-olefins, PC-SAFT
EOS was used to perform VLE calculations in the present work
and parameters for the involved components, including the pure
component and binary interaction parameters, have been
completely parametrized and validated elsewhere [27e29]:

zi ¼ Fi

,XNC
i¼1

Fi; i ¼ 1;2;/;NC (2)

zi ¼ 4xi þ ð1� 4Þyi; i ¼ 1;2;/;NC (3)

xi ¼ Keq;iyi; i ¼ 1;2;/;NC (4)

XNC
i¼1

yi ¼ 1 (5)

Pi ¼ Pyi; i ¼ 1;2;/;NC (6)

where zi is the molar fraction of component i at the outlet of the
reactor; xi and yi are themolar fractions of component i in the liquid
and vapor phases, respectively; 4 is the total fraction of liquid phase
(0 � 4 � 1); Keq,i is the VLE constant of component i; P is the total
pressure, MPa and Pi is the partial pressure of component i, MPa.

3.2. Catalyst particle model

Fig. 1 illustrates the catalyst particles investigated in this work,
namely spherical particle, eggshell spherical particle, solid cylin-
drical particle, hollow cylindrical particle, and thin plate particle.
Catalyst particle pores are assumed to be filled with liquid wax in
which reactants and products are dissolved. Fick's law is used here
to describe the diffusion of components inside the particle. It is also
assumed that external transport resistances are negligible and
steady state condition is achieved. The mass conservation equation
for component i inside a single catalyst particle could hence be
expressed as follows:
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Deff ;i

L2g

1
xn

d
dx

�
xn
dcpore;iðxÞ

dx

�
þ rP

XNR
j¼1

aijRpore;jðxÞ ¼ 0;

i ¼ 1;2;/;NC; x2ð0;1Þ
(7)

where x is the dimensionless distance; superscript n represents
geometry (n ¼ 2, 1, and 0 for sphere, cylinder, and thin plate,
respectively); cpore,i is molar concentration of component i in the
particle pores, mol$m�3; rp is catalyst particle density, kg$m�3;
Rpore,j is jth reaction rate inside particle pores, mol$kg$s�1; Deff,i is
the effective diffusivity of component i, m2$s�1; and Lg is geometric
characteristic length, m.

Boundary conditions for different catalyst particle shapes are
listed in Table 2.

The effective diffusivity of component i, Deff,i, in the particle
pores is calculated from:

Deff ;i ¼
εDi

t
(8)

where Di is the molecular diffusivity of component i in FTS wax, ε is
the porosity and t is the tortuosity factor. The molecular diffusiv-
ities of CO and H2 in FTS wax are calculated using the following
correlations [11]:

DCO ¼5:584� 10�7 expð�1786:29 = TÞ (9)

DH2
¼1:085� 10�6 expð�1624:63 = TÞ (10)

The molecular diffusivities of the other relevant components in
FTS wax are estimated according to the correlations obtained by
Erkey et al. [30,31]. Liquid concentration of component i, cs,L,i, and
total liquid concentration, cs,L,total, at the surface of catalyst particles
are calculated as follows:

cs;L;i ¼ cs;L;totalxi (11)

cs;L;total ¼
rL
ML

(12)

where rL is the liquid density, kg$m�3 and ML is the number-
average molecular weight of wax, kg$mol�1. The average density
of FTS products in the liquid phase is obtained according to the
correlation proposed by Marano and Holder [32] and FTS wax is
approximately treated as n-octacosane [11].

The average reaction rate of ith reaction, Rj, is obtained by
integration of local reaction rate, Rpore, j, expressed as follows:

Rj ¼

ð1
0

XNR
j¼1

aijRpore;j
�
cpore;i; x

�
xndx

ð1
0
xndx

(13)

According to the present work, the value of the catalyst effec-
tiveness factor on the basis of CO is the largest among all the
components (including both reactants and products). Therefore,
the catalyst effectiveness factor on the basis of CO, hCO, is used as
the indicator of catalyst reactivity, which is defined as the ratio of
average reaction rate in the particle pores to the reaction rate at the
surface of the particle:

hCO ¼

ð1
0

XNR
j¼1

aCO;jRpore;j
�
cpore;CO; x

�
xndx

ð1
0

XNR
j¼1

aCO;jRpore;j
�
cpore;CO; x ¼ 1

�
xndx

(14)

where Rpore;jðcpore;CO; xÞ is local reaction rate of CO inside the par-
ticle and Rpore;jðcpore;CO; x¼ 1Þ is the reaction rate of CO at the sur-
face of the particle.

The dimensionless Thiele modulus, FCO, is defined as below:

FCO¼ Lc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rp$
��RCO;s

�
Dpore;icCO;s

s
(15)

where RCO,s is the consumption rate of CO at the catalyst surface,
mol$kg�1$s�1, cCO,s is the concentration of CO at the catalyst surface

Table 1
Stoichiometric coefficients matrix for FTS reaction

Species Reactions

COþ3H2 2COþ4H2 2COþ5H2 …(Reactant)… nCOþ2nH2 nCOþ(2nþ1)H2

CH4þH2O C2H4þ2H2O C2H6þ2H2O …(Product)… CnH2nþnH2O CnH2nþ2þnH2O

CO �1 �2 �2 �n �n
H2 �3 �4 �5 �2n �(2nþ1)
H2O 1 2 2 n n
CH4 1 0 0 0 0
C2H4 0 1 0 0 0
C2H6 0 0 1 0 0
⁝ ⁝ ⁝ ⁝ ⁝ ⁝
CnH2n 0 0 0 1 0
CnH2nþ2 0 0 0 0 1

Fig. 1. Schematic representation of the particle shapes: (a) spherical particle, (b) solid
cylindrical particle, (c) thin plate particle, (d) eggshell spherical particle, and (e) hollow
cylindrical particle.
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in the liquid phase, mol$m�3, and Lc is the characteristic diffusion
length of catalyst particle, m. The characteristic geometric length Lg
and characteristic diffusion length Lc of the catalyst particle are
listed in Table 2, respectively.

3.3. Reaction rates

3.3.1. FTS reaction mechanism
Several possible mechanisms have been proposed for FTS

reaction, including surface carbide [33,34], CO-insertion [35],
and enolic [36] mechanism. However, the exact mechanism is
still a matter of debate. Among the above-mentioned mecha-
nisms, surface carbide and CO-insertion mechanisms attract the
most concern and hence are adopted in this study. In total,
three different interpretations of surface carbide mechanism
and one interpretation of CO-insertion mechanism are pro-
posed (designated FTS-I to FTS-IV). The major difference be-
tween these four kinetic models lies in the chain propagation
step. The detailed elementary reaction steps for the derivation
of different kinetic models are listed in Table S1 in the Sup-
plementary material.

3.3.2. Derivation of rate equations
The Langmuir-Hinshelwood-Hougen-Watson (LHHW)

approach applied here to derive the rate equations of FTS kinetic
models has been well established by Lox and Froment [18,19] and
our group [12,21,22]. The derivation is mainly based on the
following assumptions: (1) elementary steps for monomer for-
mation, chain propagation, and formation of n-paraffins and 1-
olefins are considered to be rate-determining steps (RDSs) and
others are assumed to be quasi-equilibrated; (2) rate constants of
chain propagation are independent of carbon number; (3) rate
constants of chain termination to form n-paraffins are indepen-
dent of carbon number except for methane and ethane; (4) rate
constants of chain termination to form 1-olefins are independent
of carbon number; (5) the olefin readsorption and secondary
reactions are included and the rate constants for the readsorption
of 1-olefins are independent of carbon number except for
ethylene.

The final rate equations of kinetic model FTS-II are shown here
as an example and the detailed derivation process can be found in
the Supporting Information. Rate equations for the formation of
methane, ethane, ethylene, n-paraffins, and 1-olefins are given as
follows:

RCH4
¼ k5MK2PH2

a1½s�2 (16)

RC2H6
¼ k5EK2PH2

a1a2½s�2 (17)

RCnH2nþ2
¼ k5K2PH2

a1a2
Yn
i¼3

ai½s�2;n � 3 (18)

RC2H4
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
K2PH2

q �
k6a2a1 � k�6ExC2H4

�½s� (19)

RCnH2n
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
K2PH2

q  
k6a1a2

Yn
i¼3

ai � k�6 xCnH2n

!
½s�;n � 3 (20)

where ½CnH2nþ1�s� and ½H�s� are the surface fractions of adsorbed
species CnH2nþ1-s and H-s, respectively; xCnH2n

is the liquid fraction
of 1-olefin with carbon number n.

The consumption rates of CO and H2 as well as the formation
rate of H2O are determined from the formation rates of n-paraffins
and 1-olefins, expressed as follows:

RH2
¼ �

X50
n¼1

ð2nþ1ÞRCnH2nþ2
�
X50
n¼2

2nRCnH2n
(21)

RCO ¼ �
X50
n¼1

nRCnH2nþ2
�
X50
n¼2

nRCnH2n
(22)

RH2O ¼
X50
n¼1

nRCnH2nþ2
þ
X50
n¼2

nRCnH2n
(23)

The fraction of vacant sites, [s], is calculated as follows:

½s� ¼ 1

1þ K1
P2
H2

PCO
PH2O

þ K0:5
2 P0:5H2

þ
k3K1K0:5

2

P2:5
H2

PCO

PH2O

k4K1

P2
H2

PCO

PH2O
þk5;1K0:5

2 P0:5
H2

 
1þPn

i¼2

Yi
j¼2

aj

1
A

(24)

The chain growth probability factor for amoleculewith n carbon
atoms an is calculated as follows:

a1 ¼
½CH3�s�
½H�s� ¼ k3½CH2�s�

k5M½H�s� þ k4½CH2�s� (25)

a2 ¼
½C2H5�s�
½CH3�s� ¼

k4½CH2�s�
k5E½H�s� þ k4½CH2�s� þ k6ð1� b2Þ

(26)

an ¼ ½CnH2nþ1�s�
½Cn�1H2n�1�s�;n � 3 (27)

Eqs. (16)e(23) combined with the equations for chain growth
probabilities and concentration of 1-olefins in the liquid phase
represent equations of kinetic model FTS-II.

Table 2
Boundary conditions and characteristic length for different catalyst particle shapes

Particle shape Boundary conditions Characteristic geometric length Lg Characteristic diffusion length Lc

Spherical
At x ¼ 0,

dcpore;i
dx

¼ 0
At x ¼ 1, cpore;i ¼ cs;L;i Rp Rp/3

Eggshell spherical
At x ¼ 1�d/Rp,

dcpore;i
dx

¼ 0
Rp Rp=3½1� ð1� d=RpÞ3�

Solid cylindrical
At x ¼ 0,

dcpore;i
dx

¼ 0
Rp Rp/2

Hollow cylindrical At x ¼ 1�d/Rp, cpore;i ¼ cs;L;i Rp d=2

Thin plate At x ¼ 0,
dcpore;i

dx
¼ 0 L L
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3.4. Parameter estimation methodology

The parameters of FTS kinetic models consist of rate constants,
ki, and equilibrium constants, Ki. The dependence of rate constants
ki on temperature is evaluated using the Arrhenius-type equation:

kiðTÞ¼Ai exp
��Ei

�
RgasT

�
(28)

where Ai is the pre-exponential factor, Ei is the activation energy,
kJ$mol�1, and Rgas is the universal gas constant, J$mol�1$K�1.

To estimate the model parameters, 36 responses in the regres-
sion procedure were selected, namely, CO conversion, H2/CO outlet
ratio, individual selectivity toward CH4, C2, C3, C4, and C5þ, chain
growth factor of C1eC15 as well as individual O/P ratio of C2eC15.
The objection function, Fobj, which should be minimized for the
estimation of kinetic parameters, is expressed as follows:

Fobj ¼
XNexp

i¼1

XNres

j¼1

wj

 
Uexp
ij � Ucal

ij

Uexp
ij

!2

(29)

where Uexp
ij and Ucal

ij are the experimental and calculated values for

response j in the ith experimental run, respectively; wj is the
weighting factor of quantity j; Nres is the number of responses and
Nexp is the number of experimental runs.

The mean absolute relative residual (MARR) between experi-
mental data and calculated values is used to reveal the deviations
between calculated results and experimental data, expressed as:

MARR ¼ 1
NexpNres

�
XNexp

i¼1

XNres

j¼1

�����
Uexp
ij � Ucal

ij

Uexp
ij

������ 100% (30)

The values of kinetic parameters were estimated by multivari-
able nonlinear regression. The values of activation energies, rate
constants, and equilibrium constants are confined to be in the
appropriate ranges in order to obtain meaningful parameter values.
The statistical tests (F-test and t-test) were used to evaluate the
significance of kinetic models.

4. Results and Discussion

4.1. Quality of model predictions and estimated parameters

The foregoing proposed four kinetic models were fitted to the
cobalt-based FTS kinetics data by minimizing the sum of the

squares of the difference between experimental data and calculated
values. MARR values for these four models, which were reported as
ameasure of the goodness of fit, were presented in Fig. 2. Obviously,
kinetic model FTS-IV has the lowest MARR value of 15.04%.
Considering the lowest MARR value, it is clear that kinetic model
FTS-IV which is based on CO-insertion mechanism correlates
reasonably better with experimental data than the other three
proposed kinetic models.

The parameter values of the best-fitted kinetic model FTS-IV are
presented in Table 3 and all of them are statistically significant. It is
insightful to point out that previous kinetic models were usually at
the cost of introducing empirical parameters into the rate equations
to correct the formation rate or readsorption rate of 1-olefins. For
the kinetic model proposed here, the empirical parameters were
excluded from rate equations of 1-olefins. This means that kinetic
model FTS-IV hence could be regarded as intrinsic, which repre-
sents a significant improvement in comparison to the reported
kinetic models [20,22,24,25]. The activation energies for the for-
mation of n-paraffins and 1-olefins, as well as methane and ethane,
are within the range of the reported values. It is also noticeable that
the rate constants and reaction rates of steps 6e7, which lead to the
formation of n-paraffins and 1-olefins, were found to be at least one
order of magnitude (depending on the carbon number n of prod-
ucts) slower than that of chain initiation and chain propagation
steps. This indicates that product formation steps are the slowest
ones in the FTS reaction process. Therefore, catalyst design should
be focused on improving product formation rates. At the same time,
both rate constant and formation rate of CH4 were found to be
larger than that of heavier n-paraffins. This fact, combined with the
lowest activation energy of methane, explains a high selectivity
toward CH4. Similarly, the rate constant for ethylene readsorption is
about two orders of magnitude greater than that of the other 1-
olefins, which ensures a good fit of a low selectivity to ethylene.

Fit quality of kinetic model FTS-IV for CO conversion as well as
CH4 and C5þ selectivity is shown in Fig. 3 for all the investigated
conditions. Compared with a MARR value of 23.5% obtained by
Todic et al. [24], this represents a significant improvement in the fit
quality. As shown in Fig. 4, this model accurately predicts the
variation of chain growth probability and O/P ratio with carbon
number in C2eC15 range.

4.2. Catalyst reactivity and selectivity analysis

By using kinetic model FTS-IV, along with the same set of
parameter values estimated in Section 4.1, numerical simulations
with the same catalyst were performed under conditions typical of
industrial practices.

4.2.1. Effect of particle size
Fig. 5 presents simulation results with spherical particles (0.1,

0.3, 1, and 2 mm, respectively). As shown in Fig. 5(a), for small
particle with 0.1 mm in diameter, CO concentration decreases only
slightly, and with the increasing of particle size, CO concentration
profile becomes steeper and steeper. Especially, for the case of a
large particle with a diameter of 2 mm, CO concentration from the
point at about 0.2 mm away from the particle surface to the center
of particle is very close to zero. The closer to the center of particles,
the more sharply H2/CO ratio increases. In particular, H2/CO ratio at
the center of particles becomes infinitely large for particles with
diameters of 1 and 2mm, as shown in Fig. 5(b). This in turn leads to
an extremely low CO consumption rate in the interior region of
catalyst particles (see Fig. 5(c)). Especially, for particles with a
diameter of 1 and 2 mm, at about 0.4 and 0.2 mm away from the
particle surface, CO consumption rate decreases to nearly zero. It
can therefore be found that under current reaction conditions, for a

Fig. 2. MARR values between the experimental data [26] and the values calculated
from FTS kinetic models.
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Table 3
Estimated parameter values of kinetic model FTS-IV for a cobalt-based FTS catalyst

Parameter Value Unit t-Value① Parameter Value Unit t-Value①

k3,ref 8.23 � 10�2 mol$kg�1$s�1 62.78 E7 121.74 kJ$mol�1 562.7
E3 156.12 kJ$mol�1 274.7 k7E

- 19.36 mol$kg�1$s�1$MPa�1 110.8
k4,ref 7.96 � 10�2 mol$kg�1$s�1 341.3 E7E

- 164.7 kJ$mol�1 291.4
E4 107.76 kJ$mol�1 320.3 k7

- 0.23 mol$kg�1$s�1$MPa�1 13.34
k6M,ref 4.36 � 10�2 mol$kg�1$s�1 84.75 E7

- 157.48 kJ$mol�1 313.0
E6M 117.31 kJ$mol�1 454.9 K1 7.64 MPa�1 11.93
k6E,ref 2.93 � 10�3 mol$kg�1$s�1 182.3 K2 4.52 MPa�2 4.695
E6E 134.49 kJ$mol�1 423.6 K5 3.26 MPa�1 209.6
k6,ref 3.01 � 10�3 mol$kg�1$s�1 181.4 F-value 232.13 e e

E6 136.90 kJ$mol�1 395 MARR 15.04 % e

k7,ref 1.27 � 10�3 mol$kg�1$s�1 2272

① t-Test at 95% confidence level of the reparametrized parameters. F0.05(19,864) ¼ 1.57, t0.05 ¼ 1.65; Tref ¼ 478 K.

Fig. 3. Comparison of (a) CO conversion; (b) CH4 selectivity and (c) C5þ selectivity calculated according to kinetic model FTS-IV to experimental data [26].

Fig. 4. Comparison of (a) chain growth probability and (b) O/P ratio predicted by kinetic model FTS-IV to experimental data [26]. Reaction conditions: T ¼ 478 K, P ¼ 1.5 MPa, F ¼ 2.1,
SV ¼ 2.06 � 10�3 m3$kg�1$s�1.
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particle with a size of 2 mm in diameter, the effective reaction re-
gion is only locatedwithin a nearly 0.15Rp layer thickness of catalyst
particle and nearly 60% of the catalysts simply do not take effect.

The concentration profiles of 1-olefins for catalyst particles with
different particle sizes are presented in Fig. 5(d). With the
increasing carbon number of 1-olefin, the dimensionless concen-
tration of 1-olefin at the center of particle pores decreases and
tends to be unity when the carbon number is greater than 10. This
means a uniform concentration of 1-olefin with carbon number
greater than 10 inside the particle pores. Therefore, compared to a
lighter 1-olefin, it is, in fact, easier for a heavier 1-olefin to be
transported out of the particle pores. From the above analysis, it can
be seen that it is the reactant CO that has the most severe intra-
particle diffusion limitations, rather than heavy 1-olefins. This

suggests that minimizing the diffusion limitations of CO in the
catalyst particle to some degree would be the most effective way to
improve catalyst reactivity.

Fig. 6 shows the influence of particle size on catalyst effective-
ness factor and reaction performance for a spherical particle. For a
particle size of 0.1 mm in diameter, the value of catalyst effective-
ness factor hCO is close to 1.0 and in such cases, the intraparticle
transport resistances could be considered to be negligible. For a
spherical particle with a large diameter of 4 mm, the value of hCO
decreases to a relatively low value of 0.27. This corresponds to a
severe diffusion limitation. The variation of CO conversion with
particle size also follows the same trend as the change of hCO with
the increasing particle size (see Fig. 6(b)). This verifies that hCO
could be regarded as the catalyst reactivity indicator. As shown in

Fig. 5. (a) CO concentration profile; (b) H2/CO ratio profile; (c) CO consumption rate profile; (d) dimensionless concentration of 1-olefins at the center of particle pore as a function
of carbon number. Reaction conditions: T ¼ 478 K, P ¼ 1.5 MPa, F ¼ 1.4, SV ¼ 0.28 � 10�3 m3$kg�1$s�1.

Fig. 6. (a) Catalyst effectiveness factor; (b) CO conversion, CH4 and C5þ selectivity as a function of catalyst particle size. Reaction conditions: T ¼ 478 K, P ¼ 1.5 MPa, F ¼ 1.4,
SV ¼ 0.28 � 10�3 m3$kg�1$s�1.
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Fig. 6(b), when particle size increases from 0.1 mm to 4 mm, CH4
selectivity (which usually corresponds to the undesired product)
increases from 7.6% to 30.6%. From Fig. 6(b), we can also see that an
increase in CH4 selectivity subsequently leads to a general
decreasing trend of selectivity to C5þ products (which is often
considered as the desired products). From the data shown in
Fig. 6(b), CO conversion as well as selectivity to CH4 and C5þ are
almost invariant when particle size is less than 0.32 mm. In such
cases, the intraparticle diffusion limitations could be considered as
negligible. It is worth mentioning that small spherical particles
with a diameter of 44e90 mm used in the FTS kinetics experiments
are able to provide intrinsic kinetics data.

According to the foregoing analysis, it is concluded that large
catalyst particles are unfavorable for the improvement of catalyst
reactivity and C5þ selectivity owing to strong intraparticle diffu-
sional resistance. To improve catalyst reactivity and C5þ selectivity,
it would be better to use small particles. In realistic industrial re-
actors, however, an appropriate particle size should be selected,
normally 2e4 mm in diameter to maintain a low-pressure drop in
the fixed bed reactors [11] or not too small size to keep the wax
filter working well in slurry reactors [4]. Hence, it is not feasible to
just reduce the catalyst particle size to achieve better catalytic
performance for industrial applications.

4.2.2. Effect of particle shape on the catalyst performance
Fig. 7 presents the change of catalyst effectiveness factor and

CH4 selectivity with Thiele modulus for three different geometric
shapes (sphere, solid cylinder, and thin plate), respectively. The
value of Thiele modulus, FCO, is varied by changing particle size. As
shown in Fig. 7(a), when the value of FCO is less than 0.6, the
catalyst effectiveness factor hCO for all the three particle shapes is
very close to 1.0. It is clear that this is the regionwhere intraparticle
diffusional limitations could be ignored. For FCO > 0.6, hCO de-
creases to be less than 1.0 and this corresponds to the intermediate
region where intraparticle diffusion comes into play. In such cases,
there is a sensible difference among the FCO vs. hCO curves for
different particle shapes. The value of hCO for a spherical particle
starts decreasing soonest, followed by a solid cylindrical particle,
and a thin plate particle. When the value of FCO increases to be
larger than 3.0, the FCO vs. hCO curves for different particle shapes
tend to be an identical one. This region is where intraparticle
diffusional limitations predominate.

Fig. 7(b) shows that for FCO < 0.6, CH4 selectivity for these three
particle shapes nearly keeps a constant value. As the value of FCO
continues to increase, a sharp increase in CH4 selectivity is
observed. For this reason, the point at which the value of FCO is
equal to 0.6 is identified as the upper limit of the region of kinetics

control. The value of hCO at the upper limit of kinetics region ranges
from 0.91 (sphere), 0.93 (solid cylinder), 0.94 (thin plate). This is in
the same order as that is observed for the decrease in hCO, that is,
sphere < solid cylinder < thin plate. Therefore, for the purpose of
eliminating the negative impact of intraparticle diffusion, the upper
limit of the diameter of these three particles is 0.32 (sphere), 0.22
(solid cylinder), and 0.05 mm (thin plate), respectively. Obviously,
the diameter of a spherical particle is the largest, followed by the
solid cylindrical and thin plate particle. Hence, at the above-
investigated conditions, with the same outer diameter, the use of
spherical particle would be a better choice than the solid cylindrical
and thin plate particles because it results in higher CO conversion,
lower CH4 selectivity, and higher C5þ selectivity. Also, if one wants
to use this catalyst in monolith reactors at the above conditions,
layer thickness of this catalyst should be less than 0.05 mm. This is
in consistent with the catalyst layer thickness used in monolith
reactors reported by other research groups [37,38].

For the cases of FCO > 3.0, CH4 selectivity for different particle
shapes approaches the same value with the increase in FCO. In the
intermediate region where 0.6<FCO< 3.0, CH4 selectivity for
different particle shapes becomes complicated.With the increase of
FCO, we can see that for the spherical particle, the increase in CH4
selectivity increases sooner than the other two particle shapes,
following the same order as observed for decrease in hCO. However,
when FCO gradually increases to a value of 1.5, the thin plate par-
ticle instead starts to increase rapidly, followed by the solid cylin-
drical and spherical particles. For the latter two, the
aforementioned change is relatively gradual and the profiles are
also close to each other.

4.2.3. Effect of catalyst distribution on the catalyst performance
It has been reported that in fixed bed reactors the use of large

eggshell spherical particles is able to minimize the adverse influ-
ence of intraparticle diffusion on heavy product selectivity and also
satisfy pressure drop requirements [11]. Another way is the use of
hollow cylindrical particles with small layer thickness. The design
goal for these two shapes is to find an optimal layer thickness to not
only maintain catalyst reactivity but also enhance the selectivity to
C5þ products and lower CH4 selectivity.

Fig. 8 illustrates the effect of layer thickness on catalyst effec-
tiveness factor for eggshell spherical and hollow cylindrical parti-
cles with the same outer diameter of 2 mm. In Fig. 8, as the layer
thickness of these two particles decreases, the value of catalyst
effectiveness factor hCO increases gradually at first, and then more
rapidly. When the layer thickness of these two particles decreases
to an extremely small value of 0.05Rp, the value of hCO is approxi-
mately equal to 1.0. This indicates that the use of eggshell spherical

Fig. 7. (a) Catalyst effectiveness factor and (b) CH4 selectivity as a function of Thiele modulus for different particle shapes. Reaction conditions: T ¼ 478 K, P ¼ 1.5 MPa, F ¼ 1.4,
SV ¼ 0.28 � 10�3 m3$kg�1$s�1.
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particles or hollow cylindrical particles is able to reduce the nega-
tive impact of intraparticle diffusional limitations on catalyst
reactivity.

Fig. 9 shows concentration profiles of CO, H2 and H2O in the
particle pores for four different catalyst particles with the same
outer diameter of 2 mm. The layer thickness of eggshell spherical
particles in Fig. 9(b) is assumed to be 0.15Rp while that of hollow
cylindrical particles in Fig. 9(d) is assumed to be 0.25Rp. The
observed trend for hollow cylindrical particles is different from the
other three particle shapes due to the fact that hollow cylindrical
particles have two surfaces exposed to the surrounding fluid, while
the other three have only one surface exposed to the fluid. In
comparison to spherical particles and solid cylindrical particles,
eggshell spherical particles and hollow cylindrical particles can

avoid the extremely high H2/CO ratio in the interior region of
catalyst particles. As a result, the chain termination reactions to
form light hydrocarbon products in the interior region of the
catalyst particles are suppressed greatly and more heavy hydro-
carbons would be produced, just as Fig. 10 shows.

Fig. 10 shows the effect of layer thickness of eggshell spherical
particles and hollow cylindrical particles on CO conversion as well
as selectivity to CH4 and C5þ products with the same outer diameter
of 2.0 mm, respectively. As Fig. 10(a) shows, when the layer thick-
ness is greater than 0.20Rp, CO conversion as well as CH4 and C5þ
selectivity are almost unchanged with the variation of layer thick-
ness of eggshell spherical particles. When the layer thickness
continuously decreases to a value of 0.15Rp, CO conversion still
remains nearly constant. At this point, CH4 selectivity starts to

Fig. 8. Catalyst effectiveness factor as a function of layer thickness of (a) eggshell spherical particle and (b) hollow cylindrical particle. Reaction conditions: Rp ¼ 1 mm, T ¼ 478 K,
P ¼ 1.50 MPa, F ¼ 1.40, SV ¼ 0.28 � 10�3 m3$kg�1$s�1.

Fig. 9. Concentration profiles of CO, H2, and H2O for different particle shapes: (a) spherical particle, (b) eggshell spherical particle, (c) solid cylindrical particle, and (d) hollow
cylindrical particle. Reaction conditions: Rp ¼ 1 mm, T ¼ 478 K, P ¼ 1.50 MPa, F ¼ 1.40, and SV ¼ 0.28 � 10�3 m3$kg�1$s�1.
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decrease, which subsequently leads to an increasing selectivity to
C5þ products. In other words, although the amount of catalyst used
for spherical particles with eggshell catalyst distribution is only
about 40% of that used for spherical particles, the reactivity of these
two particles is nearly the same. Besides, C5þ selectivity for eggshell
spherical particles is also enhanced and CH4 selectivity is lowered.
When the layer thickness decreases to an extreme value of 0.05Rp,
CH4 selectivity decreases rapidly and C5þ selectivity increases
greatly, however, this is at the cost of the rapid decrease of CO
conversion. This indicates that the layer thickness is very essential
to not only keep the reactivity of uniform catalysts but also enhance
the selectivity to C5þ products. Therefore, when large catalyst
particles must be used, eggshell spherical particles with a moderate
layer thickness will provide better performance than spherical
particles.

The cases for hollow cylindrical particles are different from
eggshell spherical particles. In Fig. 10(b), CO conversion passes
through a maximum value of 13.5% (even larger than that for solid
cylindrical particles) at approximately 0.25Rp with the decrease of
layer thickness of hollow cylindrical particles. For hollow cylindri-
cal particles with a layer thickness of 0.25Rp, CH4 selectivity is 17.3%,
and this is nearly half of that for solid cylindrical particles. The
selectivity towards C5þ products for hollow cylindrical particle is
70.4%, also higher than that for solid cylindrical particles (with a
value of 57.2%). This suggests that hollow cylindrical particles with
an appropriate layer thickness are also able to improve the overall
catalyst reactivity and selectivity of heavy products.

From data shown in Fig. 10(a), CO conversion and selectivity to-
wards to CH4 and C5þ products for eggshell spherical particles with a
layer thickness of 0.15Rp is 11.2%, 20.4%, and 66.6%, respectively. In
comparison to eggshell spherical particles, higher catalyst reactivity
was obtained with hollow cylindrical particles. This is because, with
the same catalyst mass, the active sites exposed in the surface of
hollow cylindrical particles are much more than that for eggshell
spherical particles. As mentioned earlier, there are two surfaces
exposed to the surrounding fluids for hollow cylindrical particles
while only one surface is exposed to the fluids for eggshell spherical
particles. This leads to a generally lower H2/CO ratio inside the hol-
low cylindrical particles, thereby achieving a higher selectivity to
heavy products and a lower selectivity to light products.

From the viewpoint of catalytic performance, hollow cylindrical
particles with larger surface area which is exposed to the sur-
rounding fluid were found to achieve higher catalyst reactivity and
C5þ selectivity. However, the catalyst reactivity and mechanical
strength of large hollow cylindrical particles are still low. Therefore,
in order to be applied in industrial applications, special efforts are
still required to be focused on the promotion of catalyst activity and

the improvement of mechanical strength of catalyst particles. The
present work has demonstrated a direction for the efficient design
of FTS catalysts with irregular shapes.

5. Conclusions

A comprehensive catalyst particle model was established in the
present work to investigate the effects of particle size, shape (sphere,
solid cylinder, and thin plate), and catalyst distribution (uniform vs.
eggshell catalyst distribution for a spherical particle, solid vs. hollow
for a cylindrical particle) on catalyst reactivity and hydrocarbon
selectivity. A self-consistent FTS kinetic model was proposed to
calculate both the consumption rates of reactants and formation
rates of hydrocarbon products. It was shown that the increasing
chain growth probability and decreasing O/P ratio with the
increasing carbon number is well predicted by considering VLE ef-
fect-enhanced 1-olefin readsorption and secondary reactions
concept.

Based on this self-consistent FTS kineticmodel, simulation results
showed that large catalyst particles are unfavorable to improve
catalyst reactivity and enhance heavy hydrocarbon selectivity. In
order to avoid the adverse effect of diffusional limitations on catalyst
reactivity and heavy product selectivity, spherical particles with a
diameter less than 0.32 mm, or cylindrical particles with a diameter
less than 0.22 mm, or thin plate particles with thickness less than
0.05 mm are preferred. Large spherical particles with eggshell
catalyst distribution are shown to not only keep the original catalyst
reactivity but enhance the selectivity of heavy hydrocarbon products.
The suitable layer thickness for an eggshell spherical particle with a
diameter of 2 mm is nearly 0.15 mm. With the increasing of layer
thickness, the catalyst reactivity of hollow cylindrical particles is
found to pass a maximum and even larger than that for solid cy-
lindrical particles. With the same outer diameter of 2 mm, the
catalyst reactivity of hollow cylindrical particles with a layer thick-
ness of 0.25 mm is found to be larger than eggshell spherical parti-
cles. From the viewpoint of catalytic performance, hollow cylindrical
particles with larger surface area which is exposed to the sur-
rounding fluid were found to achieve higher catalyst reactivity and
C5þ selectivity. The present work has demonstrated a direction for
the efficient design of FTS catalysts with irregular shapes.
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T ¼ 478 K, P ¼ 1.50 MPa, F ¼ 1.40, SV ¼ 0.28 � 10�3 m3$kg�1$s�1.
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