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In the present work, the deactivation by sintering of cobalt based cata-
lyst during Fischer-Tropsch synthesis at low temperature was studied 
by numerical simulation. For this purpose, a mathematical model was 
developed. The obtained simulation results allowed us to highlight and 
improve the understanding of the deactivation phenomena of cobalt 
based Fischer-Tropsch catalysts by sintering. The main results also show 
that the sintering phenomenon is strongly dependent on the operating 
conditions, in particular, the temperature, the pressure, and the H2/CO 
molar ratio, as well as the reaction by- products such as water. The results 
obtained can, therefore, be used to understand more the sintering mecha-
nism which may be linked to the change in the concentration of the active 
sites and the reaction rates.
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1. Introduction

Tropsch process is a catalytic process allows the 
production of liquid hydrocarbons of high quality 
starting from a mixture of synthesis gas coming 

primarily from natural gas, coal or biomass [1]. In this 
chemical process, the most current catalysts are iron, co-
balt [2], ruthenium, as well as nickel [3]. The deactivation 
of cobalt catalyst during the Fischer-Tropsch synthesis at 
low temperature can be related to various phenomena, for 
example, with sintering, the oxidation of active metal, the 
interaction between the metal and the support and with 
the carbon deposit [4-6]. Most of these cases have been 

addressed in previous studies. In summary, James Pater-
son et al [7] studied the effect of water on the reduction of 
cobalt oxides. Andre P. Steynberg et al [8] have described 
Fischer-Tropsch catalyst deactivation in commercial mi-
crochannel reactor operation. Similarly, Ali Nakhaei Pour 
et al. [9] studied the deactivation of Co/CNTs catalyst in 
Fischer-Tropsch synthesis. Similarly, D.J. Moodley et al [10] 
investigated about the impact of cobalt aluminate forma-
tion on the deactivation of cobalt-based Fischer–Tropsch 
synthesis catalysts. Also, Erling Rytter and Anders Hol-
men [11] reviewed, the deactivation and regeneration of 
commercial type Fischer-Tropsch Co-catalysts. Alexandre 
Carvalho et al [12] studied the deactivation phenomena 
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in cobalt catalyst for Fischer-Tropsch synthesis using 
SSITKA. And Christine Lancelot et al [13] gives a direct 
evidence of surface oxidation of cobalt nanoparticles in 
alumina-supported catalysts for Fischer−Tropsch synthe-
sis.

Sintering could be the principal cause of the initial de-
activation, which continues in the long run with the phe-
nomenon of coking. This phenomenon has been addressed 
by many researchers. Kamyar Keyvanloo et al [14] studied 
the kinetics of deactivation by carbon of a cobalt Fischer–
Tropsch catalyst under the effects of CO and H2 partial 
pressures. Majid Sadeqzadeh et al [15,16] addressed this phe-
nomenon in detail in their two papers entitled mechanistic 
modeling of cobalt based catalyst sintering in a fixed bed 
reactor under different conditions of Fischer-Tropsch syn-
thesis , and deactivation of a Co/Al2O3 Fischer–Tropsch 
catalyst by water-induced sintering in slurry reactor: Mod-
eling and experimental investigations.

In this work, we studied by numerical simulation the 
phenomenon of cobalt catalyst deactivation by sintering 
during the synthesis of Fischer-Tropsch in a tubular fixed 
bed reactor. The effect of some parameters operational on 
the performances of the process was examined.

2. Mathematical Model

2.1 Fischer-Tropsch Reaction

The synthesis of Fischer-Tropsch it is a chemical reaction 
allows synthesizing hydrocarbons from a mixture of car-
bon monoxide and hydrogen according to the following 
reactions[16]:

CO H C H H O HFT Kj mol+ + → + ∆ = −(1 ) , 165 /
2
m
n 2 2n m  

  (1)

CO H O CO H H Kj mol+ ↔ + ∆ = −2 2 2 , 41 /WG S

 (2)

Where the first reaction is the reaction of Fisch-
er-Tropsch and the second reaction is the reaction of wa-
ter-Gas-Shift.

2.2 Fischer-Tropsch Reaction Kinetics
Among the kinetic models describing the rate of the 

Fischer-Tropsch synthesis on a cobalt-based catalyst, we 
have the model of the Langmuir-Hinshelwood type illus-
trated by Yates and Satterfield [17]:

R RFT CO= − =
(1 )

aP P
+

CO H

bPCO

2

2
 (3)

α and b are temperature dependent constants represent-
ing a kinetic parameter and an adsorption coefficient.

For the reaction of water-gas-shift the kinetic model 
used is represented by the equation following [18]

R KWGS WGS=
( )P PCO H O

( )P K PCO H O

2

+

−

2

P PCO H

K
2 2

2

1

 (4)

Table 1. Kinetic parameters of cobalt catalyst 

Parameter Value 

K WGS (mol.kg-1.s-1) 0.0292

K1 85.81

K2 3.07

2.3 Deactivation of Cobalt Catalyst by Sintering
The suggest that the first stage of sintering of cobalt in the 
presence of water could cause reversible surface oxidation 
of the cobalt nanoparticles:

Co H O CoOS HS + ↔ +2 2  (5)

The following equation gives the diffusion coefficient 
of the Co particles in the alumina support:

D Di S= 4.818 ( )2
d
r

i

4

 (6)

Equation (7) makes it possible to calculate the surface 
coverage rate θCoO by CoO:

θCoO CoO= K
P
P
H O

H

2

2  (7)

KCoO CoO=
1−
θCoO

θCoO H O H O

 
  
 P P

P PH H

2 2

2 2

(θCoO1)

θ
 (8)

The evolution of the average diameter of the particles 
of Co according to time is a function of the ratio H2O/H2 
of partial pressure during sintering [19]:

d s =

 
 
 
 
 
  
1.28 10 5∗ −−4

1

k ts

P
P
H O

H

2

2

1/5

          (9)

The concentrations are used because this reaction can 
be limited by the external mass transfer in the industrial 
reactors [19].
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Table 2. Operating conditions of the simulation

Parameter Value 

ka (m7/kgcat.mol.h)) 4.62*10-8

Kb(m
3/mol) 0.342

Pressure (bar) 20
Temperature (K) 503

H2/CO 2-3.2

RFT =
d
1

s (1
kaC C

+ k C
CO H

b CO

2

)2
 (10)

k ka a=
 
 
 2r N2

3

AV Coρ   (11)

Table3. Principal characteristics of the catalyst

Parameter Value

8900
6

ks(nm7/s) 29.68
ds(m2/s) 3.3*10-18

r(nm) 0.125
0.9

Nav(atoms/mol) 6.023*1023
Ks(nm7/s) 29.68

2.4 Model of Reactor Studied
The geometry of the reactor used consists of a tubular re-
actor with a fixed bed (figure 1) through which a gas mix-
ture (CO and H2) passes in flow piston.  The industrial cat-
alyst containing cobalt Co/Al2O3 (15% in weight of Co) 
which is tested under commercial conditions of FT (220°C, 
20 bar and H2/CO=2) is distributed in the catalytic zone 
over a length of 9mm of the catalytic bed.  The diagram of 
the reactor and different parameters of the reactor as well 
as the properties of catalysts and gases of synthesis are 
given respectively by Figure 1 and Table 4.

Figure 1. Representative configuration of the studied 
reactor

Table 4. Reactor parameters, properties of catalyst and 
gas

Reactor parameters

Catalytic bed length(mm) 9

Reactor diameter(mm) 1
Initial total pressure (bar) 20

Initial temperature(°c) 220
Catalyst properties

Density(kg/m3) 2030

Particules diameter (m) 5x10-4

Gas properties

Viscosity (Pa.s) 1.8x10-5

Gas density (kg/m3) 13.2

Material balance

dF
dz

i = Αρ ν∑ ij i. ,R
 (12)

By using the following definition of conversion XFTS 
and XWGS we can write for carbon monoxide and hydro-
gen:

XCO =
F FCO CO

0

F
−

CO
0

 (13)

X H2
=

F FH H
0

2 2

F
−

H
0

2  (14)

After mathematical arrangements and by the introduc-
tion of the dimensionless length (l) we obtain:

dX
dl F

FTS =
ρAL

CO
0 RFTS

 (15)

dX
dl F

WGS =
ρAL

CO
0 RWGS

 (16)

Partial pressures

P Pi T= ⋅
F
F

t

i ,
 (17)

The total molar flow in the reactor can be evaluated by 
the following expression:

F F F X YT T CO FTS H O= − +0 0 ( 2 )
 (18)
The total molar flow rate at the reactor inlet is calculat-

ed using the ideal gas law:
P Q F RTT T= 0

, (19)
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The volumetric flow is given by:
Q vA=  (20)
Therefore, the total initial molar flux can be expressed 

as follows:

FT
0 =

P vA
RT
T

 (21)

On the other hand, the total molar flow rate at the inlet 
of the reactor is given by:

F F FT CO H
0 0 0= +

2  (22)

The molar feed ratio between hydrogen and carbon 
monoxide is denoted by (M). This report is defined as fol-
lows:

M =
F
F

CO

H
0

0
2

 (23)

Thus, the carbon monoxide input molar flux can be 
evaluated according to the following equation:

FCO
0 =

1+
PT

M

0

 (24)

Hypotheses
a. Typical low temperature FT conditions (20 bar, 220 

°C) are applied.
b. The perfect gas law is used as the equation of state.
c. Mass transfer limits are considered negligible under 

these conditions.
d. The parameters can then be calculated according to 

the axial position of the reactor. 
e. The model is considered under isothermal condi-

tions: The catalyst particles and the reagents are assumed 
at the same temperature: The thermal balance expression 
is not necessary in this case.

f. The reactor operates in fixed bed mode and steady 
state is established.

3. Results and Discussion

3.1 Effect of the Total Pressure Initial

3.1.1 On the FT and WGS Reactions Rates

The results obtained are presented in a comparative way 
between the two cases studied:  in the absence and the 
presence of sintering during the unfolding of the chemical 
reaction. For the reaction of FT (Figure 2 (a)), it notes that 
an increase in the rate with the increase in the pressure in 
both cases in the absence and in the presence of sintering. 

Nevertheless, in the presence of sintering the rate of FT 
decreases in a remarkable way where one records with 20 
bars a value of 4.3*10-3 mol/kg-1/s-1 in the absence of 
sintering, whereas in the presence of sintering, speed de-
creases until 7.9*10-4 mol/kg-1/s-1. 

The effect of the pressure on the reaction rate of WGS 
also is studied and presented on (Figure 2 (b)), which one 
notes an increase in the rate with the increase in pressure 
in the presence of sintering and decreases in the absence 
of sintering.

The FT reaction rate is dependent on the pressure of 
CO and H2. It has been noticed that the increase of the 
pressure causes an increase of the rate. But in the presence 
of sintering the reaction rate is decreased because of the 
increase of the multiplicative factor  relating to sintering. 
On the other hand the WGS reaction rate is independent 
of the sintering and depends only on the pressure which 
causes an increase of the rate with the pressure.

Figure 2. Effect of the total initial pressure on the reac-
tions rates FT (a) and WGS (b)  (Conditions:  T = 220 °C, 

H2/CO=2)

DOI: https://doi.org/ 10.30564/jmer.v2i1.277
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3.1.2 On the Conversion of FT and WGS Reac-
tions 
According to the Figure 3 (a) it notes that the increase in 
the pressure leads to an increase in the conversion of CO 
in the reaction of FT for the two cases in the absence and 
the presence of sintering. But with the sintering of the 
catalyst the increase of the conversion is less important 
compared to that without sintering.

For the conversion of CO in the reaction of WGS one 
observes an effect of pressure opposite compared to that 
in the reaction of FT. Where the results of Figure 3 (b) 
show an increase in conversion with the pressure de-
crease, which means that the reaction of WGS is favorable 
there in this case by the low pressures. So in the presence 
of sintering the increase is less important

Figure 3. Effect of the total initial pressure on the conver-
sion of CO in the FT reaction (a) and the WGS reaction (b)  

(Conditions:  T =220 °C, H2/CO=2)

3.2 Effect of the Molar Ratio H2/CO

3.2.1 On the Reactions of FT and WGS Rates

According to the results obtained, it shows that the increase 
in H2/CO molar ratio (Figure 4 (a)) leads to a remarkable 
reduction in the reaction rate in the absence of sintering and 
a weak lowering in the presence of sintering. This is due to 
the decrease in the pressure of the two reactants CO and H2 

which cause the decrease of the reaction rate. 
According to Figure 4 (b) it notes that the WGS reac-

tion rate increases with the increase in H2/CO molar ratio 
in the presence or the absence of sintering. Nevertheless 
in the presence of sintering the increase is less significant 
compared to that obtained in the absence of sintering.

Figure 4. Effect of the H2/CO molar ratio on the reactions 
rates RFT (a); and on the RWGS (b) according to the 
length of reactor (Conditions: T 220°C, P = 20 bar)

3.2.2 On the Conversion of Reactions FT and 
WGS
The principal results obtained (Figure 5(a) and (b)) show 

DOI: https://doi.org/ 10.30564/jmer.v2i1.277
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that the conversion of CO in the reaction of FT and WGS 
increases with the increase in molar ratio H2/CO in the 
absence and the presence of sintering. However, the best 
performances are increasingly more significant in the lack 
of sintering and with a value of H2/CO ratio equal to 2 
(typical case of the GTL) in the two reactions of FT and 
WGS. Therefore, it can conclude that the sintering is ac-
tively contributed to the reduction in total conversion by a 
rate of 56%.

The two expressions of the conversion rates of Ft and 
WGS are dependent on the molar flow of the two reac-
tants CO and H2, so each increase in ratio M involved an 
increase in the conversion.

Figure 5. Effect of the H2/CO molar ratio on the reactions 
conversions FT (a) and on the WGS (b) according to the 

length of reactor (Conditions: T 220°C, P = 20 bar)

3.3 Effect of the Reaction Temperature 

3.3.1 On the FT and WGS Reactions Rates 

The study is conducted at low temperatures: 220, 230 
and 240 °C (LFT and LWGS). The results obtained are 
represented in Figure 6. From these results, it notes that 
the increase in the temperature leads to a reduction the FT 
reaction rate (Figure 6(a)) in both cases in the absence and 
in the presence of sintering, which shows that the reaction 
is unfavorable by the high temperatures. For example at 
240 °C, the reaction rate decreases from 0.008 mol/kg-1/
s-1 to 0.0031 mol/kg-1/s-1 in the absence of sintering and 
0.0014 mol.kg-1.s-1 to 0.0011mol/kg-1/s-1 in the pres-
ence of sintering.

Nevertheless the WGS reaction rate increases as the 
temperature increases (Figure 6 (b)) in the presence and 
absence of sintering, which shows that the reaction of 
WGS is favorable for the high temperatures.

Figure 6. Effect of the temperature on the FT reaction rate 
(a) and on the WGS reaction rate (b)  (Conditions:  H2/

CO=2, P = 20 bar)

3.3.2 On the FT and WGS Conversion Reactions
Figure 7 presents a comparison between the conversions 
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of CO obtained in the two reactions FT (Figure 7 (A)) and 
WGS (Figure 7 (b)) in the event of the absence of sinter-
ing and after its appearance. According to the results ob-
tained for the reaction of FT, it notes a weak improvement 
of the conversion with the increase in temperature in the 
case of absence and the presence of sintering. Although 
after sintering, we observe conversions less important than 
those obtained before sintering. For the three temperatures 
examined, the increase in the conversion is not very im-
portant; rates are almost close to 63%-64% in the absence 
of sintering and close to 25% -26% in the presence of sin-
tering of the catalyst.

For the reaction of WGS, the effect of the temperature 
on the CO conversion is identical to this in the reaction of 
FT. where there are very similar conversions in the two 
cases studied. In the presence of sintering, a conversion of 
23% is completed for the three temperatures. Moreover, 
the results obtained in the absence of sintering show the 
possibility of having the following conversions: 32%, 
33% and 34%, respectively for the three temperatures ex-
amined.

Figure 7. Effect of the temperature on the CO conversion 
on FT reaction (a) and on the WGS reaction (b)  (Condi-

tions:  H2/CO=2, P = 20 bar)

4. Conclusion

The main results obtained through this study are very 
interesting. The contribution suggests that the partial pres-
sure ratio water-hydrogen may drive sintering and there-
fore higher sintering is expected under all high conditions 
of H2/CO ratio and temperature. In general, the operation 
of the process under the effect of specific operating pa-
rameters can ensure increasing conversions of CO. Sin-
tering is driven by thermodynamic reasons because the 
larger crystallites have lower surface energy and therefore 
greater thermodynamic stability. The formation of the 
CoO layer contributes to reducing both the surface energy 
and increases the mobility of the small crystallites Co and 
thus increases the sintering rate. The crystalline growth of 
cobalt is also accelerated by the water produced during FT 
synthesis. Therefore, to fight against this phenomenon, the 
removal of this water by the use of a membrane reactor 
makes it possible to minimize the deactivation by sinter-
ing.

Nomenclature

a    cobalt crystallite surface (m²)
A   surface area per mole of surface atoms 

(m² / mole)
   number-average Co crystallite diameter 

(nm)
ds   average diameter of the surface of the 

cobalt crystalline (nm)
Fi   Molar flow rate of component i (mol/h)
H2/CO  The molar ratio of hydrogen to carbon 

monoxide in synthesis gas
Ka, kb,  The kinetic parameters (unit depends on 

the kinetic law in which they are used)
n   number of carbon atoms in the hydro-

carbon produced by FT CnH2n+ 2
NAV   The number of Avogadro (6,022 x 

10+23atomes / mole)
P   Pressure (bars)
r   Co-Co interatomic distance, 0,125 nm

Rate of  reaction number i

T   Temperature (K)
XCO   Conversion of CO
XH2   Conversion of H2
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Acronyms

FT   Fischer-Tropsch
FTS   Fischer-Tropsch Synthesis
WGS   Water-Gas-Shift

Greeksymbols

   The density of catalyst (kg/m3)
   The density of cobalt catalyst (kg/m3)

θCoO

   surface coverage CoO on cobalt crystal-
lites (dimensionless)

  stoichiometric coefficient
Subscripts

0   Initial conditions
i   chemical species
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