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Abstract—The optimal amount of 15 wt%Co/10 wt%K/Al,O; catalyst was prepared using the impregnation technique
in order to study the kinetics of the Fischer-Tropsch synthesis. The rate of synthesis was measured in a fixed-bed micro
reactor with H,/CO feed ratio of 1-3 and space velocity in the range of 2,700-5,200 h™ under reactor pressure of 8 bar
and a temperature range of 210-240 °C. The experimental data were best fitted by a Langmuir-Hinshelwood-Hougen-
Watson (LHHW) approach rate in the form of —1.,=(k,K,P,Py)/(1+K,P,). Furthermore, the data were fitted fairly

well by a power law equation in the form of —r.,=kP;>'P

1.42
H,

. The activation energies for LHHW approach model

and power law equation were obtained as 138.5 kJ/mol and 87.39 kJ/mol, respectively.
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INTRODUCTION

The Fischer-Tropsch synthesis (FTS) converts synthesis gas in a
product spectrum consisting of a complex multicomponent mix-
ture of linear and branched hydrocarbons and oxygenated products
[1,2]. The FTS has the potential for producing chemical feedstocks
or motor fuels without the production of the environmentally harm-
ful compounds encountered in direct hydrogenation [3]. In general,
modem FT synthesis is conducted through the gas phase-fixed bed
system, the gas phase-fluidized bed system or the liquid phase-shurry
system [4]. It is well known that VIII group metals can be used as
a catalyst for FT reactions [5]. It has been found that the several
metals such as nickel, cobalt, ruthenium and iron can be activated
for FT reaction [6]. However, only iron and cobalt-based catalysts
appear to be feasible and suitable on an industrial scale economically
[6]. The cobalt catalysts are preferred for FTS due to their activity,
high selectivity to long chain hydrocarbons and low activity for the
side reactions such as competitive water-gas shift reaction [7]. Sup-
ported Co catalysts with high specific rates require the synthesis of
small metal crystallites at high local surface densities on support
and the use of supports or alloys that increase the rate per surface
Co (turnover rate). Cobalt and Iron-based catalysts often contain
small amounts of potassium and other metals such as manganese,
calcium, zinc, copper and magnesium as promoters to improve their
activity and selectivity [8]. Due to its stronger basicity, potassium
has a stronger influences on adsorption of reactants (CO and H,)
on the active sites, and leads to improvements in FTS activity, en-
hancement in selectivity to olefins, suppression of methane formation
and a selectivity shift to higher molecular weight products [9,10].
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The kinetic description of the FT reaction is very important for
industrial practice, being a prerequisite for industrial process design,
optimization and simulation. The kinetics of cobalt-based FT cata-
lysts has been a subject of researches for decades. The mechanistic
kinetic rate expressions for cobalt catalysts are based on the forma-
tion of the monomer species as the rate-determining step in the con-
sumption of synthesis gas. Many kinetic equations have been pro-
posed in the literature for various cobalt catalysts, and these have
been obtained either empirically (using a power-law rate equation)
or to fit a proposed mechanism [11-19]. A list of published kinetic
models for the rate of FTS over various cobalt catalysts is given in
Table 1.

In the present study, Fischer-Tropsch synthesis has been investi-
gated over an active cobalt-potassium catalyst, which was prepared by
impregnation method. For kinetic study, a series of statistically repre-
sentative kinetic data was obtained on a well-characterized gamma-
alumina supported catalyst over a range of commercially reaction
conditions. The intrinsic kinetics of FT reaction was studied and
the rate expressions were tested against the experimental data that
was obtained on the selected catalysts. An appropriate model was
successfully devised and the kinetics parameters were determined.
Also, a power law kinetic equation for the carbon monoxide rate
was obtained.

EXPERIMENTAL

1. Catalyst Preparation

The optimal amount of 15 wt%Co/10 wt%K/Al,O,, which has
a high value of olefin/paraffin ratio and the chain growth probabil-
ity, was prepared by impregnation method with an aqueous solu-
tion of Co(NO,),-6H,0 and KNO,; to incipient wetness of »#ALO;.
The j~alumina had been previously calcined at 400 °C for 8 h to
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Table 1. Summary of kinetic studies of the FT'S on cobalt catalysts

Reference Catalyst Reactor type” T,k P, bar H,/CO Intrinsic kinetic expression’ (—rc,)
kPSP
11 FBR 473-4 - 1-1 — 0t
[11] Co 73-483 30 0 (1 aPos)
kPooPy
[12] Co/kieselguhr Berty 463 2-15 0583 —L—
(1+aPq,+bPy)
. kP(oPH‘
[13] Co/MgO/SiO, Slurry 493-513 5-15 1535 —=%
(1+aPc,)
[14] Co/Cu0/Al0;, FBR 508-543  1.7-55 1-3 kP Py,
2
[15] Co/ThO,/kieselguhr FBR 459-480 1 0.9-3.5 kPLP”;
( 1+ aP('oPI.[:)
[16] Co/MgO/ThO/kieselguhr ~ FBR 445-473 1 2 kPcoPr,
0.50.75
[17] Co/Pt/AlLLO, Slurry 503 5-40 1.6-3.2 Ojkffjp”l —
(1+aPcoPr, +bPiPL ™)
0.50.5
[18] Co/Rw/ALLO, FBR 508-523  45-65  1.7-23 0:‘})“12’5’: ;
(1+aP,. +bPcp+cPrp)
0.74
[19] Co/TiO, FBR 473 8-16 14 <PooPi
(1+aPe)

“FBR= Fixed-bed reactor
"k, b and ¢ are temperature-dependent constants

remove the surface adsorbed impurities (BET surface area of 217
m’/g, pore volume of 0.7 cm*/g). The impregnated sample was dried
at 110°C for 2 h and calcined in air at 400 °C for 8 h (heating rate
of 10 °C between 110 and 400 °C).
2. Fixed Bed Micro Reactor System

Fischer-Tropsch synthesis was carried out in a fixed-bed micro-
reactor made of stainless steel with an inner diameter of 12 mm.
Three mass flow controllers (Brooks, Model, 5850E) were used to
adjust automatically flow rate of the inlet gases comprising CO, H,
and N, (purity of 99.999%). A mixture of CO, H, and N, was sub-

sequently introduced into the reactor, which was placed inside a
tubular furnace (Atbin, Model ATU 150-15). The temperature of
the reaction was controlled by a thermocouple inserted into the cata-
lytic bed and visually monitored by a computer. The catalyst was
in situ pre-reduced at atmospheric pressure under H,-N, flow (N,/
H,=1, flow rate of each gas=30 ml/min), at 400 °C for 16 h. In each
test, 1.0 g catalyst was loaded and the reactor operated about 12 h
to ensure attaining the steady state operating conditions.
3. Catalytic Evaluation

To derive the kinetic equations of intrinsic rate, which are ad-

Table 2. Summary of experimental conditions and results at P,,=8 bar and T=210-240 °C after 10-15 h of reaction at each given condi-

tion in a fixed bed reactor (FBR)

Number of data Temperature (K) Xeo (%) P, (bar) P, (bar) F/W (mol/gr cat. h) — ¢ (mmol/gr cat. h)
1 483.15 2.6 2.81 1.95 0.172 4.471
2 483.15 3.2 2.35 2.90 0.173 5.55
3 483.15 3.6 3.55 1.93 0.154 5.528
4 483.15 4.8 2.25 3.81 0.139 6.659
5 493.15 3.2 3.05 1.94 0.289 9.254
6 493.15 2.4 1.41 1.95 0.195 4.687
7 493.15 5.3 3.33 2.34 0.287 15.20
8 493.15 2.8 2.59 0.97 0.143 4.002
9 503.15 5.1 1.81 1.90 0.186 9.505

10 503.15 7.9 4.73 1.84 0.355 28.01
11 503.15 5.5 3.61 1.42 0.272 14.94
12 503.15 6.7 2.23 2.80 0.286 19.16
13 513.15 8.8 2.88 3.65 0.698 61.42
14 513.15 7.6 3.63 231 0.650 49.42
15 513.15 7.1 3.41 1.86 0.520 36.92
16 513.15 8.6 4,58 229 0.712 61.22
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Fig. 1. Variation of the CO conversion, as a function of the WHSV
value. Conditions: T=513 K, P=8 bar.
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Fig. 2. Variation of the CO conversion as a function particle size.
Conditions: T=513 K, P=8 bar, WHSV=3,600 h™'.

Jjusted with the experimental data, provided in Table 2, it should be
noted that internal and external porous mass transfer resistances are
not the controller and only the rate of surface reaction in the reactors
is the controller. To check the external transport resistances, the feed
flow rate was changed with a corresponding change in catalyst load-
ing, so that a constant space velocity was achieved. Because the points
corresponding to the same weight hourly space velocity (WHSV)
have different flow rates closed together, thus, film resistance is not
considerable. As can be seen in Fig. 1, over the range of interest
film resistance is not signicant.

To examine the internal diffusion resistance, 1.0 g of catalyst with
different sizes of 0.137, 0.381, 0.774, 0.92, 1.095 and 1.84 mm, which
were smaller than those reported for the development of FTS reac-
tion kinetics by the other researchers [20-23], was loaded under the
same conditions. As shown in Fig. 2 no pore diffusion was evident
for the particle size lower than 0.774 mm. In this study, the size of
utilized catalyst is in the range of 0.26-0.38 mm.

Experiments were conducted with mixtures of H,, CO and nitro-
gen in a temperature range of 210 to 240 °C at the H,/CO feed ratios
of 1/1-3/1 (mol/mol). The experimental data (CO conversions and
CO consumption rates) obtained for 16 different activity tests of
the 15 wt%Co/10 wt%K/ALO; catalyst in the FB reactor under reac-
tor pressure of 8 bar and space velocity in the range of 2,700-5,200
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h™' after 10-15 h of reaction to obtain a steady-state activity, are sum-
marized in Table 2.

To avoid the effects of deactivation, fresh catalysts were loaded
for all experiments. To achieve isothermal conditions in the cata-
lytic bed, the catalysts were diluted with an inert material (quartz).
Axial temperature distribution was ensured using Mear’s criterion
[24,25] with L/d,>50. In addition, plug-flow was assumed for the
gaseous feed. The experimental reaction rate was determined by:

Rate of CO conversion

_ (fractional conversion)x(input flow rate of CO)
weight of the catalyst

M

4, Optimization Method

To estimate the parameters of the kinetic model, the Levenberg-
Marquardt (LM) algorithm still plays an important role. A non-linear
regression algorithm of LM was utilized to fit the rival rate expres-
sions to the experimental results by minimizing the summation of
the squares of the differences as follows and estimation of the reaction
rate constants:

N r;’xp _ rfa 2
f=z(r—) @
The discrimination between the rival models is based on the mean
absolute relative residuals (MARR), which are calculated by:
Negp /] _ ucal
MARR = Lz(‘r—rh %100 ©)

exp

T;

expil

The rate of models yielding negative adsorption coefficients was
excluded and estimated kinetic parameters should have a physical
relevance. The R? value (reflects the amount of variance) and root
mean of standard deviation (Rmsd) of the involved rate measure-
ment are reported as measure of the goodness of fit:

o=

| RS
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réh, and iy, indicate the experimental and calculated CO conver-
sion rate from each kinetic model in 7th data point, respectively, and
N,,, clarify the number of experimental data points with pure error
variance o

RESULTS AND DISCUSSION

1. Development of Kinetic Equations

The mechanism of the hydrocarbon formation during the FTS
has been reviewed and discussed by several authors [11-19]. The
most important growth mechanism for the hydrocarbon formation
is the surface carbide mechanism by CH, insertion. To derive the rate
equations that should be adjusted with the data provided in Table 2,
the LHHW model was used to obtain the kinetic models. Accord-
ing to this theory, a reaction mechanism should be adopted. Four
mechanisms were offered on the basis of various monomer forma-
tion (elementary reactions) and carbon chain distribution pathways.
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Table 3. Elementary reactions mechanism set for FTS

Model Number Elementary reaction

CO+s<>COs
COs+s<>Cs+0s
H,+2s<>2Hs
Cs+Hs<>CHs+s
CHs+Hs<>CH,sts
Os+Hs—HOs+s
HOs+Hs—H,0s+s
H,0+s—H,0s

FT-1

0 3N L AW =

CO+s<>COs
COs+s<>Cs+0s
Cs+H,—CH,s
Os+H,—H,0s
H,0+s—H,0s

FT-II

[ N S R S

CO+s<>Cos
H,+2s<>2Hs
COs+Hs<>HCOs+s
HCOs+Hs<>Cs+H,0s
Cs+Hs<>CHs+s
CHs+Hs<>CH_s+s
H,0+s—H,0s

FT-II

NN R WD~

CO+s<>COs
COs+H,<>H,COs
H-COs+ H,<>CH,s+H,O
H,0+s—H,0s

FT-IV

B W N =

Table 4. Reaction rate expressions for the FTS, ry; (mmolg_,h™)

Model of rate controlling  Kinetic equation

FT-I1 kPco/(1+aPo+bPy%)
FLI3 kP,./(1+aP2+bP}2y’
FTI4 KPL2P2/(1+aP2+bPY:
FT-I5 KPPy /(1+aPlPy  +bPL)
FT-II1 kPoo/(1+aPi2)

FT-1I3 KPP, /(1+aPe)

FT-II1 kPeo/(1+aPeo+bP))"
FT-112 kP, /(1+aPq,+bP;)"”
FT-I1I3 kPeoP2/(1+aPeo+bPpt)"”
FT-1114 kPcoPy/(14+aPco+bP;?)"”
FTIVI kPco/(1+aPco)

FT-IV2 KPcoPy/(1+aPco)

FT-IV3 kP.oP;, /(1+aP )

The elementary reactions, which have been settled on sites for dif-
ferent models are listed in Table 3.

To derive each kinetic model, first one elementary reaction (in
some cases two or three) was assumed as the rate-determining step
and all other steps were considered at equilibrium state. Then, all
of the models obtained were fitted separately against the experimen-
tal data. In the interest of conciseness, only certain selected kinetic
models are reported in Table 4.

For example, derivation of the rate equation for FT-IV2 is explained
here. For doing this work, the FT-IV2 step is considered as the de-
terminant rate of reaction and its reaction is assumed as irrevers-
ible. The other steps can be considered as quick and at equilibrium.

The rate expression for the FT-IV2 model, where adsorbed CO
reacts with molecular hydrogen as determinant rate of reaction, can
be stated as irreversible adsorption by:

Lo K0Py, ©6)

where —, is the rate of disappearance of CO, k, is the forward rate
constant for adsorbed CO that reacts with the molecular hydrogen,
Py, is hydrogen partial pressure in the gas phase, and &, is the sur-
face fraction occupied with the associative absorbed carbon mon-
oxide. The fraction of vacant sites, &, can be calculated from the
following balance equation:

OHOot Opcot O+ Oo=1 @]

Hydrogen and carbon monoxide are adsorbed dissociatively on
the cobalt catalyst depending on the catalyst and reaction conditions,
while the extent of dissociation of CO is varied [26]. However, CO
is adsorbed more strongly than hydrogen [27]. In this case, it is as-
sumed that only CO occupies the major of total number of sites.
Other species were assumed to be negligible in the stoichiometric
balance:

Ot 0o=1 ®

The surface coverage of carbon monoxide is calculated from the
site balance, and the preceding reaction steps, which are at quasi-
equilibrium:

ki

CO+S COs C)

k\Poob—Ki, 4,005=0 (10)

=K Pobs an
_k

K - k 1, des

where K is the equilibrium constant of CO adsorption step. By sub-
stituting Eq. (11) into Eq. (8), the ratio of free active site can be ex-
pressed as follows:

1

Os= 1+K,Pey

12)
Finally, by substitution of the vacant sites fraction in Eq. (6), the
final rate expression is obtained as follows:

= kZKIPCOPH: — kPCOPH:
7 14K/,Po, 1+aP

(13)

Table 4 summarizes the final form of the different rate expressions
for the 13 possible kinetic models, whereas Table 5 shows the kinetic
and adsorption parameters for the several kinetic models. It can be
seen that the pressure dependency of CO and H, is in the range of
1/2to 1, and 1/2 to 2, respectively. The denominator is quadratic in
case of a dual-site elementary reaction, in contrast to a single-site
rate-determining step. The denominator consists of the individual
contributions of signicantly plentiful species on the catalyst surface.
In addition, the power law kinetic equation for the carbon mon-
oxide rate was considered for comparison with the experimental

Korean J. Chem. Eng.(Vol. 29, No. 3)
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Table 5. Parameters and mean absolute relative residuals (MARR) for the FT Kkinetic models

Model of rate controlling k (x) (mmol g™' h™' bar®) a (x) (bar") b (x) (bar®) MARR (%)
FT-I1 k (=1 (kK Ky/ky)'"? (—=1/2) K4 (=1/2) 13.3
FT-13 ks (=1) (kK Ky/k)'"2 (= 1/2) Ki* (=1/2) 12.7
FT-14 (k kK KK5) (-1) (kK Ky/kg)? (1) Ki* (=1/2) 11.9
FT-I5 (kskK KK )2 Ki*(—5/4) (kK Ko/ksK )2 k3™ (—1/4) K* (-1/2) 27.4
FT-II1 k (-1 (KKK /k3)2 (—1/2) 24.0
FT-1I3 (ksk,K K,)" (-3/2) (KKK /k3)2 (—1/2) 10.9
FT-III1 k (-1 K, (-1) k) (~1/2) 16.3
FT-I112 k, (-1 K, (-1) k2 (-1/2) 21.5
FT-III3 (kK K" (=3/2) K, (-1 k2 (-1/2) 19.1
FT-1114 (kK K,K5) (-2) K, (-1 k2 (=1/2) 11.8
FT-IV1 k (-1 K, (-1 18.8
FT-IV2 kK, (-2) K, (-1 9.2
FT-IV3 KKK, (-3) K, (-1) 13.6
data. eter of the kinetic models and a number of statistical indicators are

Yang et al. [14] and Zennaro et al. [19] obtained empirical rate
expressions for supported cobalt catalysts using a fixed-bed reactor
via regression of a power-law equation in the general form of:

E m n
—reo=koexp (—)PCOP ,

RT (14)

where P, stands for partial pressure of carbon monoxide, k, stands
for the reaction rate constant, E for the activation energy of CO con-
sumption, m for the reaction order of CO and n for the reaction order
of H,.
2. Model Parameters and Model Discrimination

CO consumption rate was obtained from the data provided in
Table 2 by using the differential method of data analysis. The kinetic
data presented in Table 2 for CO conversion were used for testing
the power law equation and thirteen models listed in Table 4. The
least square method and non-linear regression analysis based on
the summarized values in Table 2 are used to determine the power-
law equation parameters and kinetic model parameters from the
experimental data provided in Table 3. Arrhenius and adsorption
equations were substituted in kinetics models: Egs. (15) and (16)
were substituted for k and a, respectively.

k=koexp (ﬁ)

a=a exp(—
0
RT

Considering the different surface reaction mechanisms and rate
determination steps, 13 kinetic models (see Table 4) were obtained
and evaluated. The rival rate expressions of Table 2 were fitted to
the experimental data by minimizing the relative variance. The param-

15)

(16)

listed in Table 5.

Table 5 shows the parameters and mean absolute relative residu-
als (MARR) for the FT kinetic models. It can be seen that the FT-
1V2 model has the lowest relative variance among the other mod-
els that have been used in the present study. Thereupon, the FT-IV2
model that has the minimal MARR value fits the experimental data
well and has less deviation from the experimental data. Therefore,
they are best fitted by an LHHW approach rate form —.,~(kP.,P.,)/
(1+aP,) with combined enol/carbide mechanism as the rate-con-
trolling step, where the obtained activation energy is equal to 138.5
kJ/mol.

Fig. 3 shows a comparison between the experimental data and

0.03 =
o e,
0.025 1
= +1 Wf/' .
8 002 1 %
=2 0015 A
E L
= i Y P
S, 001
4
0.005 %
0 . . . . T
0 0005 001 0015 002 0025 003

-Too®*P (mol/gr cat. h)

Fig. 3. A comparison between the experimental data with predicted
results of the FT-IV2 model equation.

Table 6. Values of the kinetic parameters, activation energy and heat of adsorption of CO with various equations

Equation k, (mol-gCat™'-h™"-bar") E (kJ/mol) a, (bar®) AH (kJ/mol) m(-) n(-)
FT-IV2 7.49x 10" 138.5 1.00 -25.56
*Power law 1.87x10° 87.39 1.32 1.42

x:a=-2,b=-2.74

March, 2012
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predicted results of the FT-IV2 model. The solid line in the figure
denotes that calculated —r,,, is equal to the experimental one and
dotted lines over and under the solid line represent 11% deviation.
The experimental results were found in good agreement with the
optimal kinetic model showing about 11% deviation.

The data of this study are fitted fairty well by a power law equation
in the form of —r,,=1.87x10%xp((~8.74x10'YRT)Ps;, P;*. The
R value has been obtained as 0.99, which shows the power law
equation is well matched with the experimental data. Table 6 shows
the kinetic parameters calculated for the kinetic FT-IV2 model and
power law equation. The activation energy is different for the two
proposed models. It may be due to the other constant coefficients,
which affect the activation energy of power law equation signifi-
cantly.

CONCLUSION

Cobalt-potassium catalyst was prepared by impregnation method
and the experiments were carried out in a stainless steel microreac-
tor. The kinetic model of FTS reaction over a well-characterized
15%wtCo/10%wtK/ALO, catalyst, which is used as an optimized
catalyst of the process, was studied. The data of this study are best
fitted by the simple LHHW approach rate of the form —1.,~(kP.,P,.)/
(1+aP.,). The values of kinetic constants were obtained and the
activation energy was found equal to 138.5 kJ/mol for the best model.
The data are fitted fairly well by a power law equation in the form
of —1.,=1.87x10%xp((—8.74x 10"YRT)P¢; P>

SYMBOLS
: length of catalytic bed [m]

: particle diameter [m]
H, :heat of adsorption of component I [kJ/mol]

o
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