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Abstract—This paper addresses the development of a mathematical model for a fixed-bed reactor where the Fischer-
Tropsch synthesis reaction takes place. The model includes the consumption rate of carbon monoxide and the production
rates for paraffin and olefin chains (up to the length of 47). The kinetic parameters are estimated using the experimental
data under various experimental conditions with the effect of temperature, space velocity, the composition of feed mix-
ture and pressure included. The simulation results with the estimated parameters predict the CO conversion, methane
selectivity, paraffin selectivity and the entire distribution of hydrocarbon products satisfactorily. A further investiga-
tion on the effect of operating conditions shows that the ratio of hydrogen to carbon monoxide and the pressure are
the effective variables for the determination of the entire distribution.
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INTRODUCTION

Fischer-Tropsch (FT) reaction is hard to predict due to its severe
heat generation and complex reaction mechanism. Since the con-
version and the selectivity to high value added chemicals are very
low, the FT process has been commercialized in locations where
the supply of crude oil is very limited. Due to the skyrocketing oil
price, however, interest in the development of the liquid fuel pro-
duction process has increased, and the reinforced environmental
regulation necessitates the production of clean liquid fuel with lower
sulfur content. Therefore, research effort has been focused on the
development of XTL processes which are composed of the syngas
(CO and H,) generation and FT process.

FT reaction produces hydrocarbon chemicals from the syngas
via the following main reaction pathways:

Paraffin formation: nCO+(2n+1)H,—C H,,.,#nH,0 )

@

It is well known that VIII group metals can be used as a catalyst
for FT reaction [1,2]. As noble metals such as Rh, Ir, Pt and Pd are
less reactive than non-noble metals such as Fe and Co, most of re-
searches are conducted using Ru, Fe, Co and Ni, among which Ru
and Ni are inadequate for the commercial processes because Ru is
too expensive and Ni is transformed to nickel carbonyl form under
high pressure conditions. Vannice [1] reported that the average mole-
cular weights were decreased in the order of Ru>Fe>Co>Rh>Ni>
Ir>Pt>Pd. The Fe-based catalyst is inexpensive compared to Co-

Olefin formation: nCO+2nH,—C,H,,+nH,0O
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based one and is known to be less sensitive to impurities included
in the syngas (for example, sulfur). In addition, it can be applied to
the process with low H,/CO ratio. It is worth noting, however, that
the deactivation proceeds more rapidly for Fe-based catalyst than
Co-based one.

Zhao et al. [3] have shown that the catalyst system composed of
FeMn-SiO, and K-Al,O; has the highest CO conversion among mixed
catalyst systems composed of FeMn-SiO, and various promoters
such as K-Al,O;, K-SiO,, K-ZSM-5 and K-free. Other than K [4],
Cu [5] and Mn [6] were also suggested as a good candidate for the
co-catalyst. On the basis of the above features, K/Fe-Cu-Al cata-
lyst has been prepared and tested for the activity in this study.

Many research works have been conducted for the development
of kinetics on Fe-based Fischer-Tropsch synthesis (FTS) reaction.
However, since little is known about the detailed mechanism, no
exact kinetic model has been developed yet. It is reported that the
promoted Fe catalyst shows higher water-gas-shift (WGS) activity
than unpromoted Fe catalyst [7], and the high WGS activity causes
the increased rate of water consumption resulting in very little amount
of water. In this case, the inhibition reaction by water can be neglected.
Anderson [8] applied the Eley-Rideal mechanism for the kinetic
rate by assuming competitive adsorption of CO and H,0, and inhibi-
tion by water. This kinetics has been applied by other research work-
ers [9,10], while Huff and Satterfield [11] developed the modified
version where the hydrocarbon is produced via the reaction of hy-
drogen with the adsorbed carbon. With the additional assumption
that the amount of water is negligible, the reaction rate becomes a
first-order equation for the hydrogen while 0" for carbon monoxide
[12,13]. Meanwhile, Ledakowicz et al. [7] showed that the first-order
equation for the hydrogen fails to fit the experimental data, and then
developed the rate equations including the inhibition by carbon diox-
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ide. However, the reaction rates based on the simple mechanism are
inappropriate for the complex multi-component mixtures by the
FTS, and the distributions of paraffin and olefin are distinguished.
Recently, the reaction rates on the basis of more detailed kinetic
mechanisms have been suggested to predict the distribution of paraf-
fin and olefin products [14,15]. Lox and Froment [14] proposed
five elementary reaction sets: (1) adsorption of carbon monoxide,
(2) reaction of hydrogen, (3) formation of hydrocarbon building
block “CH,”, (4) incorporation of the hydrocarbon building block
with one carbon atom into a hydrocarbon intermediate with one
and more carbon atoms, and (5) desorption of hydrocarbon prod-
ucts. Wang et al. [15] augmented the re-adsorption of olefins based

on the experimental results [15-17].
In this study, the activity of K/Fe-Cu-Al is evaluated by using a

lab-scale fixed bed reactor under a variety of conditions, in such a
way that the effect of operating conditions on the distribution of
hydrocarbon product is discussed. Reaction rates by Wang et al.
[15] are applied to a plug flow reactor model and experimental data
are used to estimate the effective kinetic parameters.

EXPERIMENTAL

1. Preparation of Catalysts

Fe-Cu-Al was first prepared by a co-precipitation method. The
pH of the aqueous solution of Fe(NO,),-9H,0, Cu(NO;),"3H,0 and
AI(NO,),'9H,0 was increased to be 7 by adding 0.5 M NH,OH
solution. The slurry was aged at 353 K for 1 h, filtered, and dried at
383 K for 1 day. After adding excess amounts of the aqueous K,CO,
solution on Fe-Cu-Al just dried at 383 K for 1 day, the liquid water
was evaporated and the catalyst was dried at 383 K for 2 days. This
impregnated catalyst was calcined in air at 723 K for 5 h and reduced
in H, at 673 K for 6 h before a reaction. The K/Fe/Cuw/Al mole ratio
was 4/100/6/16.
2. Activity Test

Catalyst activity and kinetic tests were carried out in a small fixed
bed reactor with catalysts that had been retained between 45 and
80 mesh sieves (cf Fig. 1 for the scheme of experimental setup).
For all experiments, catalyst without diluents was contacted with
various conditions and Ar was used as the standard gas. Activity
and selectivity measurements were conducted in conditions such
as 5-20 bar total pressure, 503-523 K, H,/CO ratios of 0.5-2 and

.

Fixed-bed reactor

PR : Pressure regulator
BPR : Back pressure regulator

> <]

(O PR

GC1

Wax trap
GC2

Qil and water trap

Fig. 1. The experimental setup for the Fischer-Tropsch synthesis
reaction over Fe-based catalyst.
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Table 1. Experimental conditions

Case Temperature SV  H,/CO Pressure Remarks
number K] [h'] ratio [bar]

1 503 1500 2 10 SV
2 503 1900 2 10
3 503 2300 1.5 10 H,/CO ratio
4 503 2300 2 10 Ref. at 503 K
5 513 2300 1 10 H,/CO ratio
6 513 2300 1.5 10
7 513 2300 2 5 Pressure
8 513 2300 2 10 Ref. at 513K
9 513 2300 2 15 Pressure

10 513 2300 2 20

11 523 2300 05 10 H,/CO ratio

12 523 2300 1 10

13 523 2300 1.5 10

14 523 2300 2 10 Ref. at 523 K

1,500-2,300 h™" space velocities. The detailed description of experi-
mental conditions can be found in Table 1. The effluent gas composi-
tion was determined through gas chromatographic analysis (M600D)
with a thermal conductivity detector (TCD, carbosphere column)
and a flame ionization detector (FID, poraplot Q column). The CO
conversion, CO, selectivity, hydrocarbon (HC) selectivity, CH, se-
lectivity, C2-C4 selectivity and C5+ selectivity were calculated by
using the following formulas:

. _[€O],,—[COlou
CO conversion (%)= [COl. x100 3)
CO, selectivity (%)= [COow__ 100 )

[COl,~[COl..

- _[CO],—[CO],,—[CO;],.,
HC selectivity (%) = [COL—[COL. x100 )

[CH.low

CH, selectivity (%)= [CO].—[COl.,—[CO.]
in out 2dout

x100 ©)

zi(CIHZI + CIH21+2)

C2-C4 selectivity(%)=[co':]2 TN %100 7
in~— out ™ 2dout

C5+ selectivity (%)

[HC]mAr - [CH4]DM - zi(CiHm + CiHmz)

_ =2
- [HCL,, *100 ®

And the liquid products were analyzed through gas chromatographic
analysis (HP 6890) with an FID (HP-5 column).

MATHEMATICAL MODEL

Wang et al. [15] proposed a detailed reaction mechanism for Fis-
cher-Tropsch synthesis (FTS) over an industrial Fe-Cu-K catalyst,
where the olefin re-adsorption mechanism has been additionally
augmented to the kinetics proposed by Lox and Froment [14]. The
assumptions include different sites for FTS reactions and water gas
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Table 2. Elementary steps for FTS reaction [15]

Expression of rates or

No. Elementary reaction of FTS s
equilibrium constants
2
SO H,+2x<2H -k 0=[H'K]2
P[]
S1 H-x+CO<H-x-CO ro,1=kPeo[H- k]
[H- & C]Py0
H-x-CO+H,<H-x-C+H,0O K, = s
S2 K 2o H-K 2 2 [H-x-COIP,,
[H- k- CH,]
S3 x-C+H,H-x-CH, 3 [H-xCIPy,
[CH;- 4]
H-x H.- =3 A
S4 k- C,>CH;s -« 4 [H- - CH,]
S5 CH; - x+H,~CH,+H- Kk 15 =Ky Py [CH;- k]
S1 C.H,  -k+CO«<C, H,,_ -k CO T, = ki Peo[Com Ha,e - &1
C.iHyoi k- CJPy,
s2 CyHay 6:CO+H, > C, Hy, 1 C+HLO K= [[CH_I'H;_]‘. = C(])]'fif,z
[C.-iHaui - k- CH, ]
H, -k H _H,,,-x-CH K;=-———"—7"=
S3 C,.H. -k C+H,<C, H,,,-x-CH, 3 [C,Ha, . x-CIP,,
[C.Hyi - K]
_H,,,-x-CH H,,..- Ky=——"—
S4 C,.iHy - k- CH, <> C Hyii - K 4 [C.H,, -k CH,]
S5 C.-H,. -k H,>CH,,+H-x 1,5=ksP,[C,Hy, - K]
S6 CH,.i- k> CH,,+H-x T,,6= K[ C,Hy,i1 K1 _k—éPC,,HI,,[H' K]

shift (WGS) reaction, and carbide polymerization mechanism and
formate mechanism for FTS and WGS reactions, respectively. In
their work, the rate determining steps (RDS) for FTS reactions were
determined as both the adsorption of CO and the desorption of hy-
drocarbon products, while the desorption of gaseous carbon diox-
ide via formate intermediate species was shown to be an RDS for
the WGS reaction. In this study, the reaction mechanism proposed
by Wang et al. [15] are used and the elementary reaction steps are
presented in Table 2. The details about the development of reaction
rates are referred to the Wang et al. [15], while the resulting reaction
rates are summarized as follows:

I Puo
KKK, Pf,z

Ren =KsPr 0t /{ n ( 1+

+K31K4i+é)z(n a)} )

i=1\j=1

n

1 PH«O
Rey, =kPu]] o/ 1+(1+ —=
S R { KKK, P,

’ ijpl,,z ¥ 1%)2](1'][ “j} (022) (10)

! 1 PHO
Ren =ko(1-4, / 1+<1+ -
e, =Ko ﬂ’)/l:l[% { K,KK, P,

+ K}Kd;l; + é}Z(H 04]} (>2) a

i=1\j=1

R(u:kv<PmPH;o/P?i—Pcozl(ji}f/KP) (12)
1+ K‘,PCOPH;O/PH;

where
aa=k\Pco/(K\Peo+ksuPu) (13)
o=k Pco/(KiPco+ksPy, +ke) (14)
,=K,Peo/{kPeot kP +ke(1-5,)} (15)
A= l;: kP P;Hm i
a’ <2 : Y 'Pe,, )

kiPeotksPy, kiPcotksPu+kei
(16)

It is assumed that the maximum chain length of hydrocarbons is
47 and water-gas-shift (WGS) reaction equilibrium constant (K,) is
specified as follows [18]:

1K, = 5078.0

~5.9+(1.4x107°T) - (2.8x107°T?) ()

Since the L-to-D ratio of a lab-scale fixed-bed reactor used in the
experiments is very large and the mass transfer resistance is neglected
due to the small size of the catalyst particle, one-dimensional pseudo-
homogeneous plug flow reactor model is used to simulate the reac-
tor as follows:

d(u,c)

NR
Mass balance: iz P52, 06, R=0 (18)
j=1

NR
Energy balance: d(uj%oﬁ =y (—AH)R;+ A})—U(TW— T (19

j=1
Boundary conditions: ¢;=c,; T=T,, at z=0 (20)
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Here, u,, 05, 0., R, and ¢, represent the linear velocity, bulk and gas
densities, reaction rate and stoichiometric coefficient, respectively,
and other symbols are referred to the “Nomenclature’. Heat capac-
ity (C,) and reaction enthalpy for the reaction j (AH,) are assumed
to be constant, and thus the values at 513 K have been used. The
values of C,, AH, and gas density of component i (0, ) are available
in a process simulator (UniSim Design Suite, Honeywell Inc.).

It is worth noting that the occurrence of any internal pore dif-
fusion limitation is determined on the basis of the Weisz-Prater cri-
terion, where the dimensionless Weisz-Prater parameter (C,;) is
calculated as follows:

2
Ty, 0650 z'Rc

Cr="p.C,

@n
where -1, is the rate of the reaction in mol/kg of catalyst/s and
0. 1s the catalyst density in kg/m’. R, D,4, and C, represent the effec-
tive radius of the catalyst (the ratio of catalyst pellet volume to the
surface area of catalyst) in m, the effective diffusivity in m%/s and
the limiting reactant concentration in the mixture in mol/ci’, respec-
tively. If the Cy;» is much greater than unity, a strong resistance to
internal pore diffusion exists, resulting in a concentration gradient
from the catalyst surface to its pores [19]. Since the values of C,,
for all experimental conditions are calculated lower than 0.01, it is
assumed that there is no internal diffusion limitation.

RESULTS AND DISCUSSION

1. Parameter Estimation

To estimate kinetic parameters, hydrocarbons with their chain
length between 8 and 47 (C4-C,,) were taken into account because
carbon numbers higher than 10 are of interest in this study. In addi-
tion, the CO conversion, CH, selectivity (¢f. Eq. (6)) and paraffin
selectivity (fraction of paraffins over total amount of hydrocarbons)

Table 3. Estimated values of kinetic parameters

Y. H. Kim et al.

were included in the estimation and, thus, the following objective
function was defined:

2 2
(s s=Prce’ ( Prcs=Puc)
P

0,cae= O\’ Oucate = Ohe)’
+<w2 it e P R L sl

n,exp

Xeate=Xep)’ Sctucate = Sciuen)’
+(W3 I p) +(w, CH,ycal CH, p)

exp S(,‘H4,exp

W, exp

Fu=53 @

2
(St Seer)
P,exp

where P,/P,, and O,/O,, represent the number-/weight-averaged chain
length of paraffins and olefins, respectively, while X, S, and S,
denote the CO conversion, methane selectivity and paraffin selec-
tivity at the exit of the reactor, respectively. Subscripts ‘calc’ and
‘exp’ mean the calculated and experimental values, respectively,
and w; is a weighting factor.

The temperature dependence of kinetic parameters is as follows:

k=koer ~Fr- 7|

K(-Ker (-]

The parameters (k; , and K ,) at the reference temperature, acti-
vation energies, and enthalpies are scaled in the form of Y, .., Vuena/
Yeeaingacio 10 OFder to reduce the statistical correlation and to prevent
the ill-conditioning problems resulting from the differences of the
orders of magnitude between parameters. The reference tempera-

@3)

@4

ture (T,) is specified as 513 K.
Since each experimental condition produces seven data points
(CO conversion, methane selectivity, paraffin selectivity, two types

Parameter Dimension Estimate Note

Ky o mol/(g-s-bar) 4.78x10° CO adsorption

E, J/mol 1.09x10°

Ko mol/(g-s-bar) 2.24x10° Methane formation

E., J/mol 8.38x10*

ks o mol/(g-s-bar) 1.09%10’ Paraffin formation

E; J/mol 1.34x10°

Ke.0 mol/(g-s) 1.78x10’ Olefin desorption reaction

E J/mol 1.29x10°

K, o mol/(g-s-bar') 1.71x10™* CO, formation (WGSR)

E, J/mol 2.61x10*

k.o mol/(g-s-bar) 3.12x107 Olefin re-adsorption reaction
E J/mol 1.11x10*

K, bar™? 3.03x107! Group of constants in WGSR
K., - 2.14x107"° The hydrogenation of the adsorbed CO
—AH, J/mol 7.24x10*

K., - 1.53x107 The hydrogenation of H-x-C
—AH, J/mol 2.39x10*

K., - 9.33x107 The hydrogenation of H-&xCH,
—AH, J/mol 1.56x10*

November, 2009
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of average chain lengths for paraffin and olefin) and the number of
experimental condition is 14, total 98 points are used in the nonlin-
ear data-fitting procedure. The objective function, Eq. (22), is mini-
mized by using the Isqcurvefit subroutine in the MATLAB (The
MathWorks, Inc.) where the Levenberg-Marquardt method is applied.

The numerical integration of Eqs. (18) and (19), which is required
during each iterative step in the nonlinear regression, is performed
by the ODE solver, odel5s implemented in the MATLAB. It is noted
that the state variables of ODE’s are also scaled using the value under
a reference condition (condition number 8 in Table 1) to avoid ill-
conditioning,
2. Estimation Results and Discussion

Table 3 shows the estimated values of kinetic parameters in this

(a) 503K 513K i 523K
1.0 + +
: °. o ®
0.8 | I e |
s 4 : . : 4
<) 0,6‘ A ] I A
2 ® e ¢ ® i
g 1 A o *
15} 04 F : A :
o 1P A
© 02 H @ exp : :
A calc || :
0.0 T T =1 | 1 1 1 1 P 1 1 1
1 23 45 6 7 8 91011121314
®) 5,
® exp
e A 1
S 15t cae ®
)
=
15 10 o @
¥
2 e " o
~ [
= Sk A A Py
@] ¢ b A ® ° A
A A
0 1 1 1 1 1 1 L 1 L + 1 L
1 2 3 45 6 7 8 91011121314
(c)
100
g e O [
~ 80 ® ¢4 Y LI
T A a®, %0 *
5 60 F T, A 4
2 A A
2 40 L o A A o 4
g A
& 20| @ exp
& A calc
0 I 1 1 L 1 L 1 1 L 1 1

1 23 45 6 7 8 910111213 14
Cases

Fig. 2. Comparison of (a) CO conversion, (b) CH, selectivity, and
(c) paraffin selectivity between the experimental data and
the simulation values with the estimated kinetic parameters.

study. All the weighting factors for the components of the objec-
tive function are specified as unity. The rate constants for the CO
adsorption (k;) and olefin re-adsorption reaction (k_4), and the equi-
librium constants for the hydrogenation of the adsorbed CO (K,),
the hydrogenation of H-xC (K;) and the hydrogenation of H-
CH, (K,) are estimated in the function of the temperature to im-
prove the performance of the estimation, while they are fixed at
constant values in Wang et al.’s work [15]. It should be noted that
the activation energy of paraffin formation (cf. E; in Table 3) is lower
than that of olefin desorption reaction (cf. E, in Table 3) [14,15].
For paraffin formation, the values reported in the literature are be-
tween 80 and 95 kJ/mol [14,15,20,21] and it is determined as 134
kJ/mol in our study. The activation energy for the olefin desorption
reaction in our study is 129 kJ/mol, which is similar to the values
of 111.04 kJ/mol [15] and 132.3 kJ/mol [14]. However, the other
parameters have been estimated within the range of physico-chem-
ically reasonable values.

Fig. 2 shows the comparison of CO conversion, methane selec-
tivity and paraffin selectivity between the experimental data and
the simulation data using the estimated kinetic parameters. It is shown
that the predictions by simulation are in good agreement with the

experimental data. The average error defined as T.avg.error [%] :Z|

Ve Yi.ca) Vi, ep| 100 is 19.08%, 42.44%, and 24.43% for CO con-
version, methane selectivity and paraffin selectivity, respectively
while the standard deviation of errors [%] is 19.25%, 29.01%, and
13.03%.

The calculated values of the number- and weight-averaged chain
length of hydrocarbon products are shown in Fig. 3 with the experi-
mental data. Weight-averaged values are fitted to the data very well,
while little deviation is observed for number-averaged chain length.
However, it can be seen that the model can predict the entire dis-
tributions of hydrocarbon products satisfactorily under most exper-
imental conditions (¢f’ Diagrams (a) to (d) in Figs. 4, 5, 7 and 8).
The average errors are 16.82%, 16.91%, 11.22% and 17.54% for
P, P,, O,, and O,, respectively, and their corresponding standard
deviations of errors are 10.75%, 10.51%, 6.60% and 13.15%.

The effect of temperature, space velocity, feed ratio and pressure
on the product distribution can be evaluated from the experimental
data and the simulation results. On the basis of experimental results,
the effects of operating conditions, when they are increased from
the reference condition, on the properties of hydrocarbon products
are summarized in Table 4.

When the temperature is increased, diagram (e) of Fig. 4 shows
that the CO conversion at the exit of the reactor is increased be-
cause of the increased reaction rate resulting from the increased tem-
perature inside the reactor (¢f’ Diagram (f) of Fig. 4). In the case of
average chain length, high temperature leads to the decrease of chain
length (¢f’ Diagrams (b) and (d) of Fig. 4). As a result, the fraction
of gasoline (C5-C11) is increased while those of diesel (C12-C18)
and wax (>C24) are decreased. The selectivity of C5+ is decreased
as shown in Table 4.

The effect of the space velocity (SV) is shown in Fig. 5. The space
velocity (SV), which is defined as the ratio of flow-rate to catalyst
weight, is varied by adjusting the catalyst weight and fixing the flow-
rate. Therefore, the increased space velocity (i.e., the decreased amount
of catalyst weight) corresponds to the short packing depth. As shown

Korean J. Chem. Eng.(Vol. 26, No. 6)
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Fig. 3. Comparison of (a) number- and (b) weight-averaged length of paraffins, and (c) number- and (d) weight-averaged length of olefins
between the experimental data and the simulation values with the estimated kinetic parameters.
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Fig. 4. The entire distribution of hydrocarbon products when the temperature is varied with P=10 bar; H,/CO=1.5, and SV=2300 h™". (a)
Experimental data and (b) simulation values for paraffins; (c) experimental data and (d) simulation values for olefins; the evolution
of (e) CO conversion and (f) temperature over the reactor axis (simulation results).
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Fig. 5. The entire distribution of hydrocarbon products when the space velocity is varied with T=503 K, P=10 bar, and H,/CO=1.5. (a)
Experimental data and (b) simulation values for paraffins; (c) experimental data and (d) simulation values for olefins; the evolution
of (e) CO conversion and (f) temperature over the reactor axis (simulation results).
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P=10 bar, and H,/CO=1.5. The values of SV are (a) 1,500 h™', (b) 1,900 h™" and (c) 2,300 h™ for paraffins, and (d) 1,500 h', (b)
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mental data and (b) simulation values for paraffins; (c) experimental data and (d) simulation values for olefins; the evolution of (e)
CO conversion and (f) temperature over the reactor axis (simulation results).
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Table 4. Effect of operating conditions on the conversion and the distribution hydrocarbon products

CO conversion Selectivity (C-mol%) O/(0+P)

(C-mol%) CO, HC CH, C2-C4 C5+ in C2-C4
Temp. T T 2 T T 2 2
Y \2 \2 T \2 \2 \2 T
H,/CO T * * * * % «
Pressure T T l d d T l

T and | represent the increase and the decrease, respectively, while * means the complex behavior

in the diagrams (a) to (d), the entire distributions of hydrocarbon
products under different SV’s are overlapped. This is because the
conditions of same flow rates result in the same profile of reaction
rates along the reactor axis; this feature can be observed in Fig. 6,
where the evolution of reaction rates along the reactor axis is pro-
vided. It is shown that the shape of the reaction rates curve at the
inlet of the reactor is maintained until the exit of the reactor (see
the locus of peak reaction rate along the reactor axis is unchanged).

The ratio of hydrogen to carbon monoxide influences the reac-
tor dynamics and product qualities significantly. As shown in Fig. 7,
the increased ratio results in increased CO conversion and decreased
peak temperature, when total flow rate is unchanged. However, the
values of yield (inlet CO molar flow rate times CO conversion) are
almost equal for different ratio (9.67e-5 mol/min for H,/CO=1; 9.64e-
5 mol/min for H/CO=2). In other words, one can expect a safer
operating environment if the ratio of H, to CO is increased, in the
sense of operating temperature. In addition, the benefit of increased
hydrogen amount is observed in the distribution of hydrocarbon
products. Since the amount of wax is decreased with increasing hy-
drogen ratio, the load in the post-process (that is, hydro-cracking
process) is diminished and a clogging problem may not take place
in a relatively narrow tube reactor as well as a pipe.

The effect of pressure is also significant. The increased pressure
results in the increased CO conversion, but the peak temperature is
increased. It is shown that the fractions of oil and wax are increased
at the same time. In conclusion, the change of pressure is effective
for the increased production of oil, but the increased amount of wax
and the high peak temperature may cause several problems in large-
scale production.

It is worth noting that, under all experimental conditions, the pre-
dictions of the fraction of hydrocarbons with high chain length (>~30)
deviate from the experimental data. Although the overall chain growth
factor (¢;,) used in this study is intrinsically correlated with carbon
number (n) due to the consideration of the re-adsorption of olefin
products [15], the dependence of the chain growth rate on the car-
bon number is not completely taken into account. If one makes the
kinetic parameters for propagation and termination rates to be a func-
tion of carbon number to consider the effect of steric hindrance due
to the high chain length, the experimental data for high chain length
will be predicted better. However, since the prediction of the amount
of wax is beyond scope, this approach has not been conducted in
this study.

CONCLUSIONS

A mathematical model for Fischer-Tropsch synthesis by an Fe-

based catalyst has been developed and kinetic parameters have been
estimated. Experimental data are produced by using a fixed-bed
reactor under a variety of experimental conditions to make the data
include a great deal of information about the dynamic behavior of
a reactor and the distribution of hydrocarbon products. Estimation
is conducted by fitting the experimental data, and the results show
that the predicted values of CO conversion, methane selectivity,
paraffin selectivity and the entire distribution of hydrocarbon prod-
ucts are in good agreement with the experimental data.

The developed model is used to evaluate the effect of operating
conditions, and it is shown that the ratio of hydrogen to carbon mon-
oxide in the feed mixture and the pressure play a key role in the
determination of the entire distribution. Especially, the H,/CO ratio
is the most sensitive factor for the product quality in the sense that
it increases the amount of light hydrocarbon and decreases both the
amount of wax and the peak temperature inside the reactor. In con-
clusion, the developed model can be further used for the scale-up of
a Fischer-Tropsch synthesis reactor and the determination of optimal
operating conditions under which both maximum production rate
and safe operation can be guaranteed.
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NOMENCLATURE

: number of carbon

: specific heat for the bulk gas phase [J/kg K]

: tube diameter, m

: activation energy of paraffin formation [kJ/mol] (n>2)

: activation energy of methane formation [kJ/mol]

: activation energy of olefin formation [kJ/mol] (n=2)

, :activation energy of WGS reaction [kJ/mol]

F,, :objective function

—AH,: enthalpy of the hydrogenation of the adsorbed CO [kJ/mol]
—AHj;: enthalpy of the hydrogenation of H-&-C [kJ/mol]

—AH,: enthalpy of the hydrogenation of H-x~CH, [kJ/mol]
—AH, : enthalpy of constants group in WGS reaction [kJ/mol]
(=AH); : reaction heat of j th reaction [J/mol]

K, :equilibrium constant of the hydrogenation of the adsorbed
CO

moao=

=Y

o
<
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: equilibrium constant of the hydrogenation of H-x~C

: equilibrium constant of the hydrogenation of H-x~CH,

: group of constants in WGS reaction [bar *°]

: equilibrium constant of WGS reaction

: maximum carbon number of the hydrocarbons involved

: total number of reaction involved

: number-averaged chain length of olefins

: weight-averaged chain length of olefins

: partial pressure of component i [mol/s]

: number-averaged chain length of paraffins

: weight-averaged chain length of paraffins

: overall reaction rate of reaction path j [mol/g-s]

: temperature [K]

: inlet temperature [K]

: wall temperature [K]

: overall heat transfer coefficient [J/m*-s-K]

: CO conversion

: concentration of component

: rate constant of CO adsorption [mol/g-s-bar]

: pre-exponential factor of CO adsorption [mol/g-s-bar]

: rate constant of methane formation [mol/g-s-bar]

sio - pre-exponential factor of rate constant of methane formation
[mol/g-s-bar]

s :rate constant of paraffin formation [mol/g-s-bar]

50 - pre-exponential factor of rate constant of paraffin formation
[mol/g-s-bar] (n>2)

ke  :rate constant of olefin desorption reaction [mol/g-s]

ks, :pre-exponential factor of rate constant of olefin formation

[mol/g-s] (n=2)

fola

Z
g2rn

=

v00Z

o T
T

£ FOe xXxCAAALRm
S S E '

~~
°

~ =~

k,  :rate constant of CO, formation [mol/g-s-bar'’]
k,, :pre-exponential factor of rate constant of CO, formation [mol/
g-s-bar']

k., :rate constant of olefin re-adsorption reaction [mol/g-s-bar]

k., :pre-exponential factor of rate constant of olefin re-adsorp-
tion reaction [mol/g-s-bar]

ug  : gas velocity [m/s]

w, :weighting factors

z : reactor dimension [m]

Greek Letters

¢, :chain growth factor for carbon number of 1

oy  :stoichiometric coefficient of component i in reaction j
«, :chain growth factor for carbon number of n (n>2)

o, : chain growth probability in the Anderson-Schulz-Flory dis-

tribution

November, 2009

£, :re-adsorption factor of 1-olefin with carbon number of n
x  :active site for FTS reactions

0 : bulk pellet density [kg/m’]

0,  :bulk gas density [kg/m’]
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