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Two kinetic models of Fischer–Tropsch product selectivity have been developed based on

reaction networks from the literature. The models were fitted to experimental data obtained

using commercial iron-based catalyst in a stirred tank slurry reactor and under a wide range

of  process conditions. Results showed that both of the rival models were able to provide

a  satisfactory prediction of the experimental product distribution for n-paraffin, 1- and 2-

olefin.  The simpler of the two models, a reaction network with a single type of active sites and

solubility enhanced 1-olefin readsorption term, was chosen as more adequate for practical

use.
©  2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
ron catalyst

roduct selectivity

lefin readsorption

FT synthesis described in the literature may be classified into
three categories: (1) models for overall reactant consumption,
.  Introduction

ne of the main ways for the production of synthetic hydro-
arbon fuels is the Fischer–Tropsch (FT) synthesis process,
n which syngas is converted into liquid hydrocarbons over

 solid catalyst. Feedstock for the production of syngas can
ome from several sources, so the FT process is an integral
art of the XTL process (XTL = coal-, natural gas-, biomass-
o-liquids). Catalysts used in the XTL processes are based on
ither iron or cobalt. Iron-based catalysts are the catalyst of
hoice for coal-to-liquids (CTL) process, because of their high
ctivity in water–gas shift reaction (WGS) (Botes et al., 2013).
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The two  main reactions occurring over iron catalysts can be
represented as:

FT : CO +
(

1 + m

2n

)
H2 → 1

n
CnHm + H2O (1)

WGS  : CO + H2O ↔ H2CO2 (2)

A considerable amount of work has been done on mod-
eling of FT and WGS  kinetics (van der Laan and Beenackers,
1999a; Zimmerman and Bukur, 1990). The kinetic models of
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(2) models for hydrocarbon product distribution (selectivity
models) and (3) comprehensive (or detailed) kinetic mod-
els that describe both the overall reactant consumption and
hydrocarbon formation rates. The simple reactant consump-
tion models (Zimmerman and Bukur, 1990; Anderson, 1956;
Wojciechowski, 1988; Sarup and Wojciechowski, 1989) are use-
ful for initial design and reactor sizing. However, their inability
to predict product distribution makes them less useful for
more detailed reactor design considerations. This is why sim-
ple FT kinetic models are often used in combination with
selectivity models in order to get the full set of information
about the reactant and product formation rates (Rafiee and
Hillestad, 2012).

The first attempt to describe the FT carbon number
product distribution utilized the concept of polymerization
reaction, which proceeds via addition of a single carbon num-
ber monomer. This is the so-called Anderson–Schulz–Flory
(ASF) model, where mass balance for adsorbed species from
the simplest reaction scheme with n carbon atoms in the
molecule leads to the following equation (Anderson et al.,
1951):

ln(yn) = ln(1 − ˛) + (n − 1) · ln(˛) (3)

where yn is the molar fraction of products with n car-
bon atoms and  ̨ is the growth probability factor. The
ASF model assumes that  ̨ is independent of chain
length, meaning that Eq. (3) results in a straight line
with slope of ln(˛). It should be noted that the ASF
equation does not distinguish between different product
types as for instance 1-olefins, 2-olefins, n-paraffins and/or
branched hydrocarbons. In addition FT product distribu-
tion typically deviates from the ASF prediction in terms
of C1 (higher-than-expected), C2 (lower-than-expected) and
increased growth probability with carbon number (i.e. higher-
than-expected amount of heavy hydrocarbons) (van der
Laan and Beenackers, 1999a; Claeys and van Steen, 2004;
Bartholomew and Farrauto, 2006). These features of the prod-
uct distribution are most often referred to as the non-ASF
behavior.

The first explanations of non-ASF behavior were based on
the so-called double-  ̨ hypothesis, which assumed that two
distinct values of  ̨ exist due to availability of two types of
active sites (Huff and Satterfield, 1984; Dictor and Bell, 1986;
Sarup and Wojciechowski, 1988). The existence of different
oxide phases on Fe-based catalysts reinforced this concept
(Huff and Satterfield, 1984; Dictor and Bell, 1986). However,
observation of non-ASF behavior for Co catalyst, where FT
occurs only on Co metallic sites brought this reasoning in
question (Botes, 2008). Additional feature of the FT product
distribution is that olefin-to-paraffin ratio (OPR) exponen-
tially decreases with carbon number. The double-  ̨ models
typically do not differentiate between paraffin and olefin prod-
ucts, i.e. they only consider total hydrocarbons. A concept
that offered explanation for both OPR and non-ASF features
was olefin readsorption (Herington, 1946; Novak et al., 1982;
Iglesia et al., 1991). The initially formed 1-olefin molecules are
known to participate in secondary reactions, one of which is
readsorption followed by continued chain growth. If 1-olefin
readsortion is set to be dependent of chain length, due to
increase in concentration of 1-olefins with increase in molec-
ular weight, both non-ASF and OPR can be predicted. This

is related to increased residence time of larger molecules,
which in turn is caused by their lower diffusivity, increased
physisorption strength and increased solubility. Most of the
selectivity models in the literature have used this concept and
it provides a good prediction of experimental results (Iglesia
et al., 1991; Schulz and Claeys, 1999; Kuipers et al., 1996;
Zimmerman et al., 1992).

More recently, the comprehensive kinetic models of FT
based on Langmuir–Hinshelwood–Hougen–Watson (LHHW)
approach, as well as models based on single-event method-
ology, have been examined in the literature (Lox and Froment,
1993; Wang et al., 2003; Yang et al., 2003; Teng et al., 2006;
Todic et al., 2013a,b, 2014; Lozano-Blanco et al., 2008, 2011).
However, hydrocarbon selectivity models have significantly
higher precision in predicting product distribution for a
given set of conditions and they have a smaller number
of adjustable parameters than the comprehensive kinetic
models.

The focus of the present study is on development of selec-
tivity models for the prediction of FT product distribution,
including n-paraffins and 1- and 2-olefins. Two models were
derived using reaction networks of different complexity and
including 1-olefin readsorption approach. The first model is
based on the one-site van der Laan and Beenakers’ model
(van der Laan and Beenackers, 1999b) with the extension to
2-olefin formation, and the second model is a two-site model
of Nowicki et al. (2011). Model derivation included a novel
approach, i.e. reparameterization, which reduced the num-
ber of adjustable parameters of both models. In addition,
the VLE calculation was conducted independently in order to
determine the 1-olefin solubility parameter c, thereby remov-
ing the need for estimation of this parameter from the rates
data.

2.  Experimental  procedures  and  results

Commercial precipitated iron FTS catalyst obtained from
Ruhrchemie AG (Oberhausen-Holten, Germany) was used in
this study. This catalyst (designated as LP 33/81) was used
initially in fixed-bed reactors at Sasol in South Africa and its
preparation procedure was described by Frohning et al. (1977).
It has been tested extensively in our Laboratory (Zimmerman
and Bukur, 1990; Zimmerman et al., 1992; Bukur et al., 1990,
1995; Ma et al., 2004), and was also used in previous studies of
the kinetics of FTS by Lox and Froment (1993) and van der Laan
and Beenackers (1998, 1999b). Nominal composition of the cat-
alyst is 100 Fe/5 Cu/4.2 K/25 SiO2 (in parts per weight), whereas,
its composition by atomic absorption spectrometry (AAS) was
found to be 100 Fe/5 Cu/4 K/27 SiO2 (Bukur et al., 1995). Sur-
face area and pore volume of calcined Ruhrchemie catalyst
were 290 m2/g and 0.62 cm3/g, respectively (Bukur et al., 1995,
1996).

Three tests (runs) were conducted in a 1 dm3 stirred-
tank slurry reactor (Autoclave Engineers). Details on the
experimental set up, operating procedures, and product quan-
tification can be found elsewhere (Zimmerman and Bukur,
1990; Bukur et al., 1990, 1996; Olewski, 2008). Briefly, the feed
gas flow rate was adjusted with a mass flow controller and
passed through a series of oxygen removal, alumina, and acti-
vated charcoal traps to remove trace impurities. After leaving
the reactor, the exit gas passed through a series of high and
low (ambient) pressure traps to condense the liquid products.
High molecular weight hydrocarbons (wax), withdrawn from a

slurry reactor through a porous cylindrical sintered metal fil-
ter, and liquid products, collected in the high and low pressure
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Table 1 – Experimental process conditions.

Run MB TOS (h) T (◦C) P (bar) Inlet H2/CO SV (NL/g Fe/h) XCO (%) XH2 (%) Selectivity (HC wt.%)

CH4 C2–4 C5+

1

1 78 260 15 0.67 4.0 54 60 4.6 19.8 75.6
2 101 260 15 0.67 1.7 84 80 5.9 22.2 71.9
3 126 260 15 0.67 9.2 27 39 6.4 27.4 66.2
4 164 240 15 0.67 2.0 39 51 5.2 22.9 71.9
5 215 240 15 0.67 1.0 56 62 5.4 26.7 67.8
6 238 240 15 0.67 5.5 14 25 7.1 28.2 64.7
7b 270 260 15 0.67 4.0 46 54 5.3 22.5 72.2
8 310 240 15 2.00 4.2 46 29 11.2 36.0 52.8
9 368 240 15 2.00 10.8 22 15 10.1 33.9 56.0
10b 505 260 15 0.67 4.0 46 55 4.9 21.2 73.9
11 606 260 22.5 0.67 6.1 36 52 6.0 25.6 68.4
12 654 260 22.5 0.67 1.0 84 81 5.9 23.7 70.4

2

b 55 260 15 0.67 4.0 53.5 61.7 4.1 19.7 76.2
1 92 260 15 2.00 7.1 77 39 10.3 26.5 63.2
2 122 260 15 2.00 10.1 66 34 9.8 26.5 63.6
3 146 260 15 2.00 23.5 41 25 9.7 29.2 61.1
4 191 240 15 2.00 5.8 55 34 8.7 28.0 63.3
5 240 260 25 0.67 6.7 43 60 4.2 21.3 74.6
6 268 260 25 0.67 17.1 20 37 4.9 21.5 73.6
7 313 260 25 0.67 2.0 70 76 5.0 23.7 71.3
b 337 260 15 0.67 4.0 38.3 49.9 4.5 22.5 72.9

3

b 72 260 15 0.67 4.0 55.2 61.1 4.1 20.1 75.8
1 101 220 15 0.67 4.1 11 25 5.0 18.5 76.5
2 143 220 15 0.67 0.5 34 51 4.5 26.7 68.8
3 170 220 15 2.00 9.5 13 12 15.3 36.6 48.1
4 198 220 15 2.00 0.6 72 42 7.3 25.2 67.5
5 238 260 8 2.00 1.5 84 32 14.0 29.0 57.0
6 268 260 8 2.00 9.0 35 21 10.5 30.3 59.2
7 292 240 8 0.67 5.5 9 17 4.7 17.5 77.9
8 318 240 8 0.67 0.7 50 54 3.9 16.5 79.6
b 341 260 15 0.67 4.0 40.8 51.5 3.7 18.2 78.1

Note:  MB – mass balance; TOS – time on stream; SV – space velocity; X – conversion; b – baseline replicate (data not used in parameter estimation).
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raps, were analyzed by capillary gas chromatography (Varian
400 gas chromatograph). Liquid products collected in the high
nd atmospheric pressure traps were first separated into an
rganic phase and an aqueous phase and then analyzed using
ifferent columns and temperature programmed methods

Varian 3400 gas chromatograph). The reactants and noncon-
ensible products leaving the ice traps were analyzed with
n on-line gas chromatograph (Carle AGC 400) with multiple
olumns using both flame ionization and thermal conductiv-
ty detectors.

The Ruhrchemie catalyst (11–25 g) was calcined in air at
00 ◦C and a sample with a size fraction between 140 and
25 mesh (44–105 �m)  was loaded into the reactor filled
ith 300–320 g of Durasyn 164 oil (a hydrogenated 1-decene
omopolymer – C30 obtained from Albermarle Co.). The cat-
lyst was pretreated in CO at 280 ◦C, 8 bar, and 3 NL/g-cat/h
where, NL/h, denotes volumetric gas flow rate at 0 ◦C and

 bar) for 12 h. After the pretreatment, the catalyst was tested
nitially at baseline conditions of 260 ◦C, 15 bar, 4 NL/g-Fe/h
sing CO-rich synthesis gas (H2/CO molar feed ratio of 2/3).
fter reaching a stable steady-state value (∼60 h on stream),

he catalyst was tested at different process conditions (T = 220,
40 and 260 ◦C, P = 8, 15, 22.5 and 25 bar, reactant feed ratios
.67 and 2, and flow rates from 0.52 to 23.5 NL/g-Fe/h result-
ng in a wide range of CO conversions 9–84%). The minimum

ength of time between changes in process conditions was
0 h. In total 25 sets of data at different process conditions
were obtained in three separate runs, involving 10, 7 and 8
mass balances, respectively (note that Run 1 includes 12 mass
balances, where MB 7 and 10 are replicates of baseline condi-
tions). The conditions and selected results are summarized in
Table 1. Mass and atomic closure (C, H, O) were within 100 ± 4
(%).

Initial catalyst activity at the baseline conditions (55–78 h
on stream) was very reproducible in all three tests with the
same batch of catalyst as can be seen from Table 1. Variations
in lumped hydrocarbon selectivity were more  pronounced,
but were not significant. Baseline conditions were periodically
repeated in all three runs in order to assess the extent of cata-
lyst deactivation. Catalyst activity (CO conversion) decreased
in all three runs, but the product distribution was not affected
significantly by catalyst deactivation as can be seen from
data presented in Table 1 and as discussed in more  details
elsewhere (Olewski, 2008; Bukuret et al., 2007). It should be
noted that data presented in Table 1 do not reflect only
changes in product distribution caused by catalyst deactiva-
tion, but also experimental errors associated with collection
of liquid products and wax (mass of products collected) and
their quantification. An appropriate range of catalyst parti-
cle sizes (i.e., diameters of 44–105 �m)  and a high impeller
speed (1200 rpm) were selected to minimize physical trans-
port resistances, allowing for intrinsic kinetic measurements.

The data were analyzed assuming perfectly mixed flow reactor
behavior.
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Fig. 1 – Reaction networks used

3.  Hydrocarbon  selectivity  model  of  FT
synthesis

Hydrocarbon formation reaction rates can be calculated by
considering reaction networks for formation of hydrocarbons.
This calculation can be done separately from the consump-
tion and formation of inorganic components (consumption of
CO and H2, formation of water and the water–gas shift reac-
tion) with an assumption that hydrocarbons are formed on
active sites different than those for the WGS  reaction. This
type of model leads to parameters which lump together reac-
tion rate constants and surface concentrations of reaction
intermediates. Therefore, model parameters will depend on
reaction conditions (temperature, pressure and space velocity)
and need to be estimated for every set of process conditions.
A number of models of this type exist in the literature for
iron-based FT catalysts (Zimmerman et al., 1992; van der Laan
and Beenackers, 1998, 1999b; Nowicki et al., 2011; Nowicki and
Bukur, 2001).

3.1.  Reaction  networks  for  selectivity  modeling

Two hydrocarbon formation models have been considered in
the present study: an expanded model of van der Laan and
Beenackers (1998, 1999b) and a model proposed by Nowicki
et al. (2011). Reaction networks for these two models are
shown in Fig. 1.

van der Laan and Beenackers (1998, 1999b) proposed a sim-
ple scheme (Fig. 1a), which included chain growth, termination
to n-paraffin and 1-olefin and readsorption of 1-olefin fol-
lowed by their continued chain growth. This model is known
as olefin readsorption product distribution model (ORPDM).
They estimated parameters of the model from data obtained
in a spinning basket reactor using the Ruhrchemie catalyst.
In this work we  extended the original ORPDM by considering
2-olefin formation, which is schematically represented in the
right hand side of Fig. 1a, for n ≥ 4.

Nowicki et al. (2011) developed a selectivity model based
on a more  complex reaction network (Fig. 1b) which included
a second type of active sites for FT reaction (S2 in Fig. 1b).
This model also allowed for secondary 1-olefin hydrogenation

and isomerization to 2-olefins, as well as readsorption and
continued chain growth on the second type of sites.
erivation of selectivity models.

The two reaction networks shown in Fig. 1 were used to
derive equations for formation rates of n-paraffins, 1- and
2-olefins, and the parameters were estimated from experi-
mental data. Model discrimination is based on the quality of
fit and consideration regarding complexity of the model (i.e.
total number of parameters).

3.2.  Model  derivation,  parameters  and  equations

Fig. 1a shows the reaction network of hydrocarbon formation
of modified ORPDM. Chain growth initiates on the first type
of active sites (S1) by hydrogenation of adsorbed monomer
(CH2-S1) to adsorbed methyl group (CH3-S1). Chain propaga-
tion occurs via insertion of adsorbed monomer into adsorbed
alkyl species (CnH2n+1-S1), which can terminate to paraffin
(CnH2n+2) by hydrogenation, and to 1-olefin (1-CnH2n) or 2-
olefin (2-CnH2n) by dehydrogenation. The �- and �-olefins (1-
and 2-olefins) are considered separately. According to the reac-
tion network, 1-olefin can readsorb which leads to adsorbed
alkyl species, which can than either propagate or terminate.
The selectivity of products C1 and C2 is being considered sep-
arately and therefore their kinetic parameters are different
than for other hydrocarbons. This is due to the well-known
deviations in product distribution for methane and ethylene.

The kinetic equations for this model can be formulated
based on the reaction network from Fig. 1, followed by the reac-
tion rates from Table 2, and the above-mentioned assumption
that selectivity of products C1 and C2 are considered sepa-
rately.

The model yields pseudo-rate constants of reactions (�),
which incorporate the true kinetic constants (k) and surface
concentrations of reaction intermediates (�). The denotation
of particular � constants is shown in Table 2. The model has
11 parameters: 10 pseudo-rate constants (�) and constant c,
which is introduced in the following Eq. (5).

Surface concentration of 1-olefin (CS
1-CnH2n

) can be elimi-
nated following the procedure similar to that used by van der
Laan and Beenackers (1999b). The assumption is made that the
reaction rate of 1-olefin is proportional to its partial pressure
in the gas phase in an ideally mixed continuous reactor:
R1-CnH2n
= P1-CnH2n

· SV
Rg · T

n ≥ 2 (4)
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Table 2 – Elementary steps of hydrocarbon formation in the van der Laan and Beenackers model.

No. Elementary reactions Kinetic equations

HC1 Initiation – formation of adsorbed methyl species

CH2-S1 + H-S1
ki−→CH3-S1

ri = ki · �CH2-S1 · �H-S1 = �1

HC2 Propagation CnH2n+1-S1 + CH2-S1
kp−→Cn+1H2n+3-S1 n = 1, 2, . . .

r
(n)
p = kp · �CH2-S1 · �CnH2n+1-S1

r
(n)
p = �p · �CnH2n+1-S1

where
�p = kp · �CH2-S1

HC3 Primary termination to n-paraffin (hydrogenation)

CnH2n+1-S1 + H-S1

kt,p−→CnH2n+2 + 2S1 n = 1, 2, . . .

r
(n)
t,p = kt,p · �H-S1 ·  �CnH2n+1-S1

r
(n)
t,p = �t,p · �CnH2n+1-S1

where
�t,p = kt,p · �H-S1

HC4 Primary termination to 1-olefin (dehydrogenation and

desorption) CnH2n+1-S1 + S1
kt,1o−→1-CnH2n + H-S1 + S1 n = 2, 3, . . .

r
(n)
t,1o = kt,1o · �S1 · �CnH2n+1-S1

r
(n)
t,1o = �t,1o · �CnH2n+1-S1

where
�t,1o = kt,1o · �S1

HC5 1-olefin readsorption on primary sites
1-CnH2n + H-S1 + S1

kr,1o−→CnH2n+1-S1 + S1 n = 2, 3, . . .

r
(n)
r,1o = kr,1o · �H-S1 · �S1 · CS

1-CnH2n

r
(n)
r,1o = �∗

r,1o · CS
1-CnH2n

where
�∗

r,1o = kr,1o · �S1 · �H-S1

HC6 Primary termination to 2-olefin (dehydrogenation and

desorption) CnH2n+1-S1 + S1
kt,2o−→2-CnH2n + H-S1 + S1 n = 4, 5, . . .

r
(n)
t,2o = kt,2o · �S1 · �CnH2n+1-S1

r
(n)
t,2o = �t,2o · �CnH2n+1-S1

where
�t,2o = kt,2o · �S1

Note:  S1 are the primary active sites, � is the surface coverage of adsorbed species, CS is the concentration of a species on the surface.

a
s
H

P

c
c
b

C

R

b
s
c

R

p
p
i
r
r
p
i

�

nd that the partial pressure and concentration of 1-CnH2n

pecies on the surface can be connected by Henry’s constant,
e (CnH2n), assuming vapor-liquid equilibrium (VLE):

1-CnH2n
= CS

1-CnH2n
· He1-CnH2n

= CS
1-CnH2n

· a · exp(−c · n) n ≥ 2

(5)

Here it is assumed that Henry’s constant exponentially
hanges with chain length. Then the relationship between the
oncentration of olefin on the surface and its reaction rate can
e written as:

S
1-CnH2n

= R1-CnH2n
· Rg · T

a · SV
· exp(c · n) n ≥ 2 (6)

Since the rate of 1-olefin formation is:

1-CnH2n
= �t,1o · �CnH2n-S1 − �∗

r,1o · CS
1-CnH2n

n ≥ 2 (7)

y replacing Eq. (6) into (7) and rearranging, we get the expres-
ion for the rate of 1-olefin formation in which the liquid
oncentration of 1-olefins (CS

1−CnH2n
) is eliminated:

1−CnH2n
= �t,1o · �CnH2nCnH2n+1-S1

1 − �∗
r,1o · Rg·T

a·SV · exp(c · n)
n ≥ 2 (8)

The number of model constants (�) can be reduced by sim-
le reparameterization with reference to the termination of
araffin (�t,p and �st,p), which simplifies the model and numer-

cal calculations. Additionally the termination to ethene is
elated to ethane and 1-olefin. The above reparameterization
educes the number of parameters and leads to the following
seudo-constants �. The final model has 8 parameters (includ-

ng parameter c):
1 = k1 · �CH2-S1 · �H-S1 (9)
�p = k1 · �CH2-S1

kt,p · �H-S1

(10)

�
(1)
t,p =

k
(1)
t,p

kt,p
(11)

�
(2)
t,p =

k
(2)
t,p

kt,p
(12)

K
(2)
1o =

k
(2)
t,p

(kt,p)2
· kt,1o · a · SV

k
(2)
r,1o(�H-S1 )2 · Rg · T

(13)

K1o = 1
kt,p

· kt,1o · a · SV

k
(2)
r,1o(�H-S1 )2 · Rg · T

(14)

�t,2o = kt,2o · �S1

kt,p · �H-S1

(15)

After introduction of new parameters, defined in Eqs.
(9)–(15), modified Van der Laan and Beenackers model rate
equations are:

RCH4 = �
(1)
t,p · �1

�p + �
(1)
t,p

(16)

RC2H6 = �
(2)
t,p · �1

�p + �
(1)
t,p

· ˛2 (17)

RCnH2n+2 = �1

�p + �
(1)
t,p

·
n∏

i=2

˛i n ≥ 3 (18)
RC2H4 = K
(2)
1o · exp(−2c) · �1

�p + �
(1)
t,p

· ˛2 (19)
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Table 3 – Additional elementary steps of hydrocarbon formation on secondary sites for Nowicki et al. model.

No. Elementary reactions Kinetic equations

HC7 1-olefin readsorption on secondary sites
1-CnH2n + H-S2 + S2

ksr,1o−→ CnH2n+1-S2 + S2 n = 2, 3, . . .

r
(n)
sr,1o = ksr,1o · �H-S2 · �S2 · CS

1-CnH2n

r
(n)
sr,1o = �∗

sr,1o · CS
1-CnH2n

where
�∗

sr,1o = ksr,1o · �S2 · �H-S2

HC8 Termination to n-paraffin (hydrogenation) on secondary sites

CnH2n+1-S1 + H-S2

kt,p−→CnH2n+2 + 2S2 n = 2, 3, . . .

r
(n)
st,p = kst,p · �H-S2 · �CnH2n+1-S2

r
(n)
st,p = �st,p · �CnH2n+1-S2

where
�st,p = kst,p · �H-S2

HC9 Termination to 1-olefin (dehydrogenation) on secondary sites
CnH2n+1-S2 + S2

kst,1o−→ 1-CnH2n + H-S2 + S2 n = 4, 5, . . .

r
(n)
st,1o = kst,1o · �S2 · �CnH2n+1-S2

r
(n)
st,1o = �st,1o · �CnH2n+1-S2

where
�st,1o = kst,1o · �S2

HC10 Termination to 2-olefin (dehydrogenation) on secondary sites
CnH2n+1-S2 + S2

kst,2o−→ 2-CnH2n + H-S2 + S2

r
(n)
st,2o = kst,2o · �S2 · �CnH2n+1-S2

r
(n)
st,2o = �st,2o · �CnH2n+1-S2

where
�st,2o = kst,2o · �S2

Note:  S1 are the primary active sites, S2 are the secondary active sites, � is the surface coverage of adsorbed species, CS is the concentration of
a species on the surface.

used. The critical temperature and pressure of the start-up
fluid (Durasyn) were estimated from Joback’s group contribu-
tion methods (Joback and Reid, 1987), whereas the acentric
R1−CnH2n
= K

(2)
1o · exp(−c · n) · �1

�p + �
(1)
t,p

·
n∏

i=2

˛i n ≥ 3 (20)

R2-CnH2n
= �t,2o · �1

�p + �
(1)
t,p

·
n∏

i=2

˛i n ≥ 4 (21)

where growth probabilities can be calculated as:

˛2 = �p

�p + �
(2)
t,p + K

(2)
1o · exp(−2c)

(22)

˛3 = �p

1 + �p + K1o · exp(−3c)
(23)

˛n = �p

1 + �p + �t,2o + K10 · exp(−c · n)
n ≥ 4 (24)

More  details on the model derivations can be found in the
Supplementary materials.

Similar procedure for model derivation and parameter
reduction was also employed by Nowicki et al. (2011). As
explained above this model allows for hydrogenation of read-
sorbed 1-olefins on a secondary type of sites. In addition,
2-olefins are formed only on secondary sites. These additional
reactions are described in Table 3. The equations of this model
can be found in the Supplementary material section.

3.3.  Use  of  VLE  calculation  to  estimate  parameter  c

A key term in kinetic model equations needed to predict the
non-ASF behavior and an exponential decrease in olefin-to-
paraffin ration is exp(c · n) (Todic et al., 2013a). In Section 3.2
we  showed how this term can be derived using solubility
enhanced 1-olefin readsorption concept, by associating it with
Henry’s constant through:

He1-CnH2n
= a · exp(−c · n) (25)

where a and c positive constants. This dependency was used to

obtain the formula for liquid phase concentrations of 1-olefins
(i.e., Eq. (6)).
In the initial parameter estimation, parameter c was one
of the model parameters that was estimated from the experi-
mental product distribution data. However this parameter can
also be calculated using vapor–liquid equilibrium (VLE) data.
This is done by approximation of VLE results (K-values) as
follows:

K1−CnH2n
= y1−CnH2n

x1−CnH2n

= a

P
· exp(−c · n) (26)

where y1−CnH2n
and x1−CnH2n

are molar fractions in the vapor
and liquid phase and P is total pressure. The above equation
can be linearized as:

ln
y1−CnH2n

x1−CnH2n

= ln
a

P
− c · n (27)

In order to get these values and the corresponding K1−CnH2n
,

the calculation of VLE was performed for the entire system
(including C1–20 n-paraffins, C2–20 1-olefins, C4–17 2-olefins,
lumped hydrocarbons C21+ component and inorganic species
CO, H2, H2O and CO2). In this work we applied the modified
Peng–Robinson equation of state (PR EoS). Two modifications
to PR EoS were included to improve the PR EoS ability to predict
the behavior of inorganics in a mixture including heavy hydro-
carbons. First modification was the use of Li and Froment
(Li and Froment, 1996; Olewski, 2008) equation for the cal-
culation of the acentric factor function for inorganic species.
Second, the binary interaction factors kij were estimated utiliz-
ing experimental data from literature on solubility of inorganic
species in various hydrocarbons (Olewski, 2008). The critical
properties and acentric factor ω of inorganic species and lin-
ear paraffins and olefins (up to C20) were taken from Reid et al.
(1987) and Nikitin et al. (1997). For higher molecular weight
hydrocarbons (>C20) the equations of Gao et al. (2001) were
factor was estimated using Lee and Kessler equation (Lee and
Kesler, 1975).
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Table 4 – Comparison of selectivity models fitting
according to MARR value.

ORPDM Nowicki et al.

220 ◦C 36 30
240 ◦C 32 29
260 ◦C 23 21

MARR = 100%
NrespNexp

Nresp∑Nexp∑∣∣(R̂i,h − Ri,h)/R̂i,h
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Fig. 2 – Comparison between experimental (points) and
calculated product formation rates (lines) for a selected
condition of: (a) extended van der Laan and Beenackers

The parity plot for total hydrocarbons is shown in Fig. 3.
A comparison of calculated and experimental olefin to
h=1 i=1

.4.  Parameter  estimation

he parameters of two models were estimated and tested
sing the experimentally obtained product distribution data.

n total 25 mass balances (see Table 1) at different conditions
ere used in parameters estimation. The objective function

or this estimation was:

 =
Nresp∑
h=1

�h,h

Nexp∑
i=1

(R̂i,h − Ri,h)
2

(28)

here R̂i,h and Ri,h are experimental and calculated rates of
pecies i in balance h, �h,h are weight factors, Nresp and Nexp are
umber of responses and experiments, respectively. The fol-

owing responses are used: twenty paraffins (C1–20), nineteen
-olefins (C2–20), fourteen 2-olefins (C4–17) (seventeen 2-olefins

4–20 are shown in figures) and pseudo-component C21+. The
eight factors for different species were calculated based
n three replicate experiments (initial baseline conditions in
hree runs) and represent the diagonal elements of the inverse
f covariance matrix (Nowicki and Bukur, 2001; Froment and
e Wilde, 2011).

.  Results  and  discussion

.1.  Selectivity  models  with  parameter  c  estimated
rom  experimental  data

he results of the two selectivity models (extension of Van der
aan and Beenackers model and Nowicki et al. model) have
een compared. Goodness of fit for those models expressed
ia mean absolute relative residual (MARR) is shown in Table 4.
he comparison of MARR values for the two models shows

hat modified Nowicki et al. model provides a better fit of the
ata at all tested temperatures. However, the quality of model
t is very similar and differences between them are typically
maller than 5%. This allows us to choose the simpler model,
.e. modified Van der Laan and Beenackers model (ORPDM), as
he preferred one. The simplicity of ORPDM is reflected mainly
n the fact it uses only 8 parameters, compared to 16 parame-
ers in Nowicki et al. model. In other words, complex two-site

odel was not able to provide a significant improvement in
he model predictions compared to a simple one-site model
nd introduces higher complexity and requires longer com-
utational time. Product distributions for n-paraffin, 1- and
-olefin at one of the tested conditions for both models tested
s shown in Fig. 2. The fitting and parameter values for ORPDM
re discussed in detail below.

Out of the eight ORPDM parameters two, �
(1)
t,p and �

(2)
t,p, are

emperature dependent only, whereas the remaining ones

epend on all reaction conditions. The summary of estimated
arameters is given in Table 5. Statistics for the obtained
model; (b) Nowicki et al. model.

pseudo-constants of the model (expressed as t-values) show
good significance for all parameters (t-values are given in Table
A1 of the Supplementary material). This indicates that all
of the parameters are important and required in the kinetic
model equations.
Fig. 3 – Extended van der Laan and Beenackers model
parity plots for total hydrocarbons.
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Table 5 – Estimated parameters for extended van der Laan and Beenackers model (with c parameter estimated from
experimental data).

Run – MB �1 �p �t,2o �
(1)
t,p �

(2)
t,p K

(2)
1o K1o c

Temperature: 220 ◦C
3–1 0.576 21.7 0.207 3.83  0.882 6.86 13.2 0.214
3–2 0.222 12 0.319 3.16 10.3 0.194
3–3 0.982 7.27 0.16 2.02 5.68 0.163
3–4 0.337 9.5 0.218 1.14 5.33 0.209

Temperature: 240 ◦C
1–4 0.924 20.4 0.448 5.04 1.65 5.32  11.9 0.229
1–5 0.653 11.3 0.429 2.42 10.9 0.232
1–6 1.37 21.2 0.398 6.87 14 0.256
1–8 2.6 9.26 0.47 1.46 6.94 0.193
1–9 3.63 9.69 0.26 2.82 10.2 0.296
2–4 3.59 11.6 0.313 1.93 8.34 0.259
3–7 0.745 39.1 0.5 8.42 11.2 0.221
3–8 0.324 32.2 0.398 5.7 14.2 0.231

Temperature: 260 ◦C
1–1 2.65 21.2 0.539 6.84  1.87 4.32 12.5 0.23
1–2 1.83 13 0.682 0.938 6.81 0.216
1–3 3.9 24.6 0.484 6.41 14.1 0.236
1–7 2.6 19.7 0.537 4.2 11.8 0.237
1–10 2.55 19.5 0.564 3.79 12.2 0.238
1–11 3.37 24.5 0.497 5.2 11.2 0.217
1–12 1.47 14.4 0.581 1 5.8 0.204
2–1 6.41 11.2 0.301 1.12 6.09 0.266
2–2 7.98 12.8 0.332 1.55 7.56 0.267
2–3 12.3 13.8 0.328 2.75 9.76 0.256
2–5 3.75 24.5 0.286 5.31 15.3 0.219
2–6 5.91 24.8 0.311 5.34 12.7 0.191
2–7 1.63 18.8 0.447 2.76 9.72 0.185
3–5 1.45 7.22 0.45 0.283 2.35 0.161
3–6 3.28 11.6 0.478 3.05 11.4 0.262
paraffin and 2-olefin to total olefin ratios is shown in Fig. 4.
Very good agreement was obtained between the calculated
product distribution and the corresponding experimental val-
ues (Figs. 2–4). Especially good agreement was obtained for all
1- and 2-olefins as well as for C1–15 n-paraffin. This is con-
sistent with results that were previously reported for van der
Laan and Beenackers model (van der Laan and Beenackers,

1998, 1999b).

Fig. 4 – Comparison between experimental (points) and
calculated product formation ratios (lines) for extended van
der Laan and Beenackers model at selected condition.
It should be noted that in some cases large deviations from
expected trends in the experimental points were observed.
This is related to difficulties associated with experimen-
tal analysis of FTS products. These deviations are observed
especially for 2-olefins in C5–8 and n-paraffins in C17–25 car-
bon number ranges. The first deviation might be caused by
difficulty/errors in combining results from three gas chro-
matographic analyses for components in this range. The
deviations in the second range (C17–25), observed for n-paraffin,
might be caused by lower sensitivity of analysis for these com-
ponents (those were the last components that were detected).
This may be attributed to the effect of hydrocracking of heavier
molecules due to the presence of acid sites on Fe-based FT
catalyst (Bukur and Lang, 1999). A recent study of Gao et al.
(2012) showed that some of unexpected positive deviations in
C15–25 carbon number range can be explained by accumula-
tion of water in hot traps. In addition, even bigger deviations
between values predicted by the model and experimental data
are observed for heavier hydrocarbons (paraffins C21+). Several
reasons might cause these deviations. The first one is related
to withdrawal of wax (liquid phase from the reactor) through
internal filter element, which might cause fluctuations and
errors in the amounts of wax collected (e.g. incomplete wax
withdrawal during a mass balance or higher than the actual
amount produced during another mass balance period). The
second reason is associated with wax analysis and separation
of its components. All of the above mentioned experimental
artifacts had an effect on parameter estimation and reduced
the model precision.
Some groups of components that are formed during the FT
reaction, namely gasoline and diesel oil, are interesting from



chemical engineering research and design 9 5 ( 2 0 1 5 ) 1–11 9

Table 6 – Estimated parameters for extended van der Laan and Beenackers model (with c parameter from VLE
calculations).

Run – MB �1 �p �t,2o �
(1)
t,p �

(2)
t,p K

(2)
1o K1o c

Temperature: 220 ◦C
3–1 0.577 19.8 0.201 2.89 0.663 8.81  34.9 0.343
3–2 0.218 9.25 0.286 3.78 23.6 0.339
3–3 0.97 5.32 0.163 2.48 14 0.352
3–4 0.329 7.72 0.216 1.42 12.4 0.375

Temperature: 240 ◦C
1–4 0.945 18.6 0.436 4.54 1.48 6.3  24.9 0.373
1–5 0.658 10 0.391 2.83 19.7 0.381
1–6 1.39 19.6 0.391 7.96 26.2 0.346
1–8 2.62 7.85 0.457 1.7 13.7 0.362
1–9 3.61 9.06 0.258 2.95 13 0.352
2–4 3.6 10.5 0.308 2.2 14.1 0.348
3–7 0.793 38.5 0.497 10.5 30.4 0.349
3–8 0.341 32.3 0.391 7.09 34.2 0.342

Temperature: 260 ◦C
1–1 2.74 20.4 0.524 6.46 1.75 4.96  22.9 0.351
1–2 1.85 12 0.663 1.05 12.1 0.353
1–3 4.04 24 0.472 7.48 26.9 0.328
1–7 2.67 18.8 0.525 4.79 21.1 0.377
1–10 2.61 18.6 0.546 4.36 21.6 0.343
1–11 3.54 23.9 0.488 6.19 24.1 0.344
1–12 1.52 13.4 0.575 1.13 11.9 0.34
2–1 6.46 10.7 0.299 1.24 9.2 0.406
2–2 8.06 12.2 0.329 1.71 11.6 0.402
2–3 12.4 13.3 0.323 2.98 14.1 0.408
2–5 3.91 26.5 0.265 6.82 32.3 0.406
2–6 6.24 27.6 0.291 7.3 32.5 0.315
2–7 1.71 18.6 0.41 3.46 23 0.316
3–5 1.46 6.6 0.441 0.282 4.57 0.382

t
p
p
fi
(
i
f
a

3–6 3.3 11 0.468 

he practical point of view, therefore ability of the model to
redict the amount of these products is of importance. All
roducts obtained during the FT synthesis can be divided into
ve groups: methane, light gases C1–4 hydrocarbons, gasoline

C5–12), diesel oil (C13–20) and wax (C21+). Very good agreement
s obtained for methane, light gases, gasoline and diesel oil

or which almost all MARR values for different mass balances
re within 35%. A bigger discrepancy is observed only for wax

Fig. 5 – Parity plot of grouped hydrocarbons
3.21 14.5 0.38

(MARR ∼ 70%) and as it was mentioned, this might be caused
by errors in wax withdrawal. The total amount of wax is rela-
tively small in comparison to other component (less than 1% in
moles and 5% in weight). Therefore, it has a very small impact
on the total amount of hydrocarbon production, as shown on
the parity plot of total hydrocarbon reaction rate (Fig. 3), where

calculated quantities are in good agreement with experimen-
tal measurements (total MARR less than 20%). The exponential

 (ORPDM with parameter c from VLE).
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decrease of 1-olefins and an increase in 2-olefin formation
with carbon number are very well predicted (Fig. 4).

4.2.  Selectivity  model  with  parameter  c  estimated  from
VLE

After the values of y1−CnH2n
and x1−CnH2n

were determined
from VLE, it was possible to estimate the value of param-
eter c in Eq. (27). This VLE determined constant related to
1-olefin solubility can then be introduced into the hydrocarbon
selectivity model, therefore reducing the number of parame-
ters that need to be estimated. Comparison showed that the
parameter c estimated from VLE is about 1.5–2 times greater
(with the average of 1.63) compared to the one estimated
from reaction results using hydrocarbon selectivity model.
Similar observation was made by Schulz and Claeys (1999).
Thus, it is expected that the other parameters of selectiv-
ity model will differ, especially parameters related to 1-olefin
formation K1o and K

(2)
1o , as well. Therefore, the model parame-

ters were estimated again utilizing the parameter c obtained
from VLE calculations. New parameter values are given in
Table 6. The parity plot of lumped reaction rates using new
values of parameters is shown in Fig. 5. In general, the use
of c values estimated from VLE calculations results in small
changes of model parameters except for K1o and K

(2)
1o . How-

ever, these changes have an insignificant impact on the overall
result – hydrocarbons reaction rates, as shown in Fig. 5. The
hydrocarbon selectivity model still offers almost identical pre-
dictions compared to the model in which parameter c was
estimated from experimental data, with MARR values of 12.7,
6.1, 10.1, 19.6 and 71.8 for methane, C2–4, C13–20 and C21+,
respectively.

5.  Conclusions

Two FT product selectivity kinetic models were developed
based on reaction network from the literature (modification
of van der Laan and Beenackers’ (1999b) and Nowicki et al.
(2011) models) and compared. Model parameters were esti-
mated from experiments in a stirred tank slurry reactor over
a wide range of process conditions. Comparison of results
showed that the two models predict experimental data well,
with small differences in goodness of the fitting. Our mod-
ification of van der Laan and Beenackers’ one-site model
provides good fit of the data and it contains fewer parameters
than a two-site model of Nowicki et al. This model predicts
that the chain growth parameter (˛) and olefin to paraffin
ratio are dependent on carbon number, which arises from
readsortion of 1-olefins onto primary FT reaction sites. The
addition of secondary active sites (as in reaction network of
Nowicki et al.) did not significantly improve the quality of
model prediction. Readsorption of initially formed 1-olefins
was, through the exponential dependence of Henry’s constant
with chain length, related to their solubility. The parameter c,
which describes exponential dependency of 1-olefin solubility,
was estimated from experimental data assuming vapor-liquid
equilibrium. Comparison showed that parameter c estimated
from VLE calculations is about 1.5–2 times greater (with the
average value of 1.63) than the one estimated by fitting hydro-
carbon selectivity model to the experimental data. This has
an impact on numerical values of parameters related to 1-
olefin formation K1o and K

(2)
1o , but it has no significant effect on
the overall result and hydrocarbon reaction rates. It is there-
fore recommended to use the model in which parameter c is
independently estimated from VLE, since this decreases the
number of adjustable model parameters.
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