ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Molecular Catalysis A: Chemical 272 (2007) 182—-190

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINOI 10N

G

www.elsevier.com/locate/molcata

Effect of reaction conditions on the catalytic performance of
Fe-Mn catalyst for Fischer-Tropsch synthesis

Ying Liu a.b Bo-Tao Teng®¢, Xiao-Hui Guo ab Ying Li?, Jie Chang?, Lei Tian ab
Xu Hao®P, Yu Wang®P°, Hong-Wei Xiang?, Yuan-Yuan Xu?, Yong-Wang Li®*

2 State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan 030001, PR China
Y Graduate University of Chinese Academy of Sciences, Beijing 100039, PR China
¢ Zhejiang Key Laboratory for Reactive Chemistry on Solid Surfaces, Institute of Physical Chemistry,
Zhejiang Normal University, Jinhua 321004, PR China

Received 19 December 2006; received in revised form 16 March 2007; accepted 20 March 2007
Available online 24 March 2007

Abstract

The effects of reaction conditions on the performance of an Fe-Mn catalyst for Fischer-Tropsch synthesis (FTS) have been investi-
gated in a continuous spinning basket reactor. Experiments were carried out under a wide range of industrially relevant reaction conditions
including reaction temperature of 533-573 K, pressure of 0.93-2.96 MPa, inlet H,/CO molar ratio of 0.80-2.50 and space velocity of
(0.46-1.85) x 103 N m® kg, ~' s~'. The selectivities to low molecular weight hydrocarbons basically increased with the increase of reaction
temperature, total pressure and inlet H,/CO ratio, except for ethylene. The FTS reaction rate and the overall oxygenates formation rate increased
with increasing reaction temperature, pressure, space velocity and H,/CO ratio on the whole. It was found that the catalyst has relatively high
activity and selectivity in producing light alkenes. It also exhibited excellent stability during the 700 h run at H,/CO ratio of 1.00, which indicates
that the catalyst has good longevity and is suitable for syngas derived from coal with low H,/CO ratio to produce light olefins and high-quality
liquid fuels. Meanwhile, it may have potential promising applications in advanced stirred tank slurry reactors. In addition, the detailed investigation

of FTS reaction performance for the Fe-Mn catalyst can provide full and accurate basic information for industrial scale-up.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The synthesis of liquid fuels from coal-derived syngas via
Fischer-Tropsch synthesis (FTS) reaction is one of the most
important processes to solve the shortage of transport fuels
[1-3]. In the FTS process, the conversion of syngas over a cat-
alyst is one of the most pivotal steps. Consequently, choosing
a suitable catalyst is very important. Iron-based catalysts have
been used as commercial catalysts for FTS to produce a wide
range of paraffin and olefin products, ranging from methane to
high molecular weight waxes [4,5]. The Fe-Mn catalyst, as one
of the most important catalyst systems, has received extensive
attention in recent years because of the higher olefin and middle
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distillation cut selectivities which allow their products to be used
as a feedstock for the chemical industry [6—12]. Therefore, the
Fe-Mn catalyst has a promising industrial application.
Investigative results in the literature show that syngas conver-
sion on iron catalysts which are promoted with large amounts
of oxides, yield unusually high selectivity to Co—Cy4 olefins and
suppress methane formation [13-16]. Several researchers also
studied various Fe-Mn matrix catalysts [6,7,15,17-21]. Maiti et
al. [6,7] studied a series of Fe-Mn catalysts and found that the
catalyst with low Mn content and a high degree of reduction has
higher activity during the initial period of the run process, and
the small amounts of Mn can enhance the formation of olefin
products, while the catalyst with a higher content of Mn has rela-
tively stable activity under high temperature reduction. Barrault
et al. [15] found that there is considerable interaction between
iron and manganese. Moreover, when there are small quantities
of sulphate salt in iron or iron-manganese supported catalysts,
electronic changes in metal atoms induced by surrounding man-
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ganese compounds and/or S atoms and the formation of surface
sulphide also influence the activity and selectivity, especially the
olefin formation. However, van Dijk et al. [22], in their studies
of Fe-Mn catalysts with various manganese contents, showed
that no relationship exists between the olefin selectivity and the
amount of manganese added. Furthermore, the fully carburized
Fe-Mn catalyst obeyed an ASF distribution, which was quite
similar to that of a carburized iron catalyst without manganese
oxide.

Zhong et al. [23] exploited a novel Fe-Mn catalyst, which
had been prepared by a special degradation method. This cata-
lyst shows good activity and stability in the fixed bed reactor and
the slurry phase reactor [24,25]. It is well known that the higher
FTS activity of the Fe-Mn catalyst in a fixed-bed reactor would
result in much higher H>/CO in the outlet than that in the inlet
due to the integral effect, which might have distorted the signif-
icant kinetic information. Meanwhile, the mixture of products
with different time accumulation in a slurry reactor also leads to
difficulties for the understanding of reaction condition effects on
FTS reaction performance. Therefore, the two kinds of reactors
are not much suitable for the detailed investigation of FTS at
various reaction conditions although they can provide beneficial
information for the evaluation of different catalysts. Consider-
ing that the reaction environment is uniform and the products
are easily collected and analyzed in a continuous spinning bas-
ket reactor, it can provide more favorable information for the
understanding of FTS reaction performance with the variation
of reaction conditions.

The main objective of this work is to systematically examine
the catalytic performance of the Fe-Mn catalyst in a spinning
basket reactor and compare it with that in a fixed bed reactor.

2. Experimental
2.1. Catalyst and reduction

The Fe-Mn catalyst used in this study was prepared by the
Institute of Coal Chemistry (ICC), Chinese Academy of Sci-
ences, and it had undergone pilot-scale tests in the fixed bed
reactor in the industrial center of ICC. The preparation method
has been patented [23]. The catalyst was prepared from Fe-Mn
oxalate by a special controlled degradation method, and some
open information can be found in the literature [23,26]. The cat-
alyst is mainly composed of the active components of Fe and
Mn (atomic ratio of Fe/Mn is 3), and 1 wt% of K;O. The BET
surface area of the fresh catalyst was 117.8 m?/g. The average
particle size of the catalyst that was evidenced by TEM and small
angle X-ray scattering (SAXS) was much less than 0.1 pm [26].

The fresh catalyst was crushed and sieved to 0.25-0.36 mm
(40-60 ASTM mesh) in size. The weight of the catalyst loaded
was 4.75 g. The catalyst was diluted using quartz sand with the
same mesh size range. The volume ratio of catalyst to quartz
sand was 1:6.

The catalyst was reduced in situ using syngas with
H,/CO=1.0, at 553K, 0.15-0.20 MPa, 1800rpm and space
velocity of 0.23 x 1073 Nm? kgey ™' s~! for 48h. Then, the
reaction temperature was programmed to 493 K, and the oper-

Fig. 1. Experimental set-up: (1) gas cylinders; (2) pressure gauges; (3) pressure
regulators; (4) purification columns; (5) needle valves; (6) pressure regulators
before the reactor; (7) mass flow controllers; (8) reaction tank; (9) basket reactor;
(10) thermowell; (11) wax condenser; (12) high temperature ball valves; (13)
wax trap (hot trap); (14) oil/water condenser; (15) ball valves; (16) cold trap;
(17) back pressure regulator; (18) on-line GC analysis; (19) wet flow meter.

ation conditions were adjusted to the desired values for the
Fischer-Tropsch synthesis. The reactor stirring speed of all the
experiments were carried out at 1800 rpm, which is safe to elim-
inate the external mass transfer limitations [27].

2.2. Reactor system

The continuous spinning basket reactor (stainless steel,
H=0.081m, Dy=0.052m, D;=0.046 m) system is shown in
Fig. 1. A detailed description of the reactor has been provided
elsewhere [27]. Before entering the reactor, the CO (>99.99%)
and Hy (>99.95%) streams passed through a series of columns
for removing tiny amounts of oxygen, sulfur, carbonyls and
water. The flow rates of the feed gases were controlled by using
two Brooks 5850E mass flow meters. The outlet of the reactor
was connected to a hot trap (393 K) and then an ice trap (273 K).
After these product collectors, the tail gas was measured by a
wet gas flow meter.

2.3. Operating procedure

Blank experiments with quartz sand instead of the Fe-Mn
catalyst had been firstly carried out under the same conditions
as the normal experiments. This showed that the silica sand has
no activity for the conversion of synthesis gas.

A series of experiments were carried out under a wide range
of reaction conditions. Before collecting experimental data, the
system was allowed to run undisturbed for 100 h to reach steady
state. After the conclusion of this unsteady-state period, the
variables were adjusted to the required operational parameters.
Liquid samples were collected in the hot trap and ice trap over
12 h periods (mass balance period), and the exit tail gas com-
position and its flow rate were measured at least three times
during the mass balance period. After a mass balance period, a
steady-state run was performed for more than 10 h, and the next
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sampling period was carried out. The total mass balance in the
system was kept at the level of 95-103%.

2.4. Product analysis

The purified syngas and the tail gas were analyzed on-line
using a gas chromatograph (Agilent 6890N). Hp, Oz, N», CHy
and CO were separated on MoleSieve 5A capillary column
(30m x 530 pm i.d., Ar carrier flow) and detected with a ther-
mal conductivity detector (TCD). C1—Cg hydrocarbons in the
gas phase were analyzed on HP-PLOT Al,O3 capillary col-
umn (50 m x 530 wmi.d.) with a flame ionization detector (FID)
and Nj carrier. CO; in the tail gas was measured periodically
on-line using an Agilent 4890D GC equipped with TCD (H»
carrier) and quantified using the external standard method. The
oil product from the cold trap was analyzed using a GC with
a DB-1 capillary column (60 m x 320 pm i.d. FID, Ny carrier).
The temperature was raised from 333 K (maintained for 16 min)
to 563 K at the rate of 3 K/min. The wax product from the hot trap
was firstly dissolved in CS; (0.5-1.0 mass%) and then analyzed
using an Agilent 6890N GC with OV-101 capillary column (FID,
Ny carrier) with temperature programming (2 K/min) from 323
to 573 K. Oxygenate products dissolved in water were measured
by an Agilent 6§90N GC with DB-WAX capillary column (FID,
Nj carrier).

3. Results and discussion

The effects of reaction temperature, total pressure, space
velocity and H»/CO ratio on the catalytic performance of the
Fe-Mn catalyst are summarized in Tables 1-4. The experi-
mental process in the spinning basket reactor was as follows:

the reaction temperature increased from 533 to 553K firstly,
and then at 553K we kept the total pressure constant at
1.49 MPa and varied the space velocity. After that, when tem-
perature increased to 563 K, we kept the space velocity at
0.93x 1073 Nm? kgcm_1 s~! and varied the reaction pressure.
Subsequently, when temperature increased to 573 K we kept the
space velocity at 1.39 x 1073 N m3 kg, ! s~! and varied the
H,/CO ratio.

3.1. Effect of reaction temperature

In Table 1 (columns 1, 2, 6 and 10), it can be seen that
with increasing temperature from 533 to 563 K, the CO con-
version gradually increased from 44.86% to 59.54%. It seems
that increasing temperature has little influence on CO, selec-
tivity, which remains at about 45% in the temperature range of
533-563 K. With increasing temperature, the H/CO usage ratio
decreased slightly from 0.69 to 0.66.

The methane selectivity increased with increasing tempera-
ture. It is owing to the increased H>/CO ratio inside the reactor.
From Table 1, it can also be seen that the selectivity to light
alkenes is relatively high, and increased with increasing tem-
perature except for ethylene, which decreased from 4.53% to
3.50%. Bukur et al. [28] investigated a precipitated iron catalyst
(100Fe/5Cu/4.2K/25Si0, on mass basis) in a fixed bed reactor
under a variety of process conditions, and have also observed
that ethylene selectivity was the highest at the lowest reaction
temperature during supercritical FTS at a nearly constant syngas
conversion (~30%).

It is generally assumed, that the olefin readsorption proba-
bility increases with increasing carbon number due to increased
residence times of longer chains in the liquid-filled pores of

Table 1
Effect of reaction conditions on catalytic performance in spinning basket reactor (H,/CO = 1.00 in feed gas)
Temperature (K) 533 543 553 553
Pressure (MPa) 1.49 1.49 1.49 1.49
Space velocity (x 1073 Nm? kge, ~!s™1) 0.93 0.93 0.46 0.58
Time on stream (h) 117 265 338 360
CO conversion (%) 44.86 53.02 81.81 73.58
CO;, selectivity (%) 4498  48.81 4539 4518
H/CO in tail gas 1.25 1.37 2.56 2.03
H,/CO usage ratio 0.69 0.67 0.66 0.64
Hydrocarbon selectivity (wt%)
CHy 5.06 6.83 11.05 11.08
c 4.53 371 2.22 2.67
c 191 389 859 829
(O 7.18 8.85 10.74 11.35
) 1.26 174 484 438
on 502 622 770 818
cy 1.09 138 257 252
Cs* 73.95 67.38 52.29 51.53
C§_4/Cg_4 (mol/mol) 3.80 2.35 1.07 1.22
CO conversion rate (mol kgcaf1 ) 0.93 1.09 0.84 0.95
CO; formation rate (mol kgeae ™' s71) 0.42 0.53 0.38 0.43
FTS reaction rate (mol kgcm_l s7h 0.51 0.56 0.46 0.52
Oxygenates formation rate 5.33 6.31 3.09 3.83

(x1073 gkgea''s7)

553 553 553 553 563 563 563 563
1.49 1.49 1.49 1.49 0.93 1.49 1.96 2.53
0.69 0.93 1.39 1.85 0.93 0.93 0.93 0.93

384 408 432 456 480 504 528 552

66.48 54.74 37.98 29.85 42.95 59.54 7097 75.01
43.77 4403 4560  45.18 4538 4509 4382 4395
1.70 1.41 1.19 1.11 1.28 1.51 1.78 1.96
0.66 0.66 0.70 0.72 0.63 0.66 0.68 0.68
10.07 9.71 8.92 8.24 11.16 11.41 12.17 11.41
291 3.72 4.70 5.11 4.68 3.50 3.11 2.98
7.03 6.09 4.72 3.85 6.10 6.98 8.01 8.17
10.76 11.09 10.92 10.40 11.92 11.80 12.30 11.92
3.42 2.72 2.09 1.78 2.47 3.21 3.93 4.13
7.62 7.81 7.85 7.47 8.62 8.34 8.14 7.30
2.13 1.90 1.65 1.47 1.71 2.05 2.26 2.18
56.06  56.96  59.15 61.68 5334 5271 50.08 51.92
1.42 1.80 2.43 2.90 2.09 1.63 1.39 1.29
1.03 1.13 1.18 1.23 0.89 1.23 1.46 1.55
0.45 0.50 0.54 0.56 0.40 0.55 0.64 0.68
0.58 0.63 0.64 0.68 0.48 0.68 0.82 0.87
4.29 6.94 8.02 6.76 4.55 7.84 9.69 11.39
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Table 2
Effect of reaction temperature on the WGS reaction and the selectivity to oxygenates

Temperature (K)

533 543 553 563
The water formation rate (x 1073 gkgey ~!s71) 26.08 20.60 18.17 17.30
Oxygenates in water (Wt%) 16.44 19.71 22.03 22.96
Oxygenates in oil (Wt%) 22.47 20.48 13.68 15.23
Acids/oxygenates in water (wt%)* 21.40 11.42 4.21 4.58
Alcohols/oxygenates in water (wt%)® 69.49 79.01 88.48 87.17
Alcohols in total oxygenates (wt%)¢ 72.72 80.01 77.97 74.67
Acids in total oxygenates (Wt%) 18.64 9.49 10.78 12.17
Ketones in total oxygenates (wt%) 4.41 5.25 4.46 4.33
Aldehydes in total oxygenates (wt%) 423 5.25 6.79 8.82
Op (Pco, Pu,)/(Pco Pu,0) 3.56 6.32 6.84 8.56
Ky, equilibrium constant of WGS reaction 73.19 62.10 53.02 45.54

Reaction conditions: P=1.49 MPa, H,/CO = 1.00, space velocity =0.93 x 1073 N m? kgcm’l s~L.

2 Acids in oxygenates of water phase.
b Alcohols in oxygenates of water phase.

¢ Total oxygenates denotes that the total oxygenate products of both oil and water phases.

the catalyst. Schulz and Gokcebay [29] mentioned secondary
hydrogenation as the most important process for the selectiv-
ity to the FTS products on iron catalysts promoted with one
of the transition metals Mn, Ti, Cr, Zr or V. To obtain more
insight into the role of secondary olefin reactions during FTS
and the reason for their chain length dependence, Schulz and
Claeys [30] have extensively studied on the extent and selectiv-
ity of olefin reactions at different reaction conditions (variation
of CO partial pressure and reaction temperature), with cobalt
catalysts and particular emphasis on the chain length depen-
dence of secondary olefin reactions by co-feeding a-olefins
(C2—C11) during FTS reaction in a gradientless slurry reactor.

Table 3
Effect of Ho/CO ratio on the catalytic performance

They proposed that the chain length dependencies of individ-
ual reaction pathways are in agreement with the selectivities
observed in the base case experiments and mainly due to carbon
number dependent solubility of the olefins in the liquid reaction
product.

There is general agreement that ethylene is much more reac-
tive than propylene or butylene, therefore with the outlet H,/CO
ratio increased a little from 1.25 to 1.51, ethylene readsorp-
tion and secondary hydrogenation reaction are much stronger
than that of propylene and butylene, as ethylene is one of the
most active species in the complicated FT'S reactions. Hence, the
ethylene selectivity decreased with the increasing reaction tem-

In spinning basket reactor (SBR)

In fixed bed reactor (FBR)

0.80% 1.21% 1.61* 1.98% 2.50* 0.80* 1.00? 1.50% 2.00?
Time on stream h) 600 625 648 673 697 757 783 842 866
CO conversion (%) 50.66 61.45 72.16 79.17 82.73 64.63 74.12 81.12 88.32
CO; selectivity (%) 47.19 44.12 41.34 37.93 34.90 47.47 44.84 40.62 41.55
H,/CO molar ratio in tail gas 0.98 1.95 3.62 6.05 9.58 1.08 1.80 4.14 9.59
H,/CO molar usage ratio 0.63 0.74 0.84 0.91 1.02 0.64 0.73 0.88 0.99
Hydrocarbon selectivity (wt%)
CHy 8.14 12.14 16.06 16.98 19.66 5.99 6.74 9.25 11.23
c 4.59 3.88 3.90 3.84 3.91 4.06 4.36 5.18 5.32
Cg 4.76 7.49 9.94 10.48 11.83 1.18 1.86 3.26 4.18
G 11.09 12.42 13.68 13.34 13.68 5.58 6.91 9.22 10.23
Cg 2.00 3.48 4.79 5.07 5.77 0.80 1.84 3.09 347
C, 7.62 8.56 8.85 8.47 8.67 4.22 6.20 6.64 8.75
Cg 141 2.18 2.67 2.77 3.11 0.70 0.99 1.61 1.86
Cs* 60.41 49.85 40.11 39.06 33.38 77.47 71.10 61.75 54.96
C;4/Cg_4 (mol/mol) 247 1.60 1.28 1.18 1.07 5.17 3.72 2.64 2.56
CO conversion rate (mol kgey ~' s71) 1.74 1.72 1.71 1.64 1.46 2.07 2.12 1.87 1.69
CO, formation rate (mol kgey ™' s™1) 0.82 0.76 0.71 0.62 0.51 0.98 0.95 0.76 0.70
FTS reaction rate (mol kgcm’1 s7h 0.92 0.96 1.00 1.02 0.95 1.09 1.17 1.11 0.99
Oxygenates formation rate (x 1073 gkgcat‘1 s7h) 14.54 16.74 16.21 15.39 16.76 12.69 12.19 14.18 14.59

Reaction conditions: T=573 K, P=2.02MPa, SV =1.39 x 1073 Nm? kgcse ' s~ (SBR); 1.29 x 1073 Nm? kgey~''s~! (FBR).
2 Hp/CO molar ratio in feed gas.
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Table 4
Effect of H/CO ratio on the WGS reaction and the selectivity to oxygenates

H,/CO ratio in feed gas

0.80 1.21 1.61 1.98 2.50
The water formation rate (x 1073 gkgey ! s71) 21.99 38.57 54.13 59.81 69.67
Oxygenates in water (Wt%) 27.18 24.12 20.21 17.56 18.89
Oxygenates in oil (Wt%) 20.71 17.28 15.46 14.64 14.44
Acids/oxygenates in water (wt%)* 6.64 4.69 4.05 4.10 291
Alcohols/oxygenates in water (wt%)® 81.22 83.34 85.39 88.08 88.27
Alcohols in total oxygenates (wt%)© 71.43 74.99 79.50 81.34 83.48
Acids in total oxygenates (Wt%) 12.44 10.32 7.57 6.69 5.21
Ketones in total oxygenates (wt%) 4.29 6.31 5.80 5.37 4.94
Aldehydes in total oxygenates (wt%) 11.85 8.38 7.12 6.60 6.38
Op (Pco, Pu,)/(Pco Pu,0) 6.51 6.87 8.46 11.31 12.60

Reaction conditions: T=573 K, P=2.02MPa, SV =1.39 x 1073 Nm?® kg, ! s~

2 Acids in oxygenates of water phase.
b Alcohols in oxygenates of water phase.

¢ Total oxygenates denotes that the total oxygenate products of both oil and water phases.

perature under these reaction conditions in the spinning basket
reactor.

From the results, it can also be concluded that higher tem-
perature is preferential for chain termination to produce light
hydrocarbons, while lower temperature is preferential for chain
growth and the production of heavy hydrocarbons [31].

The C,_,/ Cg_4 ratio decreased from 3.80 to 1.63 with
increasing temperature due to the decreased ethylene and
increased ethane from 1.91% to 6.98%. Similar results were
reported by Donnelly and Satterfield [32], Bukur and Patel [33]
and Van der Laan [34]. Low hydrogen concentrations in the feed
and in the reactor result in the low hydrogen surface concentra-
tions and promote the termination to olefins instead of saturated
paraffins [34].

It is well known that the chemical reaction rate as one of
the most important parameters plays a significant role in scale-
up a FT reactor and industrial design. The effects of reaction
conditions on the reaction rates are also shown in Table 1. The
CO conversion rate, CO, formation rate and FTS reaction rate
all increased with increasing reaction temperature from 533 to
563 K. The FTS reaction rate basically increased linear with
increasing temperature, as shown in Fig. 2a. Similar results were
also obtained by Schulz and Claeys [30,35]. From the reactions
of added olefins (assuming that their FTS formation rates were
not affected by olefin addition), they also confirmed that olefins
were preferentially consumed via secondary reactions at high
reaction temperatures [30]. Both the CO conversion rate and
CO, formation rate followed the same trends as the FTS reaction
rate, and almost presented a linear correlation with increasing
reaction temperature.

The oxygen-containing products of FTS have received much
more attention since the pioneering work of Emmett and co-
workers [36—41]. Though the content of the oxygenates is small
relative to the total products, it has significant influence on the
upgrading of primary FTS products. Therefore, discussing the
selectivity to oxygenates in total products is important. It may
also provide some valuable information for understanding the

complex FTS reaction mechanism from the point of view of
conservation of mass.

The overall oxygenates formation rate is listed in Table 1.
With increasing temperature from 533 to 563K, the over-
all oxygenates formation rate increased from 5.33 x 1073 to
7.84 x 1073 gkgeo ! s™!. The detailed information regarding
different oxygenate species is given in Table 2. It shows that
with increasing temperature, the water formation rate decreased
from 26.08 x 1073 to 17.30 x 1073 gkgcat’1 s~L. The selectiv-
ity to oxygenates in water increased from 16.44% to 22.96%,
while the selectivity to oxygenates in oil decreased from 22.47%
to 15.23%. However, as mentioned above the overall oxygenates
formation rate increased with the increase of reaction tempera-
ture.

The acids and alcohols with lower molecular weight are
mainly dissolved in water, while alcohols with higher molec-
ular weight are mainly dissolved in oil, and oxygenates in wax
are usually negligible. From Table 2, it can also be seen that
oxygenates are mainly alcohols with small amounts of acids,
ketones and aldehydes. For water phase, the selectivity to acids
in oxygenates decreased sharply from 21.40% to 4.58%, while
the selectivity to alcohols in oxygenates increased from 69.49%
to 87.17% with increasing reaction temperature. The selectivi-
ties to alcohols, acids, ketones and aldehydes in total oxygenates
are summarized, respectively, in Table 2. The increased reac-
tion temperature seems to have little effect on the selectivity to
ketones, while aldehydes in total oxygenates increased, as can
be seen in Table 2. Due to the complexity of the reaction mecha-
nism for the formation of oxygenates, it should be studied further
from other aspects.

Here, we define the experimental Pco, PH,/Pco Pn,0 value
as Q) (for the indication of the extent of water gas shift (WGS)
reaction), which increases from 3.56 to 8.56 with increasing
reaction temperature from 533 to 563 K, and the Op values are
far lower than the K, (equilibrium constant of WGS reaction),
which decreases from 73.19 to 45.54. This indicates that the
WGS reaction is far from equilibrium under these reaction con-
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Fig. 2. Effect of reaction conditions on the reaction rates in the spinning basket reactor (reaction conditions are shown in Tables 1 and 3): (ll) CO conversion rate;

(A) FTS reaction rate; (¢) CO, formation rate.

ditions, and this phenomenon has also been observed by others
[25,42].

3.2. Effect of space velocity

Table 1 also shows the effect of space velocity on the catalytic
performance at 553 K. The CO conversion decreased sharply
from 81.81% to 29.85% with increasing space velocity from
0.46 x 1073 to 1.85 x 1073 N m? kgmf1 s~!, while the space
velocity has little effect on the CO; selectivity, which remains
at about 45%. Increasing space velocity can decrease residence
time of reactants and products, which leads to a decrease in CO
conversion.

The selectivities to methane, ethane, propane and butane
gradually decreased, while the selectivity to ethylene increased
and the selectivities to propylene and butylene have no apparent
change. The selectivity to Cs* increased in mass with increasing
space velocity. The effect of space velocity on the hydrocar-
bon selectivity is relatively complex. On one hand, higher space
velocity shortens the residence time, which is unfavorable for
chain growth. On the other hand, the lower Hy/CO ratio in the
reactor is favorable for the chain growth. As a result, under dif-
ferent reaction conditions, the various space velocities can lead
to different results. In this reaction, the effect of space velocity
on the Hy/CO ratio is remarkable, and in turn the lower H,/CO
ratio in the reactor results in a higher Cs* selectivity.

Consistent with our previous findings, ethylene shows unique
behavior, namely, the selectivity to ethylene increased with

increasing space velocity, which was contrary to other low
molecular weight hydrocarbons. The same trend was also
observed by Van der Laan [34] on a commercial Fe-Cu-K-SiO,
catalyst in a continuous spinning basket reactor and Bukur et al.
[28] on a commercial Ruhrchemie catalyst in a fixed bed reac-
tor. Madon et al. [43] studied the effect of space velocity on the
selectivity to olefins and paraffins on Ru catalyst, and found that
the olefin selectivities increased with increasing space velocity.

The C5_,/C9_, ratio increased from 1.07 to 2.90 with
increasing space velocity as shown in Table 1. With the increase
of space velocity, the FTS reaction rate increased visibly at
first, subsequently, with the space velocity increased further,
a more gradual increase of FTS reaction rate was observed, as
can be seen from Fig. 2b. The CO conversion rate and CO,
formation rate have the similar trends as the FTS reaction rate.
The overall oxygenates formation rate increased from 3.09 to
8.02 x 1073 gkgea ' s~! with increasing space velocity from
0.46t01.39 x 1073 Nm?3 kgcat_1 s~!. However, when the space
velocity increased further, the overall oxygenates formation rate
decreased to some extent.

3.3. Effect of reaction pressure

In commercial process, the FTS reaction usually operates
under high pressure. The effect of reaction pressure on the cat-
alytic performance is shown in Table 1. The CO conversion
increased from 42.95% to 75.01% with increasing pressure from
0.93 to 2.53 MPa. This is due to the enhanced concentration of
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active surface carbon species with increasing pressure and the
improved collision probability of the catalysts and reactants.
Thus, the rate of reaction is enhanced.

As shown in Table 1, increasing the pressure has little influ-
ence on the hydrocarbon selectivities. The selectivity to low
carbon number alkanes increased slightly, while the selectivi-
ties to ethylene and butylene decreased a little, and the propylene
selectivity did not vary much. The increased selectivity to low
carbon number alkanes may be attributed to the increased H,/CO
ratio in tail gas, which is favorable for the hydrogenation reac-
tion. And as we mentioned above, the appreciable increase in tail
gas Hp/CO ratio with increasing reaction pressure also promotes
the readsorption and secondary reactions of ethylene much more
than other species. Thus, the selectivity to ethylene decreased
with increasing pressure. However, the selectivities to C3, Cq
and Cs olefins are only slightly affected by secondary hydro-
genation [29]. Therefore, the reaction pressure has little effect
on them. As a whole, increasing pressure enhances hydrogena-
tion to some extent, and results in the decrease of C,_,/ Cg_4
ratio from 2.09 to 1.29.

As displayed in Fig. 2c, the FTS reaction rate, CO conversion
rate and CO; formation rate followed the similar trends as that
of Fig. 2b. Therefore, it indicated that choosing the optimum
space velocity and pressure under certain reaction temperature
and H»/CO ratio can utilize the raw material farthest and gain
the products maximum. The overall oxygenates formation rate
also increased from 4.55 x 1073 to 11.39 x 1073 gkgcaﬁ1 sl
with increasing pressure from 0.93 to 2.53 MPa.

3.4. Effect of H»/CO ratio

As mentioned above, the H»/CO ratio plays an important
role in the FTS reaction. The effect of H/CO ratio on catalytic
performance in the stirred basket reactor is shown in Table 3,
and compared with that in the fixed bed reactor under the similar
reaction conditions.

As shown in Table 3, CO conversion increased with increas-
ing Hy/CO ratio in both reactors. The CO; selectivity decreased
with increasing H,/CO ratio due to the increase of the hydrogen
partial pressure and the weakened force of the positive water
gas shift reaction. And H»/CO usage ratio also increased with
increasing Hy/CO ratio in feed gas.

It can be found from Table 3 that the selectivity to light hydro-
carbons increased with increasing Hp/CO ratio in both reactors
except for ethylene in the spinning basket reactor. Under these
reaction conditions, ethylene again showed its unique character
compared with other product species. This phenomenon is very
interesting and should be studied further from other aspects.
From a comparison of the methane selectivity in the two reac-
tors, it can be found that the methane selectivity in the spinning
basket reactor is higher than that in the fixed bed reactor despite
the higher space velocity.

The quantitatively description of FTS product distribu-
tion mathematically as a polymerization reaction, generally
believed to form stepwise by insertion or addition of C; inter-
mediates with constant growth probability, is given by the
Anderson—Schulz—Flory (ASF) distribution [44,45], and may

be presented as:

T (1 - e M

where W, is the weight fraction of the products with n carbon
number and « is the chain growth probability or growth factor.
The logarithmic form of this kinetic expression is shown below:

W,
log <n"> = log(lnzot) +nlog o 2)

According to the equation, a plot of log(W,/n) versus n
should given a straight line (ASF plot) and the chain growth
probability « can be calculated from the slope of the ASF dis-
tribution.

The results reported in Fig. 3 show the changes observed
in the detailed product distributions when the H>/CO ratio was
increased from 0.80 to 2.50 in the spinning basket reactor at
573 K. The product distributions are discussed by using the plot
of W,/n~n, and the deviations from the simple ASF distribu-
tions have been observed. From the results, it can also draw the
conclusions that the higher H>/CO ratio is preferential for chain
termination to produce light hydrocarbons while lower H,/CO
ratio is preferential for the chain growth and the production of
heavy hydrocarbons [31,46,47]. Therefore, the Cs* selectivity
decreased with increasing H,/CO ratio.

The curve at low Hy/CO ratio of 0.80 in Fig. 3 seems to
indicate a-olefin readsorption on the growth sites, as favored by
low secondary olefin hydrogenation and isomerization, high wax
yield and long residence time. In order to explain, the main devi-
ations of hydrocarbon distribution from the ASF law, namely the
increase of the chain growth factor with the increase of carbon
number, the olefin readsorption and secondary reactions were
involved in the kinetics and reactor models [34,48-51]. Schluz
and Claeys [48] extended their existing kinetic model taking
into account olefin hydrogenation, isomerization (double bond
shift) and incorporation and in particular chain length dependent
product solubilities, and typical deviations from ideal distribu-

18
011 "8 —=— 0.80 H,/CO ratio

1w ~-0--1.61 H,/CO ratio

0.014 qaﬂg_ =& 2.50 H,/CO ratio

8““.
s Boomm

1E 31 B l._..-
3 i -.
1 |

S1E-44 ﬁ@%ﬁg s
= ﬂ%gggoo@o e,
A‘L\ﬂﬂﬂg | ]

1E-5 4 8883200 ",
"—“Aggo & .
3 b, C000,
1 By ole]

1E-64 “an
E Ap
1 A

1E-7 T T X T ) T ) T . T
0 10 20 30 40 50

Carbon number (n)

Fig. 3. Effect of Hy/CO ratio on the distribution of hydrocarbon with different
carbon number in the spinning basket reactor. Reaction conditions: 7=573 K,
P=2.02MPa, SV=1.39 x 1073 Nm3 kgey s~



Y. Liu et al. / Journal of Molecular Catalysis A: Chemical 272 (2007) 182—190 189

tions can be simulated and experimentally observed data can be
satisfactorily described.

The enhanced hydrogenation resulting from increasing the
H»/CO ratio leads to a decrease of C,_, /Cg_4 ratio. The CO
conversion rate and CO, formation rate decreased with increas-
ing H»/CO ratio, while the FTS reaction rate increased slightly
and then decreased a little when the H>/CO ratio equal to 2.50.
The similar trends were also observed in the fixed bed reactor.
The overall oxygenates formation rate increased slightly with
increasing Hy/CO ratio as a whole.

It is well known that the H,/CO ratio in the reaction atmo-
sphere plays a very important role in FTS reactions, and
influences the product selectivity directly. Moreover, the liquid
products from the FTS process may contain a relatively large
amount of oxygenates. These oxygenates normally consist of
various functional groups (alcohols, ketones, esters, carboxylic
acids, aldehydes) and may be present over a wide carbon number
range, e.g. C1—Cyp [52]. Since the total amount of oxygenates
in FTS products over iron-based catalysts is higher relative
to that of cobalt-based catalysts [53], it is necessary to dis-
cuss the selectivity to oxygenates at different H,/CO ratios in
the spinning basket reactor. With H,/CO ratio increasing from
0.80 to 1.61, the water formation rate significantly increased
from 21.99 x 1073 to 69.67 x 1073 gkgea ™' s~!, as presented
in Table 4. The selectivities to oxygenates in water and oil
decrease from 27.18% to 20.21% and from 20.71% to 15.46%,
respectively. However, with the H,/CO ratio being enhanced fur-
ther, the influence on the proportion of oxygenates in water and
oil is not clear. This shows that the proper H,/CO ratio in feed
gas can result in gaining the optimal selectivities to light olefins
and high-quality fuels. From Table 4, it can also be seen that
the selectivity to acids in oxygenates for water phase decreased
from 6.64% to 2.91% while the selectivity to alcohols in oxy-
genates for water phase increased from 81.22% to 88.27% with
increasing the Hp/CO ratio. This indicates that the increased
H,/CO ratio favors alcohol formation and hinders the formation
of acids. These conclusions can be summarized as follows: alco-
hols in total oxygenates monotonically increased from 71.43%
to 83.48%, while acids in total oxygenates decreased monotoni-
cally from 12.44% 10 5.21%. The increased H>/CO ratio seems to
have little effect on the selectivity to ketones in total oxygenates
which does not change too much. The aldehydes in total oxy-
genates decreased from 11.85% to 6.38% with increasing H,/CO
ratio. From Table 4, it can be seen that the Q, values increased
monotonically from 6.51 to 12.60. This may be attributed to
the increased partial pressure of H, due to the increasing H,/CO
ratio. But the Q,, values are still lower than the equilibrium value
K, which is 39.33 at 573 K.

The detailed product distribution of oxygenates under dif-
ferent Hp/CO ratios is illustrated in Fig. 4. It is found that
the oxygenate distribution is similar to the hydrocarbon distri-
bution except for the C; oxygenates. The distribution of low
molecular weight oxygenates increased with increasing H,/CO
ratio, while when carbon number exceeds 4, the distribution of
oxygenates decreased with increasing Hp/CO ratio. This phe-
nomenon is in accord with the distributions of hydrocarbons.
From these results, it can also be concluded that a higher H,/CO
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Fig. 4. Effect of H,/CO ratio on the distribution of oxygenates with different
carbon number in the spinning basket reactor. Reaction conditions: 7=573 K,
P=2.02MPa, SV=1.39 x 1073 Nm3 kgey ' s~

ratio is preferential for chain termination to produce light oxy-
genates products while a lower H»/CO ratio is preferential for
chain growth and the formation of heavy oxygenate products.
The FTS products follow the ASF distribution, which is char-
acterized either by a single value or by two values of the chain
growth probability factor (Anderson [44], Huff and Satterfield
[54]) [55]. The product distribution of oxygenates seems to obey
the rule of ASF distribution except for the C; oxygenates. In
fact, methanol is the mainly component in C; oxygenates. From
Fig. 4, it can also be seen that C, oxygenates (mainly comprised
of ethanol) are the principal components. When the carbon num-
ber is greater than 10, the proportion of oxygenates is becoming
smaller, and may be neglected. Although the proportion of oxy-
genates is relatively small, some studies clearly showed that
alcohols could serve as chain initiators for the polymerization
reactions [36,37,41], and acids in small amounts can corrode
the equipment which may contribute to direct economic loss in
a commercial process. Since oxygenates play such an important
role in mechanistic considerations for the FTS reaction, a fur-
ther investigation into the distribution of oxygenates should be
considered.

4. Conclusions

The effects of reaction conditions including temperature, total
pressure, space velocity, and synthesis gas composition on the
FTS performance over an Fe-Mn catalyst have been carried out
in a continuous spinning basket reactor. The catalyst showed a
relatively stable activity during a run of about 700 h. The Fe-
Mn catalyst presented a higher activity towards the formation
of hydrocarbons, especially the formation of lower molecular
weight alkenes.

The reaction conditions strongly influenced the perfor-
mance of the catalyst, and the product selectivities are changed
markedly with the variation of H,/CO ratio in reaction atmo-
sphere, particularly for that of alkenes. In this work, ethylene
shows unique selectivity owing to the fact that ethylene is more
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reactive than other low molecular weight a-olefins. The selectiv-
ity to ethylene decreased with increasing reaction temperature,
pressure and inlet Hy/CO ratio, and increased with the increase
of space velocity, which is contrary to the behavior of other
low molecular weight hydrocarbons. The high hydrogen partial
pressure can enhance the hydrogenation and restrain the growth
of carbon chains. Hence, choosing a suitable inlet H,/CO ratio
can result in optimal catalytic performance of the catalyst, and
achieve the optimal production of light olefins and high quality
liquid fuels to meet the continuously increasing demands for
liquid fuels and chemical raw materials.

The FTS reaction rate and the overall oxygenates formation
rate generally increased with increasing reaction temperature,
pressure, space velocity and Hy/CO ratio.

Increasing reaction temperature can markedly decrease the
selectivity to acids in oxygenates for water phase. Increasing
the inlet Ho/CO ratio at 573 K can also decrease the selectiv-
ity to acids, which is much lower than at low temperatures.
Alcohols (especially ethanol) are the main components in total
oxygenates. The carbon distribution of oxygenates follows the
ASF distribution except for the C; oxygenates.
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