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Abstract A series of Raney Fe and other common used iron-based catalysts
were Investigated for the slurry Fischer-Tropsch synthesis in a continuous
stirred reactor. It was found that the precursor composition of Raney Fe
influenced its performance greatly. Raney Fe prepared from alloy with Al/Fe
ratio of 3 exhibited a higher F-T activity and a better stability with almost
total conversion of CO under usual conditions. Its macro-pore structure was
thought to be contributed to the less diffusion limitations of primary products
and then yiclded less 2-olefins and isomers. The effects of catalyst loading
and particle size on the paraffin selectivity over Raney Fe were studied.
From the carbon number distributions it is concluded that much more light
hydrocarbons with high olefin content but less high molecular olefins are

produced over Raney Fe .

Keywords  Raney Fe, slurry F-T synthesis, olefin/paraffin ratio, carbon

number distribution, diffusion limitation

Introduction

It is well known that amounts of literaturel!~%3:°1 focus on the hydrocarbon product
distribution and the selectivity to olefins in the whole products of Fischer-Tropsch
synthesis. The apparent reason 1s that the light olefins are good feedstocks for chemical
manufacture, e.g. the Cy and Cs olefins are the primary feedstocks for polymer and
petrochemical products. An effectual improvement of the selectivity to light olefins is
greatly dependent on the controlling of the molecular distribution and the secondary
hydrogenation of the primary olefins. Thermodynamics analysis indicates that this
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selectivity is restricted by the high productivity of methane, and is also influenced by some
by-product reactions such as Boudouard reaction, with temperature rising which is suitable
to the high selectivity of light olefins. Since a few studies indicate that the iron-based
catalyst is likely to produce more olefins, especially with the effectual promoters such as
Mn, someone suggested to control the chain increase by controlling pore size or to decrease
the activity of hydrogenation.

Raney Fe is a novel catalyst but is studied less than Raney Ni and other skeleton
catalysts, the initial idea for developing this skeleton catalyst is to improve such a difficult
condition of separating catalyst particles from the waxes in the slurry F-T synthesis. And
its significant catalyst performance comparing with other commonly used catalysts is the
higher selectivity to light olefins and lower molccular distribution in hydrocarbon products.

Experimental

Apparatus and procedure

All the tests were carried out in a 1 L continuous stirred tank reactor with the rotation
rate above 750 rpm, the well-distributed gas flow equipment kept the process in the kinetic
region completely. Syngas with the hydrogen to carbon monoxide ratio of 2.0 was fed to
the bottom of the reactor through several nozzles and was allowed to react on the
suspended catalyst. The reaction was carried out in the temperature range from 220°C to
280°C, pressure range from 1.2 MPa to 1.8 MPa, weight hollow space velocity range from
0.5 t0 2.0 L/ (g(Fe)-h), and Hy/CO ratio range from 1.3 t0 2.4.

The liquid wax as the rcaction slurry medium has an average b.p. of 340°C and a
carbon number range of C17 to C39. Among all the tested catalysts, the precipitated Fe
was prereduced in situ while the Fused iron was reduced in the fixed bed reactor at a
higher temperature with Hy flow, but all the Raney Fe catalysts were not reduced before
being transported into the slurry system.

Trapping and analysis

The complex product system was collected in two traps. The gasoline was condensed
in a trap at room temperature, which has the carbon number from C4 to Cyg. The high
molecular waxes were collected in a 100°C trap, and a lot of wax was accumulated in the
liquid medium. All the high molecular products were analyzed by a capillary GC-
9A(FID), the aqueous products were analyzed by GC-7A(FID). The volatile or light
hydrocarbons in cutlet gas were analyzed by SP-102(TCD) and SP-2305.
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Catalyst preparation

The employed catalysts include precipitated Fe, Fused iron and a series of Raney Fe.
The precipitated Fe is 506-11 from the Institute of Coal Chemistry (ICC) prepared by co-
precipitation method; Fused iron is F-007 from ICC prepared by melted magnetite and
promoters. Raney Fe was prepared by leaching the Al from Fe-Al alloy. All the catalysts
are similar in composition and were tested under the same catalyst loading (30g/0.5L),
catalyst s1ze(200~270 mesh) and similar conditions, except that mentioned elsewhere.
XRD indicated that all the catalyst bulk phases before reaction are a-Fe. Table 1 lists the
properties of the related catalysts.

Table 1 Al/Fe ratio in the Fe-Al alloy and other properties of iron catalysts

Raney Fe Al: Fe BET surface area / m2- g’l ra (A) Promoter / %
ratio

Raney Fe 1* 1.5 24.71 117 Cul.l
Raney Fe 27 15 22.6 108 Cu22
Raney Fe 3" 2.0 28.4 145 ;
Raney Fe 47 6.0 ~22 236 Cul0
Raney Fe 5 3.0 25.2 244 Cu 1.0
Fused iron - 12.0 350 -
Preci. Fe - 130 79.5 Cu0.5

Results and analysis

Carbon number distribution

The primary products of Fischer-Tropsch reaction over iron-based catalysts are 1-
olefins, n-paraffins and some alcohols owing to further reaction of the initially formed 1-
olefins!!]. However, larger amounts of paraffins and isomers produced in our tests
indicated that sccondary hydrogenation and isomerization were significant. The
hydrocarbon distributions with carbon number over different catalysts have been found to
follow the ASF law finely. Table 2 lists the values of o corresponding to various catalysts.
The a value of Raney Fe (~0.58 to 0.68) is larger than that of precipitated Fe (~0.55) and
approaches to that of Fused iron (~0.62). It was also found that there exist double «
(~0.68 and ~0.4), e.g. for Raney Fe 4% and 5%, while Raney Fe 3% is likely to have a single
a. As shown in Figs.1 and 2, Raney Fe obviously produces more gasoline than precipitated
Fe. And the apparcnt declination in carbon number distributions of ASF law can be
referred to somc literature (based on the tests both in the slurry reactor and the fixed
reactor), the negative increase of the o is due to the hydrocracking and accumulating of the
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high molecular hydrocarbons (#>12) in the liquid film which are on the surface or in the
interparticle pores[2].

0 0
2t Fused iron ot Raney Fe 5#
Raney Fe 1# /
4} #
4 \Raney Fe2 4  Raney Fe 3
= —_
=2 -6 N [=
g / £
-
-8 Precipitated Fe 8
A0t
Eh)!
-12 . . .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Carbon number Carbon number

T=543 K, P=1.5MPa, SV=1.0 L/(g-h), Hp/CO=2.0
Fig.1 Comparison of the carbon number
distributions over different Fe catalysts

Fig.2 Comparison of the carbon number
distributions over different Raney Fe catalysts

Table 2 Variation of « of different catalysts

Preci. Fused Raney Raney Raney Fe 3# Raney Raney

Temp/K Fe  iron Fel? Fe2? HyCO=13 20 24  Fed® Fpes
533 055 062 063 061 0.56 057 057 064 068
543 054 060 067 062 0.61 0.58 - 065  0.69

553 0.55 0.62 0.62 0.61 0.61 0.58 - - 0.67

P=1.5 MPa, WHSV=1.0 L/(g'h), Hy/CO=2.0

Olefin selectivity

1. Olefin selectivity in volatile hydrocarbons

The selectivities to olefins over three types of iron-based catalysts are compared as
shown in Figs.3 and 4. Precipitated Fe shows lower selectivities to light olefins from C; to
Cg, but Fused iron and Raney Fe yield more olefins of C.g. Another discrimination is in
the maximum of olefin in volatile hydrocarbon, i.e. precipitated Fe produces much more
C4 olefins and Raney Fe gives rise to more C3 and Cs olefins.

Investigation on Raney Fe in a fixed bed reactor by K.R.Chen has resulted in following
conclusions®]. Of the total outlet gas products including CO;,, Cy~C4 product keeps the
unchanged percentage of 52% and CHj4 keeps a percentage of 20% with temperature
increasing from 423 K to 473 K, which is lower than that obtained in a slurry reactor. The
Cs olefin content in Cy4 1s obviously high but is dependent on Hy/CO ratio and pressure.



298 Journal of Natural Gas Chemistry Vol.8 No.4 1999

0.8 0.9

07! Fused iron 0.8 Raney Fe 1#
R 06} ®07} /
£ o5} 506
= # -
§ 04 ~Raney Fe1 § 05 |
c c
% 031 T 04r P
g o2l E 03} Raney Fe 5% Raney Fe 3

01t Precipitated Fe 02y

0.0 - . 0.1 .

1 2 3 4 5 6 7 8 2 3 4 5 6 7
Carbon number Carbon number
P=1.5MPa, SV=1.0Ll/(g-h), Hy/CO=2.0

Fig.3 1-olefin distribution of low molecular Fig.4 1-olefin distribution of low molecular
hydrocarbons on different catalysts at 533 K hydrocarbons on various Raney Fe at 533 K

The selectivity to olefins 1s also affected greatly by catalyst loading and catalyst
particle size, which is thought to be due to the residence time and mass transfer Iimitation
of reactants and the preliminary product. Fig.5 shows the variation trends of the 1-olefin
content in light hydrocarbons over Raney Fe 5* at different particle sizes. The result of the
effect by catalyst loading of Raney Fe 4% was not listed here, the major conclusion is that
as the catalyst loading increases, C3~ and Cs™ especially the later increase while C,~ goes
contrary. Besides, C3~ over all Raney Fe increases more greatly than other olefins with
temperature increasing, while the data of different particle sizes appear a slight increase
with the catalyst size increascs.

081 0.9
0.8 Precipitated Fe
® o7 0.062 mm . Raney Fe 5% \
s 0.125 mm T o7t y Fused iron
g o6} 0.200 mm 5 06 N
c
] 8 05
E 05 E 04l Raney Fe 1*
K K]
5 ? 03¢t AN
- ~— ‘,__’—-b————.m_\
04 02} RaneyFe4?
03 01 ‘\,\_<_,_,_.
A 2 3 4 5 6 7 8 520 530 540 550 560
Carbon number Temperature / K

*T=543 K, P=1.5MPa, SV=1.0L/(g-h), Hy/CO=2.0
Fig.5 1-olefin content in light hydrocarbons Fig.6 Comparison of 1-olefin content of high
over Raney Fe 5% with various pellet sizes molecular HC over different iron catalysts
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Temperature gives rise to different effects on the light olefin distributions with carbon
number over different catalysts. Raney Fe causes the light olefin content of each carbon
enhanced with temperature increasing, but precipitated Fe produces declined result.

2. Olefins in gasoline oil

The conteflts of olefins with carbon number from Cg to Cyg (Cyo" is a negligible
amount both in total hydrocarbons and olefins) over various catalysts are compared in
Fig.6 and Table 3. It is obvious that the precipitated Fe produces more olefins in gasoline
than the Fused iron and Raney Fe, which is averagely above 50% and increases up to 80%
with temperature rising. While Fused iron is between Raney Fe and precipitated Fe, which
gives an olefin content of 30% gasoline and attains to 65% as temperature increasing.

The olefin selectivitie: over Raney Fe catalysts are found to be affected seriously by
the Al/Fe ratio of Raney Fe precursor. As shown in Table 3, Raney Fe 5% pfepared from
the alloy of Al/Fe=3 is likely te produce lower molecular olefin in high molecular products
than other Raney Fe under the same conditions (catalyst size: ~0.062 mm).

Table 3 Ratio of 1-olefin to paraffin in high molecular
hydrocarbons under different conditions

Raney Fe 3# Raney Fe 4# Raney Fe 5t
Hy/CO Stirred rate / rpm Catalyst size / mm
Temp. / K 1.3 2.0 600 >T750 0.062 0.086 0.125 0.200
533 0.126  0.071 0.501-. 0.453 0466 0329 0196 0420
543 0.144  0.104 0.535 (.469 0.504 0349 0.151 0427

As well as we know, the selectivity to olefins increases with syngas ratio decreasing.
Simultancously, the effects of temperature, catalyst loading and catalyst size on the olefin
content in gasoline arc also analyzed, the former two factors have a positive effect on the
olefin content, but the catalyst size has a negative effect in the range from 0.062 mm to
0.125 mm, except 0.2 mm, which probably due to that catalyst of larger pellet with
macropores is similar in performance to that of small particle.

Secondary hydrogenation reaction

In order to demonstrate the occurrence of the secondary reaction over the Raney Fe, we
compared the distributions of different olefins, including 1-olefins and 2-olefins, and the
isomer of same carbon number over different Raney Fe catalysts. As shown in Fig.7, it is
different from other reported results that Raney Fe gives various olefin selectivities in light
hydrocarbons. Similar to Fused iron, Raney Fe shows a decreasing tendency in 1-olefin
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distribution with carbon number except ethylene. In accordance with the result mentioned
above, Raney Fe 3# gives apparent lower contents of 1-olefins of each carbon number.
And the amount of cthylene is lower than that of Cs olefin, which accords with the
conclusions of other reported results.

Ethylene is well known to be more reactive than other low carbon number 1-olefins.
Davis has concluded that ethylene is likely to undergo carbonylation to produce propanol
but not through ASF synthesis pathway[4]. Namely, the results of methane selectivity
imply that it is easy for ethylene to be carbonylated to alcohol.

Fig.9 shows the variations of the isomer distribution with carbon number. Taking
Figs.7 and 8 into account, the isomer distributions show a slight increase with carbon
number increasing, and the significant low content of C4 isomer over Raney Fe 5% is in
accordance with that of C4 l-olefin which is in lower content in Fig.7. As mentioned
before, the 1%, 3% 57 Raney Fe were all prepared under the same condition. Hence the
difference was the alloy composition, which was characteristic of the Al/Fe ratio. And 1t
was found the sequence of the pore radius of these Raney Fe was in accordance with th
Al/Fe ratio.

08 1 — Fused iron ¢
= 2 — Raney Fe 1¥ =
3 - Raney Fe 3% =
R 4 ~+ Raney Fe 5% °
< o6} y 5
g kel
k= £
R E
k3 &
? (3]
< 02t £
9
c?l Fused iron
00 . 0.0
’ 2 4 6 8 10 12 14 4 6 8 10 12 14
Carbon humber Carbon number
Fig.7 1-olefin content as a function of Fig.8 2-olefin content as a function of

carbon number over various catalysts at 533 K carbon number over various catalysts at 533 K

As shown in Figs.7, 8 and 9, the selectivities to 1-olefins decrease in an order of
5#>1%>3% while that of the 2-olefin selectivity is in the opposite sequence. The isomer
selectivity appears morc complex but also indicates that Raney Fe 17 with the smallest
pore radius yields much more isomers. The possible explanation is that the mediate pore
distribution is suitable for the secondary hydrogenation from 1-olefin to 2-olefin, which is
characteristic of product diffusion. It is concluded that the pore restriction to diffusion
affects seriously the secondary hydrogenation reaction.



Li,Y.J. et al., Carbon Number Distribution and Selectivity of Slurry F-T Product over Raney Fe

Selectivity of CH4 and performance of WGS reaction

035+t

0307}

0.25
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Fig.9

0157

Raney Fe 5%
. Raney Fe 1#

Fused iron

Raney Fe 3#

4 6 8 10 12 14
Carbon number

Isomer distribution with carbon

number over different catalysts at 533 K

Methane selectivities in the hydrocarbons over different catalysts are shown in Fiz.10.
It was reported that larger pellets led to lower F-T synthesis rates and less light
products[5 6] particularly methane. The higher methane content was assumed to be due to
the presence of the hydrogenation sites that favor the production of methane. Raney Fe,

L #
< 0.50 Raney Fe 4
& Fused iron
§ 045 \
D
(7]
[41]
S 0407 .
5 b\
(5] Raney Fe 5
= Y Raney Fe 1#
035 } \
510 520 530 6540 550 560
Temperature / K
Fig.10 Methane selectivity with temperature

over different catalysts

gspecially Raney Fe 5%, produces less methane. And the higher alcohol selectivity is
p

thought to be reasonable considering the lower ethylene selectivity and higher propanol

content which may be carbonylated from ethylene.

Since the oxidation of the reduced catalyst is one of the main deactivation mechanism
of the iron-based F-T catalysts, and the WGS reaction takes place on the magnetitem, the
performance of WGS surely affects the F-T rate and selectivity. Wainwright has reported
that Raney catalyst is suitable to accelerate the reaction as CO;+Hy-—->Hy0+CO, which 1s

inverse to the WGS reaction!8!

Table 4 Performance of WGS reaction in the tests over different catalysts

Kapp= [CO2] [H2] /1COJ [Hp0]

Temp. /K Preci. Fused ~ Rancy  Raney Raney Raney  Raney  Keg
Fe iron  Fel® Fe2!  Fes®  Fea?  Fest

523 26.65 15.14 8.52 17.18 30.96 78

533 43.41 20.39 8.52 15.5 27.39 42.64 67.85 71

543 40.46 29.03 21.13 16.47 34.58 4591 66.11 64

301
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Table 4 lists the evidence for the water-gas-shift reaction. It is clear that the
equilibrium is not achieved for any cases, and the apparent equilibrium constant(Kapp)
increases with temperature and Hy partial pressure increasing. This indicates that Raney
Fe 5% exhibits lower WGS reaction activity but Raney Fe 1# and 3* possess a higher one.

Discussion

Usually, the 2-olefin selectivity which implies the secondary reaction increases with
carbon number and gas space velocity increasing. It is due to that upon readsorption, 1-
olefin becomes a reaction intermediate which can either continue to grow and terminate as
a longer chain 1-olefin, n-paraffin or be terminated to n-paraffin or 2-olefin of the same
carbon number. And lower cthylene content is due to its high activity!>-?].

It was proposed by Madon that the decrease in 1-olefin content with molecular weight
increasing was attributed to the decreasing diffusion rate of longer chain molecules and
their longer residence times in the catalyst pores. Thus the longer residence time in
catalyst pores or in the reactor itself increased the probability of the 1-olefin readsorption
followed by termination as 2-olefin. The results of Raney Fe 3* and 5% with different pore
radius indicated this point.

Davis reported that cis-frans isomerization of the added pentene did not occur during
the synthesis reactions based on the investigation of labeled ethene addition, and the added
pentene led to an increase of 40% of the Cq and other higher molecular products by a
mechanism that follows ASF selectivity[5 1 But our results suggested that the micropores
within precipitated Fe caused serious diffusion limitations of primary products, so the
addition of pentene resulted in no distinct variation in Cs hydrocarbons.

It was also reported that the significant fraction of light paraffins was because of the
high rate of hydrogenation of these light olefins, and this indicated that significant
secondary hydrogenation reaction occurred. However, the high content of lower olefins
over Raney Fe catalysts indicated that the diffusion limitations affected olefin selectivity
while high hydrogenation activity did not occur except for ethylene.

It is necessary here to recite the different conclusions from Schulz and Davis. One is
that 2-olefin is one portion of the primary products, another is that between the
hydrogenation and isomerization, which is the dominant secondary reaction.

The preliminary experiments over Raney Fe imply the following scheme related to the
secondary reaction:
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Cn, paratfin Cn,isomer

Cy olefin —— 1-olefin

Cn, 2-olefin N Cn)isomer

2-olefin

That is to say, the general definition of isomerization during secondary reaction
includes the isomerization to iso-paraffins and 2-olefins (olefins). Raney Fe has higher
selectivities to light 1-olefins and gives lower l-olefin contents in high molecular
hydrocarbons. On the other hand, the 2-olefin selectivities are lower than the selectivities of
the isomers of the same carbon number. Except that Raney Fe with mediate pores exhibits
a distinguished isomerization reaction from 1-olefins to 2-olefins. Compared with Fused
iron (which also produces less secondary products), Raney Fe with larger pores has lower
secondary reaction rate to form 1-olefins.

In a word, pore diffusion limitations increase probability of secondary readsorption of
1-olefins. It results in the formation of n-paraffins, 2-olefins and isomers. Raney Fe 3#
showed significant pore limitations than Raney Fe 5% but Raney Fe 1# showed less
limitations than Raney Fe 5% The similar I-olefin and 2-olefin selectivities over Fused
iron and Raney Fe 1# and 5% are due to that Raney Fe 5% has less pore diffusion limitations
as Fused iron while Raney Fe 1# has higher isomerization reaction activity than Fused
iron.

All these demonstrate that the optimum structure of Raney Fe catalyst can result in
high activity in hydrogenation and desired selectivity. As some reports claimed(17],
micropores contribute to the limitation and macropores decrease the pore volume and BET
area. Raney Fe 5% somehow balanced this relation and showed high activity and low pore
limitaion.

Conclusions

The dominant primary products over Raney Fe catalyst are 1-olefins and n-paraffins,
1somers and 2-olefins are also found to be significant portions.

The secondary reaction over Raney Fe includes the isomerization from 1-olefins to 2-
olefins and isomers of paraffins, and the hydrogenation from l-olefins to n-paraffins.
Raney Fe with larger pores has lower secondary reaction activity while smaller pores
exhibit significant isomerization reaction activity. It is assumed that the optimum structure
obtained by adjusting the preparation conditions can yield the desired products.

The selectivity and activity over Raney Fe 5% with macropores approach to that of
precipitated Fe, and the differences are the lower methane selectivity and lower
performance of WGS reaction.
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