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Three Fe-Mn/ALO, catalysts were prepared by three different preparation tech-

niques, i.e. co-precipitation; sol-gel and impregnation, and their Fischer—Tropsch Synthe-
sis (FTS) activity and selectivity behavior were investigated and compared using a fixed-
bed reactor. It was observed that the impregnated catalyst had the lowest initial activity
but was more stable than the other catalysts. The co-precipitated and sol-gel catalysts
showed enhanced light olefin production as compared with the impregnated. Methane
selectivity decreased with time on stream for both the impregnated and co-precipitated
catalysts while it increased for the sol-gel. The impregnated catalyst showed the lowest
WGS activity, the highest hydrocarbon selectivity and the highest chain growth pro-

bability.
Key words:

Fischer—Tropsch Synthesis, Fe-Mn/Al O, catalyst, co-precipitation, sol-gel, impregnation

Introduction

Recently, the world energy crisis, high oil pric-
es, and environmental pollution have received re-
markable attention in the development of alterna-
tive technology (i.e. GTL) for the manufacture of
transportation fuels.! In the GTL process, Fischer—
Tropsch synthesis (FTS) plays an important role for
converting synthesis gas (mixture of CO and H,) in
the production of ultra-clean transportation fuels,
chemicals, and other hydrocarbon products. The de-
velopment of an effective catalyst and reactor sys-
tem is the most competitive issue in FTS. The cata-
lysts mainly used for FTS are iron and cobalt. Iron
is an active FTS catalyst and also for water-gas-shift
(WGS) reaction and is therefore ideal for convert-
ing carbon monoxide-lean syngas (low H,/CO ratio)
derived from coal.*?

Higher activity, selectivity and stability can be
noticed in mixed metal catalysts compared to single
component ones® whereas catalyst composition ex-
erts the greatest influence on the molecular weight
distribution. Also, it is accepted that due to thermo-
dynamic and kinetic limitations of the reactions, bi-
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metallic catalysts system is more capable to enhance
the value of the light olefins.”'°

A number of studies have indicated improved
activity and/or selectivity on the addition of transi-
tion metals to Fe-based FTS catalysts.!""'* Lohitharn
and Goodwin Jr." showed that the addition of vari-
ous transition metals besides Cu, such as Zr, Cr,
Mo, Mn, Ta and V, greatly increased the catalyst
activities for both CO hydrogenation and WGS in
varying degrees.'’Among the promoted iron-based
catalysts, Fe-Mn catalyst is of industrial interest
that has been described extensively in recent years
due to its higher olefin and middle distillate selec-
tivity.

The addition of moderate amounts of Mn has
been found to promote the activity of Fe cata-
lysts,'®'” the formation of low-molecular weight
olefins, 121617 higher hydrocarbon formation,'® and
catalyst stability.!! In addition, promotion of an iron
catalyst with small amounts of Mn has been demon-
strated to improve the surface basicity and carburi-
zation of Fe.'”!® Some researchers declare that by
using an optimum amount of Mn, the catalyst activ-
ity, stability and selectivity to C.~C,  increase while
CO, and methane selectivity decreases; catalysts
with high content of Mn have relatively stable ac-
tivity. However, van Dijk et al.,” in their studies of
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Fe-Mn catalysts with various manganese contents,
found that no relationship exists between the olefin
selectivity and the amount of manganese added.
The catalytic behavior of mixed iron-manganese
oxides was found to be influenced by the prepara-
tion technique and the structural properties of the
catalytic precursors.?

In this study, three Fe-Mn/Al O, catalysts were
prepared by three different preparation techniques
i.e. co-precipitation; sol-gel and impregnation to in-
vestigate activity and selectivity behavior during
the FTS in a fixed-bed reactor.

Experimental section
Catalyst preparation

In previous study?' it was noticed that the co-pre-
cipitate catalyst containing 50%Fe/50%Mn/5wt.%Al 0,
is an optimum-modified catalyst for the conversion
of synthesis gas to light olefins. The actual phases
identified in the fresh catalyst were Mn O, (mono-
clinic), Fe,O, (rhombohedral), and Mn,O, (cubic)
and in the tested catalyst, different phases includ-
ing FeO (cubic), MnO (cubic), Fe,O,, and Fe,C
(orthorhombic) were identified. In the present work,
we prepared catalysts with the same composition
(Fe:Mn = 1:1 mol ratio) using sol-gel and wetness
impregnation technique in the following way to
study its catalytic performance during the FTS.

For sol-gel catalyst, Mn(NO,), - 4H,0 (4.56 g)
and Fe(NO,), - 9H,O (7.21 g) were dissolved in 3.8 g
oxalic acid and 40 cm?® ethanol mixture at 80 °C. After
stirring for 10 minutes, Al(OC,0,), (9.2 cm’) was add-
ed to a homogeneous transparent solution. Then the
sol was slowly hydrolyzed by adding H,O/C,H,OH
(60/40 V/V) mixture to the transparent solution and
stirred at 110 °C for 16 hours to give transparent
monolithic gel. The gel was dried at 120 °C in vacu-
um, powdered and calcined at 650 °C for 6 hours in
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air. The BET surface area of the fresh catalyst was
147.8 m? g"'.The actual phases identified for fresh cat-
alyst were characterized by XRD and the different
identified phases were Fe,O, monoclinic, MnO, hex-
agonal, MnAl O, cubic and Al,O, monoclinic. The
sample after the FT reaction was also characterized
and different identified phases were FeC orthorhom-
bic, MnALO, cubic, Fe,0,monoclinic, Al,O, mono-
clinic and C hexagonal.

Also the catalysts were prepared by incipient
wetness impregnation of AL O, with aqueous iron
nitrate and manganese nitrate solutions. The Al,O,
support was first calcined at 600 °C in flowing air
for 6 hours before impregnation. For 50%Fe/50%Mn/
ALO, catalyst, the solution of proper amount of
iron nitrate (5.53 g) and manganese nitrate (3.49 g)
was prepared and directly dispersed through a spray
needle onto the support. The impregnated support
was then dried at 120 °C for 16 hours. In order to
obtain the final catalyst, the precursor was then cal-
cined at 550 °C for 6 hours. The BET surface area
of the fresh catalyst was 127.9 m?> g!. The actual
phases identified for fresh catalyst were Fe,O,
monoclinic, MnO,, Mn,O,cubic, AlFeO,orthorhom-
bic and Al O, tetragonal. The sample after the FT
reaction was also characterized and the different
identified phases were Fe,C orthorhombic, Fe,C
monoclinic, Mn O, orthorhombic, FeFe,O, mono-
clinic, MnAl,O,/MnO, Al O, cubic.

Fig. 1 illustrates the XRD pattern for the fresh
and used catalysts. The catalyst phase that exists is
strongly dependent on the activation procedure em-
ployed. Activation with hydrogen, carbon monoxide
or synthesis gas generally resulted in the rapid for-
mation of metallic oxides especially Fe,O, as an ac-
tive phase.”” With additional time, the Fe,O, is con-
verted to metallic iron in the case of hydrogen
pretreatment or various iron carbides with carbon
monoxide or synthesis gas pretreatment.?> It is ac-
cepted that the oxidic and carbide phases are active
in FTS for conversion of synthesis gas to olefins. It
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Fig. 1 — XRD patterns of Fe/Mn/Al,O, catalysts a) before and b) after the FTS test
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has also been reported that the formation of iron
carbides results in high FTS activity, and the mag-
netite (Fe,0,) is the most active phase for water gas
shift reaction.?¢*° Oxide phases are highly selective
for the production of olefins, and carbide phases are
active in the hydrogenation of CO.3":*

Apparatus and data analysis

The catalyst tests were carried out in a micro-
fixed-bed reactor (i.d. 7 mm and catalyst height bed
(H,) is 40 mm) under operating conditions as fol-
lows: pressure 6 bar, inlet H/CO ratios 1, tem-
perature 220-260 °C, and gas hourly space ve-
locity 4500 cm’(STP)h"'g ~'. More details about
the reactor set up, as well as a schematic diagram,
have been discussed in literature.**>3¢ To summa-
rize, 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 1 g. To achieve a
more uniform bed temperature, the catalyst was di-
luted using quartz sand with the same mesh size
range. The volume ratio of catalyst to quartz sand
was 1:4. Reduction of the catalyst was done in a
H,-N, flow (1800 cm*(STP) h''g ' for each) at at-
mospheric pressure and at 350 °C for 16 hours with
a heating rate of 3 °C min' at ambient temperature.
The catalyst was then cooled to 180 °C and flushed
with N, before the temperature was increased to de-
sirable temperature. The GHSV of all the experi-
ments were carried out at 4500 cm’(STP) h''g_ ',
which is safe to eliminate the external mass transfer
limitations.*® Then the feed gas was introduced. Re-
actant and stream products were analyzed on line
using a Varian gas chromatograph (Star 3600CX).
The CO conversion (%) was calculated based on
the fraction of CO that formed carbon containing
products according to:

ZniM ;
CO conversion (X.,%) = IY; X100

co

Where n, is the number of carbon atoms in
product i, M, is the percentage of product i and M
is the percentage of carbon CO in feed stream. The
selectivity (S) of product i, is based on the total
number of carbon atoms in the product and is there-

fore defined as:
.. E”iM i
Selectivity (S, %) = v x100

In this research, the carbon number distribu-
tions of Fischer—Tropsch products on iron/manga-
nese catalysts were studied by using an Anderson—
Schulz—Flory (ASF) distribution with one chain
growth probabilities:

w
n _ (1 _a)Z an—l
n

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:

log(%) =log(2Ina)+nlog(a)
n

According to the equation, a plot of log (W /n)
versus n gives a straight line (ASF plot) and the
chain growth probability & can be calculated from
the slope of the ASF distribution. Typically, the en-
tire range from C, to C, was used to calculate .

Results and discussion
Catalyst characterization

Characterization of the 1Fe/IMn/ALO, cata-
lysts precursor was also carried out to measure the
losses of weight as the temperature of the sample
was increased. The TGA/DSC curves for these cat-
alysts precursor are shown in Fig. 2.

For co-precipitated catalyst precursors, the
thermogravimetric curves seemed to indicate three-
stage decomposition. The first stage was consid-
ered to be due to the removal of adsorbed water
(40-110 °C) and the second stage was due to the
decomposition of hydroxyl bimetallic or nitrate pre-
cursor (250-375 °C), respectively. The peak around
525-575 °C was due to the decomposition of
MnCO, or Fe,CO,(OH), to oxides of iron and man-
ganese phases (Mn,O,, Fe O, and Mn,0,) which
were identified by XRD technique. The TGA curves
were involved with total overall weight loss of ca.
55.2 wt.%. the exothermic peak at lower tempera-
tures (40—120 °C) represented the removal of the
physically adsorbed species and dehydration from
the catalyst precursor. The second endothermic peak
at around 175-275 °C was due to the decomposi-
tion of nitrate compounds. The peak around 375 °C
was due to the full decomposition of nitrate com-
pounds to oxides.

The TGA and DSC curves of the dried gel pre-
cursor show a total weight loss of 29.6% during
continuous heating from room temperature up to
600 °C. In this range, for a typical gel-derived sam-
ple, the evaporation of the solvents and the subse-
quent pyrolyis and/or burning or residual organic
molecules generally occurred.’” For the catalyst pre-
cursor, two major weight losses were observed. The
first weight loss, from 100 °C to 190 °C could be
related to the evaporation, from open pores of water
and alcohol physically trapped in the gels. The sec-
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Fig. 2 — TGA and DSC curves for various iron—manganese
catalyst precursors

ond weight loss at a range of 245 °C to 400 °C was
likely to be caused by two overlapped processes:
the burning of residual organic groups such as de-
hydroxylation reaction of structural OH contained
in the metal oxyhydroxides, in the gels and the de-
composition of the metal nitrates. This is in agree-
ment with what has been reported.*® The DSC mea-
surement provided further evidence for the presence
of the various species and evaluates their thermal
behavior. As shown in Fig. 2, the exothermic peak

at lower temperature (350 °C) represented the evap-
oration of the physically adsorbed water and alco-
hol from the gels, while the peak at the higher
temperature (550 °C) solely represented the decom-
position of the nitrates and hydroxylate. These two
exothermic transitions, which were accompanied by
weight loss, were interpreted on the basis of ther-
mogravimetric analysis results.

For impregnated catalyst precursor, the weight
losses obtained from TGA measurements were
found to agree fairly well with those expected for
the decomposition of nitrate compounds to oxides.
For this catalyst precursor, the thermogravimetric
curve seemed to indicate three-stage decomposi-
tion. The first stage was considered to be caused by
the removal of adsorbed species and dehydration
(30-60 °C). The second stage (70—190 °C) was due
to the first decomposition of nitrate compounds.
More Ni(NO,), and Fe(NO,), -9H,0 decomposed at
higher temperature. The peak around 260—400 °C
was due to the full decomposition of nitrate com-
pounds to oxides of iron and nickel phases (MnO,,
Mn O, and Fe,O,) which were identified by XRD
technique. The TGA curve was involved with a to-
tal overall weight loss of ca. 32.5 wt%. As depicted
the exothermic peak at lower temperatures (160—210
°C) represented the removal of the physically ad-
sorbed species and dehydration from the catalyst
precursor. The second peak at around 210—240 °C
was due to the decomposition of nitrate compounds.
The endothermic peak at 360 °C was due to the full
decomposition of nitrate compounds to oxides.

FTS performances

Catalyst activity and stability

The activities of Fe/Mn catalysts prepared by
different technique with time on stream (T.0.S) at
three temperature levels (220, 240, 260 °C) are
shown in Fig. 3. The activity of catalyst for CO
conversion was significantly promoted by change in
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Fig. 3 — Variation of activity and stability as a function of
time on stream over Fe-Mn/Al,0,at T=220, 240,
260 °C, p=6 bar, GHSV=4500 h”', H/CO=1
(temperature increasing at 90 and 164 hr)
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preparation method from impregnation to co-pre-
cipitation. As shown, the CO conversion increased
and reached to a stable level only after about 24
hours for all catalysts. For co-precipitated Fe/Mn,
the CO conversion begins at 41% at 220 °C then
increases to 46% at 240 °C after 90 hours. In this
period, activity declined about 8%. After 164 hours,
temperature increased to 260 °C, and conversion en-
hanced to 45% and rapidly decreased to about 39%
at 264 hours on stream. It seems that this catalyst is
more sensitive to temperature. In the case of the
sol-gel Fe/Mn catalyst, the CO conversion initially
stabilized at 36% at 220 °C in 48 hours and gradu-
ally increased to about 41% after a period of 144
hours at 240 °C. After increasing to 260 °C, conver-
sion promoted to 45% and maintained stable there-
after to 264 hours, and suddenly depleted to 37%.
For the impregnated Fe/Mn catalyst, the initial CO
conversion begins at 32%. It further increased to
about 35% after the second temperature increasing
and maintained stable thereafter. In the third tem-
perature increasing, conversion was 41% and stable
after 290 hours. Generally, the increase in the reac-
tion temperature led to the increase in the catalytic
performance. Furthermore, it was shown that the
reaction temperature should not be too low. At low
reaction temperatures, the CO conversion was low,
so it caused a low catalytic performance. On the
other hand, increasing the reaction temperature
leads to the formation of amounts of coke as an un-
wanted product.

It is evident that initial CO conversions of im-
pregnated catalyst are lower but better in stability
than in the case of the two other catalysts. It can be
concluded that co-precipitated with the highest BET
surface area has the highest conversion, and also
impregnated catalyst shows the lowest C phases in
used catalyst causing more stability in FTS. 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.* Dwyer and Hare-
denergh*® suggested that the competitive conversion
of the reactive surface carbon to the surface poly-
meric carbon or graphitic carbon over the iron car-
bide surface determines the catalyst lifetime. Also,
it is noticed that the C-C coupling of the surface
carbon is more favorable thermodynamically while
the surface hydrogen will hinder C-C coupling and
prevent the deactivation of iron carbide surface.

For a better understanding of the deactivation
behavior, the change in the methane and C,, selec-
tivities has been plotted as a function of reaction
time in Fig. 4 for all catalysts. As shown in this
figure, for co-precipitated and impregnated cata-
lysts, methane selectivity gradually declined about
4.5% and 4.7 respectively, while for sol-gel catalyst

22

coprecipitation
19
S
16 -
2
>
g
g 13 4
& —e—C1
10 A —e—(5-9
—a—C10+
7 T T T T
0 50 100 150 200 250 300
T.0.S (h)
31 1 Impregnation
28 A
- 25
S x
=
g 19 4
o
3 16 1
A —e—C1
13 A
——(C5-9
10 A
—a—C10+
7 T T T T T
0 50 100 150 200 250 300
T.oS (h)
31
Sol-gel
28 A
251 M‘v‘
<J
é 22 4
i
g 16
Y
wv
13 4 —-e—C1
10 - ——(59
7 —&—(C10+
0 50 100 150 200 250 300
T.0S (h)

Fig. 4 — Evolution with time on stream of the activity and se-
lectivity measured over the various Fe/Mn/ALO,
catalysts (T=220 °C, p=6 bar, H/CO molar feed
ratio =1, GHSV =4500 cm’ (STP) h''g, ")

methane selectivity remained constant with increas-
ing in time up to 200 h. In contrast, C, , selectivity
(co-precipitated: 12.9 - 17.4, sol-gel: 22.1 = 27.5
and impregnated: 23.3 - 31.7) and C,, slightly in-
creases by about 4.3% and 5.4% and 7.2, respec-
tively during this time.

It has been shown that longer time enhanced
agglomerate size growth during reaction condi-
tions*'*? which may be due to the possible existence
of the bulk iron carbides FeC, as it could be detect-
ed by XRD patterns hence the larger particles were
more selective to higher molecular weight hydro-
carbons and smaller iron particles were selective to
methane and light gaseous hydrocarbons*# and
the water-gas shift (WGS) reaction was faster on
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smaller pellets.” However, M.A. McDonald*® had
reported in reverse results that large Fe particles
produced a lower fraction of high hydrocarbon in
the product and showed a greater tendency for de-
activation and loss of C,, selectivity than small par-
ticles.

It is well-known that H and CO coverage play
essential roles in the reactivity and selectivity of FT
synthesis. CO and H, reactants should be supplied
swiftly for hydrocarbon chain growth in the
Fischer—Tropsch synthesis before the initial prod-
uct, methane detached from the catalyst surface.
Methane may face the reactants which will take part
in the propagation reaction with CH, to produce
long-chained hydrocarbons while attached to the
surface. However, if C, desorbs from the catalyst
before facing reactants, the reactants will react with
each other to produce more C,. Thus, a sufficient
supply of reactants to the catalyst surface is very
significant for hydrocarbon chain growth.* The
XRD results showed that for sol-gel catalyst the
amount of coke was higher than in the case of the
two other catalysts. This could be related to CH,
production (highly exothermic) followed by the
coke formation on the catalyst surface, which re-
sulted in the sharp increase of the reaction tempera-
ture and the catalyst deactivation.”® It implied that
the sol-gel catalyst loses the tendency of reactants;
CO and H,; chemisorptions at the end period of
T.o0.S. Therefore, deactivation rate of the smaller
iron particles, which are selective for methane pro-
duction, is higher than that of the larger particles.
Therefore, these particles deactivated first, leading
to increase in C,, selectivity and suppression of
methane production. Also, The BET specific sur-
face area of the co-precipitated, sol-gel and im-
pregnated catalysts after T.0.S were found to be
152.3 = 150.7 m* g!, 147.8 - 136.5 m> g and
127.9 = 125.1 m?> g! respectively, which were in
comparison with the BET results of the fresh cata-
lysts and no significant change in the specific sur-
face area was observed for co-precipitated and im-
pregnated catalyst, but for the sol-gel catalyst
sintering could be another deactivation reason.

Hydrocarbon selectivity

The effects of preparation technique on the hy-
drocarbon product distribution of three catalysts are
depicted in Fig. 5. It illustrates that the catalyst in-
corporated with co-precipitated method, had high
selectivity to methane, CO, and C,-C,, whereas the
selectivity to C.~C,was the lowest. The sol-gel cat-
alyst suppressed the selectivities to methane but en-
hanced the selectivity to C~C, as compared with
co-precipitated catalyst. Considering the impregnat-
ed catalyst, this catalyst suppressed WGS reaction
and also the selectivity to C,—C, but promoted the
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Fig. 5 — Comparison of catalysts performance, Reaction con-
dition: T=220 °C, p=6 bar, GHSV=4500 cm’
(STP) h'' g, ', H/CO=1

selectivity to high hydrocarbon compared with the
two other catalysts.

It is widely accepted that iron carbides are the
active phases,’>* which provide the active sites for
CO activation and hydrogenation and oxide phases
are highly selective for the production of olefins.
Thus the content of Fe C is important to form the
active site at which the carbon atoms are hydro-
genated and hence influence the formation of
Fischer—Tropsch synthesis. At the same time, there
is evidence™** that the bulk carbide does not appre-
ciably participate in the hydrocarbon synthesis. As
for inactive carbons, some are inert while some are
notorious poisons, such as graphite or coke. Zhang
et al* found that there is a good correlation between
the chemisorptions of H, or CO and the correspond-
ing feed gas conversion activity in FTS reaction.
Meanwhile, the methane selectivity is correlated
with the hydrogenation capability of catalysts, indi-
cating that the surface H concentration has an im-
portant effect on the selectivity of hydrocarbons.

Chain growth

The quantitative description of FTS product
distribution mathematically as a polymerization re-
action, generally believed to form stepwise by in-
sertion or addition of C, intermediates with constant
growth probability, is given by the Anderson—
Schulz—Flory (ASF) distribution.””*® The carbon
number distribution of the products formed on
iron-manganese catalysts are represented in Fig. 6.
The product distributions were discussed by using
the plot of Wn/n~n and the chain growth probability
a can be calculated from the slope of the ASF dis-
tribution. The results demonstrate the changes ob-
served in the product distributions when the catalyst
is prepared by a different technique. It could be de-
duced that impregnated Fe-Mn has the greatest
a =0.786, however for co-precipitated and sol-gel
catalyst chain growth probability is equal to 0.760
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and 0.761 respectively where R? as the amount of
variance was more than 0.98 for all catalyst and
F-test as the ratio of the mean regression squares
and the mean residual squares was F  (4,28)=
2.71<F-test(impregnated) = 145.2<F-test(co-precip-
itated) = 148.3<F-test(sol-gel) = 149.6. The results
could also lead to the conclusion that the co-precip-
itated and sol-gel catalysts were preferential for
chain termination to produce light hydrocarbons
while the impregnated was preferential for the chain
growth and the production of heavy hydrocarbons.
It is well-known that the weakened surface basicity
of iron-based catalyst can suppress the dissociative
adsorption of CO, promote the adsorption of H,,
and retard the chain propagation reaction.*Also,
higher chain growth probability seems to indicate
a-olefin readsorption on the growth sites, as favored
by low secondary olefin hydrogenation and isomer-
ization, high wax yield and long residence time.*- ¢

Conclusions

Three Fe-Mn/Al O, catalysts were prepared by
three different preparation techniques, i.e. co-pre-
cipitates; sol-gel and impregnation to investigate
activity and selectivity behavior during Fischer—
Tropsch Synthesis (FTS) in a fixed-bed reactor and
the following results were obtained:

1. As compared with co-precipitates and sol-gel
Fe-Mn catalysts, the CO conversions of impregnat-
ed catalyst were the lowest but much more stable
than the other two catalysts.

2. Co-precipitated and sol-gel catalysts en-
hanced light olefins as compared with impregnated.

3. Sol-gel Fe-Mn suppressed the methane for-
mation better than the two other catalysts.

4. Impregnated catalyst suppressed WGS activ-
ity and enhanced the high hydrocarbon selectivities
and had the highest chain growth probability.
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