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roduce olefins from CO reduction
using Fe–Mn nanoparticles on reduced graphene
oxide catalysts and comparing the performance
with SBR†

AL-Hassan Nasser, *ab Hamada EL-Naggara and Ahmed Abdelmoneim*a

Mn was used as a promoter for Fe nanoparticles (NPs) loaded on reduced graphene oxide (rGO). The

prepared catalysts were the unpromoted Fe/rGO catalysts along with two Mn promoted catalysts

FeMn16 and FeMn29. These catalysts were used as Fischer–Tropsch catalysts in a Fixed Bed Reactor

(FBR). The operating conditions of the reactor, namely temperature, pressure and space velocity, were

varied to evaluate the catalyst performance and the olefin productivity. The olefins were produced in

maximum yields of 34.5% and 31.3% with FeMn29 at 320 and 340 �C respectively. The ratio of light to

heavy olefins was three times higher at 340 �C. The catalysts showed good stability up to 50 h of

interrupted operation while varying the conditions at each interruption. The performance of the catalysts

in the FBR was compared with a previous investigation carried out in an SBR under identical conditions

with the same catalysts. The FBR was found to be more Mn tolerant than the SBR, giving very high

conversion activity with high Mn concentrations (FeMn29). The FBR produced olefins in much higher

yields than the SBR. The SBR was more selective to light olefins at low temperatures and high Mn

loading levels, while the FBR produced light olefins at higher selectivities at high temperatures and high

Mn concentrations.
1 Introduction

Olens always play a major part in the petrochemical industry
as they occupy a large fraction of the petrochemical market as
feedstocks for many important end products such as commer-
cial plastics, engineering polymers, pharmaceuticals and
synthetic bers.1,2 Ethylene alone is described as “the largest
value petrochemical commodity produced globally”.3 Many
methods are available for the production of olens from fossil
fuels, the most intensively used method worldwide is steam
cracking which is also the most energy consuming.1,2 Other
methods include methanol to olens (MTO), oxidative coupling
of methane (OCM), catalytic dehydrogenation of light alkanes,
and nally the Fischer–Tropsch synthesis (FTS).1–5

FTS technology is a promising route to olens. It is carried
out industrially in four main reactor types: multi-tubular xed
bed reactors (FBR), Slurry Bed Reactors (SBR), Circulating
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Fluidized Bed Reactors (CFB), and the Fixed Fluidized Bed
Reactors (FFB).2,6

On the research scale most work is either carried out in
FBRs7–10 or in SBRs.11–13 To our knowledge, publications con-
cerned with the difference in performance between the two
reactors at the same operating conditions while using the same
catalytic systems are not that common. In a previous investi-
gation11 we studied the effect of operating conditions on the
olen productivity of Mn promoted Fe/rGO catalysts in SBR at
HTFT conditions. We had the chance to repeat the same
experiments with the same catalysts and at the same conditions
but in a FBR.

Manganese is a well renowned promoter used with Fe cata-
lysts in FTS production to enrich the olen content, increase
average chain length of the product and to enhance activity
within certain concentration limits.11,14,15 Mn on its own is not
a FT catalyst, but when added at small concentration to other FT
catalysts like Fe it can increase carburization reactions and limit
hydrogenation of olens. The reason for this is that Mn
increases surface basicity of the Fe nanoparticles, this rise in
alkalinity enhances CO dissociative adsorption whilst discour-
aging H2 dissociative desorption. This deprives the catalyst
surface from the hydrogen radicals essential for chain termi-
nating hydrogenation reactions which in effect increases ole-
nity and heavy hydrocarbon selectivity. However at very high
RSC Adv., 2018, 8, 42415–42423 | 42415
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concentrations it tends to isolate the Fe core from the reactants
and deactivates the catalysts severely.11,14–17 In general there
exists an optimum Mn concentration range for the production
of the desired hydrocarbon fraction outside which productivity
of this fraction falls either due to low catalyst activity or due to
poor selectivity for this particular fraction or due to both
reasons combined.

In our work rGO was also utilized as a novel support material
for the Fe–Mn nanoparticles. rGO is a famous new material that
is attractingmore andmore attention since its reintroduction in
research in the last two decades. rGO mainly produced from the
modied Hummers method9,11,18–20 was introduced into many
applications in the a variety of elds, however research con-
cerning the use of rGO in FTS technology is not that intensive
when compared with other elds of application.8,9,11,21–30 The
work by Cheng8,25 tried to study the olenity of FTS products
from Mg and alkali metal promoted Fe/rGO catalysts. It is also
important to mention that to our knowledge no published work
investigated rGO supported catalysts in SBR except our previous
investigation.11 Finally this is the rst research effort that is
concerned with the comparison between SBR and FBR for the
Fe–Mn/rGO system.

In a previous investigation,11 we studied for the rst time the
effect of operating conditions on the olen productivity of Mn
promoted Fe/rGO catalysts in SBR at High Temperature Fisher
Tropsch (HTFT) conditions. In this study, a Mn concentration of
16 mol Mn/100 mol Fe was found to give a good olen yield of
19% with an olen/paraffin (O/P) ratio of 0.77 at 2 MPa, 300 �C
and 4.2 l g�1 h�1 using syngas with a 1 : 1 H2 : CO ratio.

Inspired by that work, we had the chance to repeat the same
experiments conducted in SBR with the same catalysts and at
the same conditions but in a FBR to form a better judgment or
comparison on the catalytic performance of the novel Fe–Mn/
rGO catalysts for FTS in both reactor systems. In fact, this is
the rst research effort concerned with the comparison between
SBR and FBR for the Fe–Mn/rGO system which may support the
future feasibility analysis and economic aspects of FTS relying
on using this new generation of catalyst systems.

In the rst part of the investigation the results obtained from
the FBR recent experiments are presented and discussed. The
study is further enriched with a stability study and a compar-
ison with similar work in literature. Finally the results from
both systems are plotted side by side compared. The compar-
ison was based on activity enhancement, control of undesired
and side reactions like WGS and methane production, and
nally olen selectivity and production yields.

2 Materials and methods
2.1 Catalyst preparations

The catalysts used in this work, namely Fe, FeMn16 and
FeMn29, are the same catalysts that were used in the SBR
investigation and were prepared by the same methods
described in the previous work.11

Briey, graphite oxide (GtO) was prepared by the modied
Hummer's method in which graphite (10 g) was oxidized in
a strong oxidizing mixture comprising of sulfuric (500 ml) and
42416 | RSC Adv., 2018, 8, 42415–42423
nitric acid (160 ml) along with KMnO4 (60 g). This was followed
by ultrasonic exfoliation, washing with HCl and distilled water
(DW), centrifuge separation and drying to obtain the nal GtO
akes.

The GtO akes were then ultrasonically dispersed in 200 ml
DW to form a GO suspension. To this suspension a doping
solution (50 ml) containing the adequate amount of the
Fe(NO3)3$9H2O precursor salt was added drop wise while stir-
ring the GO suspension mechanically.

Aer further stirring and homogenization for 8 h themixture
was heated up to 80 �C then reduced chemically by adding 22ml
of 80%Hydrazine Hydrate (HH) drop wise to obtain the reduced
graphene oxide akes decorated with the Fe2O3 nanoparticles
aer reuxing the mixture at 80 �C for. The mixture was then
ltered washed to neutral PH and dried. The obtained Fe/rGO
powder was stored in an air tight container for further use.

Doping of the catalysts with Mn was executed by ultrasonic
assisted impregnation. 1 g of the catalyst was impregnated with
a suitable amount of MnNO3$6H2O dissolved in 20 ml ethanol.
The slurry was steam dried over a beaker of boiling water then
dried at 60 �C for 6 h. The powder collected was stored in a vial
and labeled FeMny where y represents the molar ratio of Mn per
100 mol Fe.

2.2 Characterization

A full characterization of the catalysts along with an attempt to
describe the morphology of the Fe–Mn nanoparticles can be
found in the work published previously.11

2.3 FTS xed bed reactor performance evaluation

The FBR system used in this work was slightly modied from its
original design described elsewhere9 to imitate the product
collection system of the SBR unit used in our previous investi-
gation11 since it was more effective in collecting the liquid
products as displayed in Fig. 1. Thus the large hot and cold
traps were replaced by a single cold trap with a 65 ml capacity.
Before starting the run, 0.5 g of the catalyst powder diluted by
an equal mass of SiC were loaded in the 0.500 reactor pipe. The
catalyst was calcined in He atmosphere (50 ml min�1) at 300 �C
for 3 h, followed by reduction at 450 �C for 16 h in H2 atmo-
sphere (50 ml min�1). Aerwards the cold trap was lled with
20 ml DW and 2 g n-octane then sealed and cooled to 3 �C. The
reaction conditions of T, P and syngas (H2 : CO¼ 1 : 1) ow rate
were then adjusted and the run was operated for the desired
time on stream with online analysis of the exit gas stream in GC/
TCD system tted with a 3 m Shincarbon Restek Column to
measure the CO, CH4 and CO2 levels. The permanent gas
composition was calculated using external standards for each of
the three gases. Aer steady state conditions were reached the
light hydrocarbon content (up to C6) of the exit gas is measured
in GC/FID system equipped with Rt-QPlot Restek capillary
column (30 m, 0.32 mm ID, 10 mm lm). The liquid product was
analyzed for higher hydrocarbons using GCMS system
(Shimadzu-GCMS QP2010) aer separation in an Agilent DB-5
column (60 m, 0.25 mm ID, 0.25 mm lm). The areas of the
separated products were compared with methane as an external
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Process flow diagram of the modified FBR unit.
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standard in the gas FID, and with n-dodecane as an internal
standard at 0.2 g in the GC/MS results. The olen free chro-
matograms were produced aer sulfuric acid absorption of the
respective gas or liquid products to be able to calculate the
olen yield and selectivity.

In the GC/TCD analysis the injection ports were kept at
100 �C, the column was kept at 120 �C, and the TCD detector
was heated to 150 �C, the while He gas carrier ow rates were 10
ml min�1. The FID oven was kept at 50 �C for 5 min, and then
the temperature was ramped up at 15� min�1 to 190. This
temperature was held till the end of the GC test. The He carrier
was supplied at a linear velocity of 40 cm s�1. The samples were
injected at a split ratio of 150. For the GC/MS liquid analysis the
injection port was at 300 �C with a 26.3 split ratio, the column
oven temperature was held at 40 �C for 5 min, the ramped up to
330 �C at 15�min, then held at this temperature for a further
10 min. The carrier gas was supplied at a linear velocity of
27.6 cm s�1.

3 Results and discussion
3.1 FTS xed bed reactor performance evaluation

3.1.1 Adjusting the operating conditions for high olen
yield. Variable sweep analysis of the FeMn catalyst system is
a very effective method to nd the best possible condition for
olen production. As a preliminary step the unpromoted cata-
lyst Fe was tested at three temperature levels to get a sense of the
This journal is © The Royal Society of Chemistry 2018
catalyst performance limits. The three temperature levels are:
300, 320 and 340 �C while the pressure and GHSV were adjusted
at: 2 MPa and 4.2 l g�1 h�1 respectively, as summarized in
Fig. 2(a), and the complete details of the runs are given in Table
S1.† A typical FTS performance is evident from the gradually
rising conversion, WGSR and methane selectivity with temper-
ature. The total olen yield was generally low with Fe starting at
a maximum of 7% at 300 �C to reach a minimum of 2% at
340 �C. It is expected that olen productivity would fall at higher
temperature which favor the saturation of the olen p-bonds.

Fig. 2(b) illustrates that the same trend regarding WGSR and
methane selectivity with FeMn16 at the same temperature
levels. Also notable is the choking effect that Mn had on the
methane selectivity staying below 20% at all times. The activity
of the catalyst was signicantly improved by Mn promotion,
recording higher activity at all temperature levels starting with
60% at 300 �C and reaching a steady maximum of about 98% at
340 �C. Most importantly an olen best condition can be
spotted easily in the vicinity of 320 �C (maximum of 29% olen
yield). Which would be a good temperature level at which the
performance of different catalysts can be compared.

The conditions of GHSV and pressure were also varied to
complete the variable sweep study as summarized in Fig. 2(c
and d). It is not farfetched to expect a weak effect of these
variables on the catalyst performance since they already had no
or negligible effects in the SBR system.11 The levels for GHSV
tested were 4.2, 6.2 and 8.2 l g�1 h�1, with T and P kept at 320 �C
RSC Adv., 2018, 8, 42415–42423 | 42417
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Fig. 2 Plots of CO conversion, CO2 and CH4 selectivities, and olefin yield for: (a) Fe and (b) FeMn16 at 4.2 l g�1 h�1, 2 MPa and different
temperatures, (c) FeMn16 at 320 �C, 2 MPa and different space velocities, and lastly (d) FeMn16 at 320 �C, 4.2 l g�1 h�1 and different pressures.
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and 2 MPa respectively. Fig. 2(c) compares these results and
shows that increasing the space velocity in this range did not
affect the conversion or WGSR signicantly and both stayed at
92% and 40% respectively. However there was a rise in CH4

selectivity which leaped from 8.3% at 4.2 l g�1 h�1 to 23% at 8.2 l
g�1 h�1. This increase is normal due to the decrease in the
average retention time of the reactants at the catalyst surface.
This favors the production of shorter chain hydrocarbons in
general and specically increases the methane selectivity. This
is further evidenced by the fall in the ASF factor which dropped
from 0.77 at 4.2 l g�1 h�1 to 0.58 at 8.2 l g�1 h�1 as detailed in
Table S2.†

The effect of the rising space velocity from 4.2 to 8.2 l g�1 h�1

on olenity was slightly negative causing a decrease in olen
yield from 28.56 to 24.16%. It is worth noting however that the
quality of the olen stream showed a steady increase in light
olens C2–4 and a simultaneous decrease in heavy olens C5–9 as
the GHSV increased to 8.4 l g�1 h�1 as claried. Thus changing
the GHSV can prove to be a useful tool in changing the olen
orientation of the catalyst towards lighter or heavier olens as
dictated by the market dynamics. The same trend was also
observed with the paraffins, where the C9+ selectivity plum-
meted from 21% at 4.2 l g�1 h�1 to 7% only at 8.2 l g�1 h�1,
which is a threefold decrease as listed in Table S2.† Finally,
there was an overall decrease in isoparaffin content with rising
space velocity since probabilistically longer chains produce
more isomers, and a condition favoring the formation of
42418 | RSC Adv., 2018, 8, 42415–42423
shorter chain hydrocarbons will denitely cause a decrease in
the isomer content of the product.

The nal variable tested was the pressure which was varied
by one level only to test the performance at 1 MPa as displayed
in Fig. 2(d). The effect of pressure was negligible towards WGSR
and the total olen yield. The CO conversion increased at higher
pressures, while the methane selectivity was adversely affected.
Higher pressures provide a higher reactant concentration at the
catalyst surface and thus are expected to favor higher conver-
sions and the production of longer chain hydrocarbons, which
would explain the fall in methane selectivity with pressure. This
is further reinforced by the details in Table S3† which shows an
increase in a from 0.63 at 1 MPa to 0.77 at 2 MPa, accompanied
by a remarkable rise in the C9+ hydrocarbons from 8.5 to 21.3%
and isoparaffins from 10.6 to 24.6%. Interestingly the total
selectivity of saturated hydrocarbons (paraffins and iso-
paraffins) as well as olens stayed almost constant at 50–50%
but the quality of olens changed dramatically with pressure,
tending towards higher olens C5–9 as the pressure increased,
while the total olen yield stayed constant with pressure at
about 28%.

Aer looking at the variable sweep study, it is reasonable to
conclude that for the highest possible olen yield it is advised to
operate at a moderate temperature in the 300–320 �C range and
at low ow rates 4.2 l g�1 h�1 to avoid excessive methane
production, while the pressure can be varied according to the
required olen fraction quality. However it is important to
This journal is © The Royal Society of Chemistry 2018
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recognize that the conversion declined at low pressures without
a notable quantitative improvement in olen yield. Hence to
further study the effect of Mn promoter level the pressure and
space velocity will be xed at 2 MPa and 4.2 l g�1 h�1 respec-
tively, while the temperature will be varied from 300 to 340 �C to
get a deeper assessment of the promoter effect with
temperature.

3.1.2 Effect of Mn concentration on olen yield. Three
levels of Mn concentration were used in this part of the study,
the unpromoted Fe catalyst and two Mn promoted catalysts
FeMn16 and FeMn29. They were all tested at 2 MPa, 4.2 l g�1

h�1 and at three temperature levels: 300, 320, and 340 �C. The
results are plotted in Fig. 3(a–d) and the details are compared in
Table S1.†

Mn enhanced the catalyst activity at the 16/100 mol Fe ratio,
beyond which the data clearly shows the deactivation caused by
Mn at 29 mol/100 mol Fe; this deactivation effect is found to be
less severe as the temperature is raised from 300 to 340� as
claried in Fig. 3(a). At the same time, the WGSR activity in
Fig. 3(b) followed the same suite as the conversion activity
mirroring the initial enhancement in CO2 selectivity at 16/
100 mol Fe followed by a mild fall at 29/100 mol Fe. As was
discussed before in the SBR investigation,11 Mn on its own is not
a Fischer–Tropsch catalyst, it is thus a chemical promoter which
can only improve the performance of FTS catalysts like Fe. At
very high concentrations, and with its tendency to form a Mn
rich outer shell encapsulating the Fe rich catalyst core,7,11,15,17 it
Fig. 3 Plots of (a) CO conversion, (b) CO2 and (c) CH4 selectivities, and (d
temperatures.

This journal is © The Royal Society of Chemistry 2018
was demonstrated previously and in detail how this nature
would have a negative impairment on the FTS catalyst activity
and WGSR.

Furthermore, Mn had a similar restraining effect on the
methane selectivity as seen in Fig. 3(c) holding it down at all
conditions to below 25%. The highest selectivity at 340 �C with
FeMn29 was 24%, as opposed to the unpromoted Fe catalyst
which recorded a minimum methane selectivity of 32% at
300 �C. The ability of Mn to hold down the CH4 content in the
product is less pronounced beyond 320 �C where the very high
temperatures dominate the reaction kinetics forcing more
methane production. Anyways, this methane choking effect
proves very valuable since methane in many FTS technologies is
an undesired low caloric value product when compared with
heavier hydrocarbon fractions. In other cases the main feed-
stock of the syngas is originally natural gas converted through
steam or oxygen cracking into CO and H2, which renders high
methane selectivity FTS systems completely useless and
undesirable.

Olen productivity as illustrated in Fig. 3(d) is vastly
improved by Mn doping. The olen yield soared to 28.6% with
FeMn16, and to 34.5% with FeMn29 at 320 �C as well. The best
condition for high olen productivity can be chosen at 320 �C
with FeMn29 which gives a 1 : 1 ratio between light (28.01%)
and heavy olen (28.13%) selectivities. At 340 �C FeMn29 also
gave a very similar olen yield (31.5%) but with an olen
product richer in light olens than at 320 �C, with a light (40%)
) olefin yields for the three catalysts Fe, FeMn16 and FeMn29 at different

RSC Adv., 2018, 8, 42415–42423 | 42419
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to heavy olen (14%) selectivity ratio of about 3 : 1 (threefold
increase in light olens).

In a previous detailed discussion of the effect of Mn on the
reaction mechanism,11,15–17 it was stated that the increased site
basicity induced by Mn promotion enhances CO dissociative
adsorption whilst discouraging H2 dissociative adsorption. It
was then deduced that this intrinsic behavior of the active site
will directly retard hydrogenation reactions (saturation of
olenic p-bonds) and support the chain growth by providing
more carbonic radicals to be assembled in the growing chains
while starving the active sites of hydrogen radicals. These
radicals are mainly responsible for chain termination and
double bond saturation reactions. Such a kinetic model dictates
that Mn promotion will lead to a reduction in methane, along
with a surge in olenity and a rise in the average molecular
weight of the product.

This effect when unobstructed by the high temperatures
produces products richer in heavy olens as well as light olens
and isoparaffins. However the excessive rise in temperature
especially above 320 �C overcomes the Mn promoting effect and
the catalysts tend to slightly imitate the behavior of an unpro-
moted catalyst. That is the reason behind the increase in
methane selectivity and shi of the product distribution out
into the light ends region where light olens dominate the
scene and heavy paraffins and isoparaffins diminish again. A
look at Fig. 3(d) and a thorough look at Table S1† will assert
such predictions.

3.1.3 Comparison with other work in literature. The most
notable work among all the literature published in the past ve
years concerning the production of olen from promoted Fe/
rGO catalysts is detailed in the two publications by Y. Cheng
and coworkers.8,25 The reaction conditions are very similar to
ours, operating at 20 bars, 613 K or 340 �C, with a 1 : 1 syngas
feed. The feed rate however was varied in each run to keep the
conversion almost constant within the 59–64% range. Another
important similarity is in the catalyst preparation methods,
where we originally adopted the hydrothermal method for the
decoration of rGO with Fe NPs from their work as well.

The major difference is in the constituents of the catalytic
systems, in their rst publication they tested potassium as
a promoter to increase olenity.25 In 2017 they followed up by
studying the effect of Mg among other GII elements as olenity
promoters, then they nally tested a ternary mixture catalyst
Table 1 Comparison of the olefin selectivity and yield with other work i

Catalyst CO2 sel.% C ¼ 2–4 sel.a%

FeMn16 320 �C 37 20
FeMn29 320 �C 23 28
FeMn29 340 �C 36 40
FeK2 340 �C (ref. 25) 49–52 68
FeMg28 340 �C (ref. 8) 40.7 33
FeMgK2 340 �C (ref. 8) 40.8 65

a The selectivity is calculated per total hydrocarbons produced. b The

Olefin yieldTotal% ¼ FTYole � ð100� CO2 sel:%Þ � CO conv%
FTY� 100

:
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comprising of Fe–K–Mg to optimize it for the production of
olens. On the other hand our system clearly is a binary
component catalyst consisting only of Fe andMn. Another minor
difference is in the calculation method; where we calculate the
total yield% as the ratio of the total olens produced to the total
CO feed, they calculate the olen FT yield (FTYole mmol HC gFe

�1

s�1) which excludes CO2 and unreacted CO. We recalculated the
yield ratios in agreement with our method to be able to make
a fair comparison as shown in Table 1.

Firstly, it is clear from Table 1 that Mn proved to be better in
controlling the WGSR activity, where our maximum CO2 selec-
tivity was 37%, the selectivities recorded in the other studies
start at 40%. Secondly, K is a well known FTS alkali metal
promoter; at low concentrations it intensively increases the
selectivity towards light olens; previous work by Yi thus
concentrated only on the C2–4 olen fraction. This fraction was
produced at higher selectivity in their work but at comparable
yields to our results. So if the comparison is to be based on light
olens yield alone, it is clear from the results that both systems
have a matching productivity.

An added advantage to the Fe–Mn system is in the signicant
heavy olens yield, where the other system has obviously no
data concerning the heavy olen production, the Fe–Mn system
can produce olens with selectivities ranging from 14 to 28%
and yields between 8 and 17%. And in total the Fe–Mn system
was superior in producing olens to the Fe–Mg–K system in all
three recommended combinations, where the total olen yield
ranged between 29 and 35% for the Fe–Mn system, the
maximum yield recorded with the other system was 23%.

This comparison thus proves the success of Fe–Mn in
producing olens at matching if not larger capacities than Fe–
Mg–K system. Furthermore, it opens the question about the
margin of improvement achievable if K is used in a ternary
mixture with Fe and Mn, however this question may be
answered only through further research.

3.1.4 Stability of the catalysts. The activity of FeMn16 and
FeMn29 was monitored for 50 h, in this test the catalysts were
exposed to different operating conditions with interrupted
reactor operation to allow for product collection and tempera-
ture adjustment for the new stage. The results plotted in Fig. 4,
for both catalysts show a good performance with acceptable
stability. In Fig. 4(a) the catalyst returned to the same activity at
340 �C aer operating at 320 �C showing no signs of
n literature

C ¼ 5–9 sel.a% C ¼ 2–4 yield% Olen yield

25 13 29
28 18 35
14 23 31
N/A 21b 21b

N/A 13b 13b

N/A 23b 23b

total olen yield is corrected for the CO2 and the unreacted CO.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Stability of (a) FeMn16 and (b) FeMn29 during 50 h operation at varying temperatures.
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deactivation. With FeMn29 the temperature was decreased in
each stage starting at 340 �C and ending at 300 �C. Again the
catalyst displayed a typical decrease in activity as the tempera-
ture decreased but without showing any strong deactivation
tendencies.
3.2 Comparison between SBR and FBR

Repeating the experiments with the same FeMn series on both
the SBR11 and the FBR systems allows drawing overall notes on
the different performances of each reactor. The Fig. 5–8(a–c)
compare the main performance parameters of the two reactors
at 300 and 340 �C for the three catalysts (Fe, FeMn16 and
FeMn29) and in the 280–340 �C for FeMn16. The comparison
focuses on conversion, olen selectivity for the C2–4 and C5–9

fractions, and nally the total olen yield.
Fig. 5(a) shows that the catalyst activity is slightly better in

the SBR than FBR with the unpromoted Fe catalyst at 300 �C.
While the difference in conversion is very small with the twoMn
promoted catalysts. On the other hand, when the temperature is
raised from 320 to 340 �C as displayed in Fig. 5(b), the activity of
the unpromoted Fe catalysts is the same in both reactors, as
opposed to the Mn promoted catalysts which gave higher
activities in the FBR than in the SBR at 340 �C. The same
behavior holds with FeMn16 in the 280–340 �C plotted in
Fig. 5(c) with FBR activity surpassing that in the SBR at higher
temperatures.

It could be argued that the SBR system is a three phase
system in which the reactants travel to the catalyst surface from
the gas phase rst through the oil phase by absorption followed
Fig. 5 Comparing SBR and FBR conversions for the FeMn series at (a) 3

This journal is © The Royal Society of Chemistry 2018
by diffusion and adsorption on the catalyst surface; absorption
in the SBR is an extra stage not required in the FBR. Further-
more absorption being exothermic becomes more difficult as
temperatures rises, and so there is a balance between two
opposing forces in the SBR that change relatively with temper-
ature. On one hand heat increases the intrinsic activity of the
active sites; on the other hand raising the temperature
decreases the average residence time of the reactants in the oil,
and so overall the CO conversion is not expected to rise to the
same extent in the SBR as in the FBR at high temperatures. Also
the gap in conversion between the two reactors increases with
Mn loading % as claried in Fig. 5(b). As a general conclusion
the SBR is more suited for low temperature operation with
moderate Mn loading levels, while FBR gives better activities at
higher temperatures and is more Mn tolerant than SBR.

To study the effect of the reactor type on the olen produc-
tivity, the discussion will be divided into three parts, one
dealing with the effect on light C2–4 olens selectivity as plotted
in Fig. 6(a–c), the second concerning heavier olens selectivity
in the C5–9 range displayed in Fig. 7(a–c), and the last part looks
at the overall total olen yield as illustrated in Fig. 8(a–c).

By comparing Fig. 6(a and b) it is clear that at low temper-
atures (300 �C), the SBR produces light olens at higher selec-
tivities than FBR. The same observation holds with FeMn16 in
the 280–340 �C range in Fig. 6(c). Unpromoted Fe catalyst gives
nearly the same selectivity regardless of temperature. On the
other hand, the behavior at high temperatures beyond 300 �C is
not simple, with a reverse point at FeMn16 in Fig. 6(b) below
which SBR is more selective to light olens and above which
FBR produces more light olens. The same behavior appears
00 �C, (b) 340 �C and for (c) FeMn16 in 280–340 �C range.

RSC Adv., 2018, 8, 42415–42423 | 42421
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Fig. 8 Comparing SBR and FBR olefin yields for the FeMn series at (a) 300 �C, (b) 340 �C and for (c) FeMn16 in 280–340 �C range.

Fig. 7 Comparing SBR and FBR C5–9 olefin selectivities for the FeMn series at (a) 300 �C, (b) 340 �C and for (c) FeMn16 in 280–340 �C range.

Fig. 6 Comparing SBR and FBR C2–4 olefin selectivities for the FeMn series at (a) 300 �C, (b) 340 �C and for (c) FeMn16 in 280–340 �C range.
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with FeMn16 in the 280–340 �C in Fig. 6(c), with SBR giving off
more light olens below 320 �C, and both reactors give the same
selectivity for light olens at higher 320 �C and beyond.

SBR is more selective for the C5–9 olens at all concentration
and temperatures except for one case with FeMn16 at 320 �C in
which FBR produces more heavy olens as demonstrated in
Fig. 7(a–c). Of course, the selectivities are boosted at lower
temperatures due to the increased chain growth probability and
reactant residence time. In general we can expect that SBR is
more selective to olens especially heavy fractions at low
temperatures and high Mn promotion %, while FBR is more
selective to light olens at high temperatures and Mn
concentrations.

Although selectivity gives some measure of the product
quality, the true sense of the FTS productivity towards a certain
42422 | RSC Adv., 2018, 8, 42415–42423
fraction is better grasped through the yield parameter as illus-
trated in Fig. 8(a–c). At low temperatures the olen yields,
plotted in Fig. 8(a), show very slight variation in value between
FBR and SBR at different Mn loading levels. As the temperature
is increased to 340 �C FBR proves to be more effective is
producing olens than SBR only when the catalysts are
promoted with Mn. The olen yield rises signicantly with Mn
loading reaching a maximum of about 31% with FeMn29. The
same trend is true with FeMn16 in the 280–340 �C range with
a local maximum of 29% at 320 �C.
4 Conclusion

Mn acted effectively as a promoter for Fe by enhancing activity
and WGSR at Mn loading 16/100 mol Fe, while restraining
This journal is © The Royal Society of Chemistry 2018
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methane selectivity. Further rise in Mn concentration (29/
100 mol Fe) caused slight deactivation of the catalyst and
WGSR, with a very small rise in methane selectivity. Mn also
pushes the selectivity to heavier hydrocarbons so that at
moderate temperatures up to 320 �C there is a rise in heavy
olens, heavy hydrocarbons and isoparaffins. But at higher
temperatures the effect of temperature overcomes that of Mn
and the average molecular weight of the product decreases
again accompanied by a fall in isoparaffins and heavies and
a surge in light olens and methane.

Olen productivity was intensely improved by Mn promotion
in the FBR system recording yields as high as 34.5% and 31.3%
when using FeMn29 at 320 and 340 �C respectively, with
a threefold increase in the light to heavy olen ratio as
temperature rises from 320 �C to 340 �C.

An optimum condition for producing light olens would be
at 2 MPa, 4.2 l g�1 h�1, and 340 �C using FeMn29. While the
same catalyst can be used at the same pressure and GHSV but at
320 �C if the aim is at heavier olens. And both catalysts FeMn6
and FeMn29 gave good stability results for 50 h with interrupted
operation showing no signs of deactivation.

The SBR gives better activity at low temperatures with
moderate Mn loading levels, while FBR gives better activities at
higher temperatures. On the other hand, FBR had a higher
tolerance for Mn than SBR; operating at higher activities than
SBR at high Mn loading levels.

Generally speaking, with Mn promoted Fe catalysts, FBR
produces olens at higher yields than SBR. In the SBR, the C5–9

olen selectivity is higher than FBR at low temperatures and
high Mn promotion %, while FBR is more selective to light
olens at high temperatures and Mn concentrations.
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