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The catalytic activity of a series of carbon-supported cobalt manganese oxide (CoMnOy) catalysts was
investigated for the Fischer Tropsch synthesis reaction. The catalysts were compared with an unsupported
CoMnOy catalyst under the same reaction conditions, and it was shown that the use of an activated carbon
support increased both the catalyst activity and the selectivity to C,+ hydrocarbons, whilst lowering
the selectivity to CH4 and CO,. Additionally, the effects of varying heat treatment temperatures and

increasing the precursor ageing times were also investigated. Increasing the heat treatment temperature
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of the catalyst precursor between 300 and 500°C led to an increase in activity, as well as an increase in
selectivity to C,+ hydrocarbons, but it also increased the selectivity to CO,. At 600 °C there was a marked
decrease in activity, and the main product was Cs: hydrocarbons. Ageing the initial precipitate led to a
decrease in activity and also decreased the selectivity towards hydrocarbons.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fischer Tropsch synthesis (FTS) is valuable for the production
of clean liquid fuels from syngas (CO+H,). The product distribu-
tion in FTS is, however, typically very broad and a major part of the
extensive current research is focussed on controlling the selectiv-
ity to the desired products. Fe, Co, and Ru are active catalysts for
FTS, but only Fe and Co are used extensively. Although ruthenium
exhibits excellent activity for this reaction, its limited availability
and cost prohibits its use on an industrial scale. Iron based catalysts
have been shown to be active for the formation of hydrocarbons at
higher reaction temperatures, but suffer from complex phase for-
mation and deactivation by water. Cobalt catalysts are active at
lower temperatures than Fe and tend to produce light hydrocar-
bons, particularly when promoted with manganese oxide. A range
of studies have been published on CoMnOy catalysts for the synthe-
sis of light hydrocarbons, and they demonstrate lower selectivity
to methane [1-4]. It has been observed that Co in combination with
manganese oxide can produce high yields of alkenes with increas-
ing CO conversion, whereas this is not observed with cobalt only
catalysts [5]. The use of partially reducible oxides such as MnO,
and TiO, [4] has been shown to improve the selectivity towards
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light alkenes in FTS using cobalt as the active metal component.
There are reports showing the structure-performance relationship
of CoMnOy catalysts which supports the hypothesis that it is neces-
sary for Co and Mn to be in close proximity to observe the enhanced
catalytic performance [6].

It is well-established that the catalytic activity depends on the
number of surface metal sites available for reaction. A common
method of increasing the dispersion and stability of metal is sup-
porting the particles on a stable metal oxide, such as Al,03 or
Si0,. However, it has been observed that the strong metal-support
interaction can lead to the formation of undesirable phases such
as CoAl; 04, and these mixed oxides are believed to be a cause of
deactivation that is generally observed with these catalysts. The
utilization of inert supports can present an alternative approach,
in this way it might be possible to improve the dispersion and sta-
bility of the active metal sites without risking the formation of the
inactive mixed metal oxide. Materials based on activated carbon
have been reported to be promising supports because they are rel-
atively chemically inert [7-9]. Carbon provides a stable platform
for the deposition of the active species [10] and carbon has been
shown to enable the reduction of metal oxides in an inert atmo-
sphere, as a result of auto-reduction [11]. To date there has been a
growing trend for the use of activated carbon as a support for the
FTS reaction [7,12-16].

In the present study we have investigated the effect of two
parameters, namely the heat treatment temperature and the
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precipitate ageing time on the catalytic activity of CoMnOy cata-
lysts supported on carbon. Both of these factors have been shown
to effect catalytic activity and the product selectivity previously
[17,18].

2. Experimental
2.1. Catalyst preparation

2.1.1. Co-precipitation

CoMnOy catalysts were prepared according to the procedure
given in the patent literature [16,19]. An aqueous solution was
prepared containing equimolar amounts of cobalt nitrate hexahy-
drate (Co(NO3),-6H,0, Sigma-Aldrich, 99.999%) and manganese
nitrate tetrahydrate (Mn(NO3),-4H,0, Sigma-Aldrich, >98%). This
solution was heated to 80°C and aqueous ammonia (28-30% NH3
in water, Sigma-Aldrich) was added to raise the pH from 2.9 to
8.304+0.01. The resulting precipitate was recovered by filtration,
washed with distilled water (1dm?3, 80°C), dried (110°C, 16 h) and
calcined in static air (500°C, 24 h).

2.1.2. Deposition precipitation

CoMnOy/C catalysts were prepared as according to the proce-
dure given in the patent literature [16,19]. An aqueous solution
was prepared containing equimolar amounts of cobalt nitrate
hexahydrate (Co(NO3),-6H,0, Sigma-Aldrich, 99.999%) and man-
ganese nitrate tetrahydrate (Mn(NOs),-4H,0, Sigma Aldrich,
>98%). Coconut shell-derived activated carbon (GCN3070, NORIT)
was added to the mixed nitrate solution to give a final catalyst
with a composition of 20% Co, 20% Mn and 60% activated carbon.
The slurry was stirred for 10 min at 80°C before aqueous ammo-
nia (28-30% NHs3 in H,0, Sigma-Aldrich) was added drop wise
to the nitrate solution to raise the pH from 4 to 8.30+0.01. The
resulting precipitate was recovered by filtration, washed with dis-
tilled water (1L, 80°C), dried (110°C, 16 h) and heated in flowing
He.

To study the effect of heat treatment, one batch of catalyst was
divided into four portions which were heated in flowing He sepa-
rately at 300, 400, 500, and 600 °C for 5 h.

To study the effect of ageing the precipitate was left in the
mother liquor for the specific time intervals of 1, 2, and 3 h followed
by heat treatment in He at 500 °C for 5 h.

2.2. Catalytic activity

The catalysts were pelleted and sieved (0.65-0.85mm)and 0.5 g
were loaded into stainless steel fixed bed reactors (internal diame-
ter 8 mm). Catalysts were reduced in situ at 400°C for 16 h in pure
hydrogen (GHSV=600h-1) then cooled to room temperature and
pressurized to 6 bar with syngas (CO:H; =1:1 molar ratio). All cata-
lysts were tested under identical reaction conditions, 240 °C, 6 bar,
and GHSV=600h"",

A stabilization period of ~100h was allowed before catalyst
data was collected and the mass balance determined. Analysis
of gas products was performed by on-line gas chromatography
using a Varian GC-3800. Hydrocarbons were analyzed using a CP-
Al;03/KCl column and a flame ionization detector. Permanent gases
and C;-C4 hydrocarbons were analyzed using molecular sieve 13 x
and Poropak Q columns with TCD and FID detectors in series. Nitro-
gen was used as an internal standard. The product stream was
cooled in a wax trap (~25 °C) to retain the liquid products. Calibra-
tions were performed with standard samples (C;-Cs hydrocarbon
mixture diluted with nitrogen, BOC certified) for data quantifica-
tion.

2.3. Catalyst characterization

2.3.1. X-ray photoelectron spectroscopy (XPS)

XPS was performed using a Kratos Axis Ultra-DLD photoelec-
tron spectrometer, using monochromatic Al Ko radiation, at 144 W.
High resolution and survey scans were performed at pass ener-
gies of 40 and 160 eV, respectively. Spectra were calibrated to the
C (1s) signal at 284.5eV, which is typical for graphitic carbon as
measured for HOPG, and quantified using CasaXPS v2.3.15, utilizing
sensitivity factors supplied by the manufacturer.

2.3.2. Powder X-ray diffraction (XRD)

XRD measurements were performed using a Bruker AXS Com-
pany, D8 Advance diffractometer. Scans were taken with a 26 step
size of 0.02° and a counting time of 1.0s using Cu Ka radiation
source generated at 40kV and 30 mA. Specimens for XRD were
prepared by compaction into a glass-backed aluminium sample
holder. Data was collected over a 260 range from 4° to 80° and phases
identified by matching with the ICDD database.

3. Results and discussion

3.1. Comparison of catalyst performance of CoMnOx and
CoMnOx/C catalysts

The unaged catalysts were tested for the FTS reaction under
identical conditions and the data are presented in Table 1. A
comparison of the CoMnOy and CoMnOyx/C catalyst performance
indicates the selectivity to carbon dioxide and methane was
decreased markedly with the carbon-supported catalyst. CO con-
version and the selectivity to Cs: hydrocarbons were higher
compared with the pure CoMnOy catalyst. The effect of time-on-
line is presented in Fig. 1 and this shows that the carbon-supported
catalyst attained steady state after 45 h, whereas the unsupported
CoMnOy catalyst achieved steady state only after 90 h. Neither cat-
alyst showed deactivation over the time period studied.

3.2. Effect of preparation variables on the performance of
CoMnOx/C catalysts

3.2.1. Pre-treatment temperature

Pretreatment of the catalyst precursor, particularly the heat
treatment temperature is a critical parameter in catalyst prepa-
ration which can affect the activity and selectivity of the catalysts
[17]. In order to study the effect of the pretreatment, one batch
of CoMnOy/C was heated at different temperatures in He. Inter-
vals of 100°C were selected and although relatively large they are
considered to be appropriate for this initial screening study. CO con-
version and product selectivity data are presented in Table 2 and it
is apparent that there was a steady increase in CO conversion with
increasing heat treatment temperatures from 300 to 500°C. An

Table 1
Comparison of the catalytic activity of CoMnO, with CoMnOy/C catalyst.
CoMnOy CoMnOy/C
CO conversion (%) 36.0 48
Product selectivity (%)

CHy 221 7.0
C, 4.5 43
Cs 11.5 16.1
Cy 1.2 7.6
Css 17.0 434
CO, 37.0 204
Alcohols 6.7 2.2

Reaction conditions: Catalyst 0.5g, data collected at 135h, 240°C, 6 bar, CO:H,
1:1 mol ratio, GHSV 600 h~!.
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Fig. 1. Time on line study on (a) CoMnOy catalyst, (b) CoMnOy/C catalyst. B CO
conversion, [J CO,, ® CHy, O Cz, ¢ C3, ¢ C4. Error bars are shown, if not visible the
error is equivalent in scale to the symbol.

increase in Cs. product selectivity was also observed together with
a decrease in CO, selectivity. Previously, heat treatment studies of
this type have been performed for oxide-supported Co catalysts
[18], but to date this has not been carried out for carbon-supported
CoMnOy catalysts.

For the catalyst pretreated at 600 °C the CO conversion and the
selectivity to CH4 and CO, decreased markedly together with an
increase in the selectivity of Cs. products. This corresponds to a
structural change which is evident from the XRD patterns (Fig. 2).
All catalysts showed the diffraction pattern for the mixed spinel
oxide of Co and Mn (with an intermediate tetragonal structure

Table 2
Effect of heat treatment during preparation of CoMnOy/C catalysts.
Heat treatment temperature (°C) 300 400 500 600
CO conversion (%) 41.2 47.0 48.9 18.1
Product selectivity (%)
CHy4 15.1 16.9 8.4 13
C 8.3 5.3 5.6 1.7
Cs 23.2 20 171 6.3
Cy 3.2 3.6 7.0 1.1
Cs+ 22.7 26.3 414 89.6
CO, 135 15.1 194 0
Alcohols 141 12.8 1.2 0

Reaction conditions: Catalyst 0.5g, 240°C, data collected at 146 h, 6 bar, CO:H;
1:1 mol ratio, GHSV 600 h~1.
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Fig. 2. Powder X-ray diffraction pattern for Co/Mn/C catalysts heated at different
temperatures: (a) 300°C, (b) 400°C, (c) 500°C, (d) 600°C. 4 Co.

Table 3
Effect of heat treatment on the particle size of the CoMn,04 phase.

Heat treatment temperature (°C) Particle size (nm)

300 8.8
400 9.2
500 9.4
600 11.2

between CoMn,;04 and Mn304) (ICDD 018-0408). The XRD pattern
of the catalysts heated at 300 and 400 °C were found to be similar
to each other, whilst an additional phase of Co metal was observed
with a reflection at 41.9° (ICDD 15-0806) in the catalyst pretreated
at 500 °C in addition to the mixed spinel oxide phases of CoMn;, Oy,
The catalyst treated at 600 °C displays the most significant change
in the XRD pattern, with Co reflections at 36.0°, 41.9° and 60.1° 260
(ICDD 15-0806). This indicates that the Co nanoparticles are sinter-
ing and hence here is aloss in activity. Particle sizes of the CoMn, 04
phase were calculated using the Scherrer equation and the data are
presented in Table 3 and it is apparent that the particle size only
increases markedly for the catalyst heated at 600°C.

XPS derived molar concentrations are given in Table 4 and
it is evident that there was no significant change in the Co:Mn
molar ratios for heat treatments up to 500 °C, whereas the surface
becomes Mn rich above this temperature. XPS core-level spectra in
Fig. 3 show that with increasing treatment temperature the main
Co(2p3),) photoelectron signal remains consistent with Co?* (ca.
780eV). However, concomitant with increasing heating tempera-
ture is the development of the shake-up satellite structure above
the main Co(2p3);) photoemission line (indicated by an arrow in
Fig. 3a) with the shape and intensity typical for high spin Co (II)
[20] and this is consistent with the transformation of CoMn;04 to
CoO in the precursor.

Changes in the Mn spectra are more subtle, with a shift down-
ward in binding energy of 0.5eV between the samples prepared
using heat treatment in He at 300 (641.9 eV) and 600°C (641.4eV).
For the catalyst heated at 600 °C the Mn (2p3,) peak reveals some

Table 4

XPS derived molar concentrations for each preparation temperature.
Heat treatment Molar composition (%) Ratios
temperature (°C)

0 C Co Mn Mn/Co

300 38.7 36.5 12.4 125 1.01
400 43.5 27.7 15.0 13.8 0.92
500 433 27.8 141 14.8 1.05
600 39.5 34.7 8.1 17.7 2.19
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Fig. 3. X-ray photoelectron core-level spectra for Co/Mn/C catalysts treated at different temperatures: (a) Co(2p) and (b) Mn(2p).

asymmetry to the lower binding energy side of the peak (indicated
by an arrow, Fig. 3b) suggesting the formation of MnO at the sur-
face. XRD data (Fig. 2) indicates that both CoMn,0,4 and Co are
present in the precursor for the sample heated at 600 °C, however,
XPS analysis of the Co(2p) regions indicates the presence of CoO,
which is attributed to Co being oxidized by exposure to air prior
to analysis. This also explains the surface enrichment of Mn, and
although CoO is also present at the surface, larger particles of CoO
would give a lower apparent surface concentration. Clearly from
the XRD and XPS analysis, the surface of this catalyst is different
than the bulk. However, there is no MnOy phases observed in the
XRD pattern, which suggests that any MnOy phases present are
poorly crystalline.

3.2.2. Ageing time of the precipitates

Having explored the pretreatment temperature of the precursor,
we next studied the influence of the ageing time of the precip-
itate during the catalyst preparation. Ageing of precipitates for
different time intervals has been found to be an important param-
eter in catalyst preparation [21]. Catalysts were prepared with a
range of ageing times and then heated in He at 500°C as this was
observed to be the optimum treatment temperature. The activity
data is provided in Table 5 and shows that the unaged catalyst
exhibits lower selectivity to carbon dioxide and methane. Interest-
ingly, there is a steady decrease in CO conversion and selectivity to
Cs+ hydrocarbons with an increase in ageing time of the precipitate.
CO, selectivity also increased but the selectivity to CH4 remained
unchanged.

Previous studies on the effect of ageing time on cobalt oxide cat-
alysts for various gas phase reactions [17,21] have reported that the
ageing of precipitates prepared by co-precipitation leads to phase
changes towards thermodynamically stable materials. The phase

Table 5
Effect of ageing time of the precipitate on the activity and selectivity of CoMnO,/C
catalysts.

Oh 1h 2h 3h
CO conversion (%) 48.9 36.8 29.6 27
Product selectivity (%)

CHy 8.4 83 8.9 9.2
C, 5.6 44 4.8 6.0
Cs 171 17.5 14.5 16.7
Cy 7.0 5.1 5.6 5.7
Css 414 40.0 35.0 25.0
CO, 19.4 23.0 29.0 38.0
Alcohols 1.2 2.0 3.0 0.0

Reaction conditions: catalyst 0.5g, 240°C, data collected at 140h, 6 bar, CO:H;,
1:1 mol ratio, GHSV 600 h~'.
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Fig. 4. Powder X-ray diffraction pattern for Co/Mn/C catalysts prepared with differ-
ent ageing times of: (a) unaged, (b) 1h, (c) 2h and (d) 3 h. ¢ Co.

analysis of the aged catalysts has been investigated by XRD and
the data are shown in Fig. 4. All materials exhibit the pattern for
the mixed spinel oxide of Co and Mn with an intermediate tetrag-
onal structure between CoMn;04 and Mn30,4 (ICDD 018-0408). A
Co phase was evident in the unaged catalyst from the reflection at
41.9° 20 (ICDD 15-0806), but increased ageing times led to the for-
mation of the cubic CoMn,04 phase (ICDD 023-1237) and the Co
was no longer apparent. Particle sizes for the CoMn;,04 phase were
calculated using the Scherrer equation and the data are provided
in Table 6 and an increase in the particle size is observed with an
increase in the ageing time of the precipitate.

The XPS derived molar ratios or Co and Mn analysis are given in
Table 7, whilst Fig. 5 shows Co(2p) and Mn(2p) core-level spectra.
For the unaged sample, the Co(2psj;) peak at 780.2eV is indica-
tive of Co2*, with an associated satellite structure at higher binding
energy confirming the XRD evidence that CoO is present. The
Mn(2p3);) peak energy of 641.3 eV can be assigned to MnyOy or
CoMn,04 and again this is in agreement with the XRD data. With
increased ageing time, both Co and Mn binding energies shift to
slightly higher binding energy, consistent with the bulk CoMn,04

Table 6
Effect of the precipitate ageing time on the particle size of the CoMn,04 phase.

Ageing time (h) Particle size (nm)

0 9.3
1 9.6
2 10.1
3 104

http://dx.doi.org/10.1016/j.cattod.2015.09.041
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Fig. 5. X-ray photoelectron core-level spectra for Co/Mn/C catalysts with different ageing times: (a) Co(2p) and (b) Mn(2p).

Table 7
XPS derived molar surface concentrations for Co/Mo/C aged for different times.
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