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Abstract A series of Fe/MnO catalysts (Fe/Mn=1/4) modified with K, Cu,
Co, Pd and Rh for CO hydrogenation were prepared to obtain a higher
selectivity to low molecular weight olefins. The catalytic behavior of these
catalysts was studied at temperature of 543 K, under pressure of 1.1 MPa
and with GHSV=215 h'!. It was found that the activity of CO hydrogenation
increased over the modified Fe/MnO catalysts except K-Fe/MnO. An
increase in the selectivity to C, ~C4 was also observed over Cu and Co
modified catalysts. Influences of coke formation on the catalytic activities of
cayalysts were investigated. A relationship between the activity of CO

hydrogenation and coke deposits was suggested.
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Introduction

It has been reported that Fe/MnO is a selective catalyst for the production of low
molecular olefins in the F-T synthesisl!!. Some researchers have investigated the function
of Mn as a promoter. The effect of manganese oxide as a catalytic component has been
observed with elements other than Fe, in particular, similar effects have been observed for
Co-Mnl?! and Ru-Mn[3] catalysts. It has been suggested that there is a considerable
interaction between iron and manganese oxide, and a solid solution is formed in the
catalyst system. Also, it could be supposed that the selectivity to Co"~C4~ may be further
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increased by proper modification of Fe/MnO. The "proper metal ions" means that they can
modify the catalyst surface property and benefit the reduction of Fe3* to Fe?, because Fe?
has been thought as an active component for CO hydrogenation[4]_ In addition, the product
distribution can be changed by using Rh- or Pd-catalyst to produce more methanol or

alcoholsl®].

In our work, efforts have been made to increase the C; ~C4~ selectivity by
modifying the Fe/MnO catalysts with different metal promoters. It has been found that
there was an activity lost on some catalysts and a certain amount of coke deposits on the
surface of catalysts as well as in the bulk. In this paper, we try to correlate both the coke

deposition and the catalyst activity with promoter properties.
Experimental

Catalyst preparation and catalytic reaction

The manganese rich Fe/Mn oxide catalyst (Fe/Mn=1/4) was prepared by continuous
co-precipitation of Fe-, Mn-nitrates and ammonia solutions at 70°C and pH=9.2, followed
by drying at 120°C and calcination at 500°C for 24 h in Ar in order to forbid the formation
of metal carbonates. 1%K. 1%Cu, 1%Co, 1%Pd, 1%Rh and 0.1%Co (in mol%) were
loaded respectively by impregnating the calcined Fe/Mn oxide precursor with their nitrates
solution followed by treating under the same conditions stated above. The exact
compositions of the catalysts were determined by atom adsorption spectrometer. The
reactant gas was composed of 30%(vol.)CO, 60%(vol.)Hy and 10%(vol.)Ar. It was
contained in an aluminum cylinder to minimize carbonyl impurity. A tubular stainless-
steel reactor (103 mm in length and 12 mm in diameter) was used and charged with 3 g of
catalyst. The prepared catalysts were pelleted into cylinder form (3 mm x 3 mm). Before
the syngas was charged to the reactor, the catalyst was reduced with hydrogen at 400°C
for 12 h. The reactions were mainly performed at 543 K, GHSV=215 h! and P=1.1 MPa.
The reaction time was 48 h for most samples. The effluent was directed to an on-line gas
chromatograph. The products were analyzed by a Carle AGC 111 with four columns (DC
200/500, Carbowax 1540, Porapak N and molccular sieve 13X). The liquid effluent was
condensed in two condensers, which were held at 100°C and cold water respectively. After
reaction, the liquid was collected in two condensers and then mixed. The oil phase and
water phase were separated and then were weighted. The analysis of products was carried
out on a Perkin Elmer Sigma 2B with an OV 101 column.

Catalyst characterization
The catalysts were characterized with X-ray photoelectron spectroscopy in every

treatment step, i.e. calcination, reduction and passivation, in situ reduction as well as
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reaction. The XPS studies were performed with a spectrometer of Leybold-Heraeus
LHS/10, Al-Ka=1486.6 ¢V in a vacuum system of 0.1 Pa. For XPS studies, the catalysts
were calcined in the presence of Ar at 500°C at first. After that, they were reduced with
Hj (65 mL/min) at 400°C for 24 h in another apparatus. Then the catalyst was passivated
with a mixed gas composed of 2%(vol.) O3 and 98%(vol.) N3 at room temperature for 2 h.
The sample to be tested was transferred into the chamber of the XPS spectrometer. Before
analysis, it must be i» situ reduced at 400°C for 1 h.

The bulk coke content was determined by measuring the CO; amount which was
emitted from the sample burning.

Results and discussion

Catalyst activity in CO hydrogenation

CO conversion / %
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Fig.1 Variation of CO conversion with reaction time

Fig.1 shows the conversion of CO (based on the CO amount in inlet and outlet) as a
function of reaction time over different modified catalysts. The results indicated that the
conversion of CO was significantly enhanced through the metal modification with Cu, Co,
Pd and Rh. A decrease in CO conversion from about 70% at the beginning to 40% after
10 h was observed over the unpromoted Fe/MnO catalyst. A light increase of CO
conversion was thereafter observed with reaction time. The K-containing sample also
showed a change in activity. There was an obvious conversion fall from about 80% to
40% during the reaction time of 20~35 h, then the conversion tended to be stable. The
1%Rh promoted catalyst had the highest activity with almost 100% of CO conversion,
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while other samples had the activity level of 75-85%.

Effect of metal modification on the selectivity to different products
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Fig.2 Selectivity to Co=~Cy4” olefins at 543 K,
GHSV=215 h"1 and P=1.1 MPa
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Fig.3 Selectivity to C1~C4 hydrocarbons on Fe/MnO
at 543 K, GHSV=215 h'! and P=1.1 MPa

Fig.2 shows the selectivity to C;7~C4~ over different catalysts. A significant amount
of C,°~C4~ was obtained on the Cu and Co modified catalysts (up to 28% and 25%,
respectively, CO,-free selectivity). Nevertheless, in contrast to the sclectivity to C; ~Cy™
over the Cu and Co modified catalysts, the Pd and Rh had a negative effect on the activity
of Fe/MnO catalyst to produce C;"~C4~ olefins, only 1% olefins over 1%Pd- was
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produced and almost nothing was found over 1%Rh-Fe/MnO. This result is easy to be
understood because of their superior hydrogenating function. It can be seen from Figs.3
and 4 that the unmodified Fe/MnO was a good catalyst for the production of short chain
olefins (selectivity to C;™~Cy4~ is 20.6%), nevertheless, compared with 1%Cu-Fe/MnO, on
which more olefins were produced, this unmodified catalyst showed lower selectivity. Over
1%Cu-Fe/MnO, the selectivitiws to C3~ and C4~ were higher than that of their aliphatic
hydrocarbon form (see Figs.3 and 4).

Cy~C4 selectivity / %
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-®- CHy -9-C,Hs —4-CyHs T CiH,
—3 CgHG —;:!— C4H1o "O'CAHI

Fig.4 Selectivity to C1~C4 hydrocarbons on 1%Cu-Fe/MnO
at 543 K, GHSV=215 h"! and P=1.1 MPa

Effect of different promoters on the coke formation

The coke formation over different modificd Fe/MnO catalysts is shown in Table 1. As
we can see that a strong enrichment of coke was observed both at the surface and in the
bulk of the K-containing catalyst.

The surface content of coke was measured by XPS. It can be also determined if the
surface C-species is in the form of graphite or C=0/C-C=0 or C-O. There were four
steps of measurement. The first step was the calcination in Ar (see "calcined"). Then, the
calcined catalyst sample was reduced with Hy and passivated with O to form a thin layer
of oxide to inhibit the further oxidation (sce "reduced and passivated"). In the third step,
the passivated samples werc transferred into the chamber of the XPS spectrometer and
were in situ reduced at 400°C for 1 h before measurement (see "in situ reduced"). After
reaction, the catalysts were detected by XPS. The total amount of bulk C was measured
by the amount of CO; from burning of catalyst.
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Table 1 Coke formation over different modified Fe/MnO catalysts

Surface Bulk

Catalyst Catalyst treatment content content Attribute of C-species
at%  wit% %
Graphite C=0/C-C=0 C-O
Fe/MnO calcined 8.4* 76 24 -
reduccd and passivated 9.2 81 -- 19
in situ reduced 6.6 100 -- --
after rcaction at 270°C 43.9* 124 93 7 --
1%K-Fe/MnO  calcined 39.4% 91 -- 9
reduced and passivated 41.2% 92 - 8
in situ reduced 26.9* 91 - 9
after reaction at 270 6.6 1228 100 -- -
1%Cu-Fe/MnO calcined 35.8* 92 -- 8
reduced and passivated 6.0 100 - -
in situ reduced 3.2 100 - -
after reaction at 270°C 25.9 2.20 92 8 --
1%Co-Fe/MnO  calcined 21.0 88 12 -
reduced and passivated 5.6 78 22 -
in situ reduced 4.9 160 - -
after reaction at 270°C 21.7 3.11 84 16 -
1%Pd-Fe/MnO  calcined 9.2 75 25 --
reduced and passivated 7.6 85 15 --
in situ reduced 4.0 100 -- --
after reaction at 270°C 25.9 1.35 90 10 -
1%Rh-Fe/MnO calcined 8.1 71 29 -
reduced and passivated 23 4% 88 -- 12
in situ reduced —k* - - -
after reaction at 270°C 21.6 0.51 75 - 25
0.1%Co-Fe/MnO calcined 20.9 89 11 --
reduced and passivated 7.2 79 21 --
in situ reduced 7.8 82 -- 18
after reaction at 270°C 19.8 0.96 86 - 14

* the coke deposited could not be separated from the sample holder for too small amount.
** too small amount

As a result, a strong enrichment of coke was observed both on the surface and in the
bulk of the K-containing catalyst after reaction, showing a carbon content of 66% on the
surface, while only about 20~25% carbon contents were obtained over the other catalysts.
In addition, the bulk of 1%K-Fe/MnO catalyst contained 12 atom% carbon, which is
higher than that of the K-free catalysts (carbon content lower than 4%). That is to say,
potassium had a very strong influence on the carbon deposition during synthesis. If we
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compare 1%K-Fe/MnO with other catalysts (see Fig.1), we can see a declined trend of
activity.

After calcination, there was no more than 10% coke found on the surface other than
1%Co- and 0.1%Co-Fe/MnO. When the catalysts were in situ reduced in the reactor, the
coke deposited mainly exists in graphite C and the amount of deposits on the surface
reached a minimum. The relationship between the conversion of CO and the carbon
content on different modified catalysts after reaction is shown in Fig.5. It can be seen that
there is a parallel relation between the conversion of CO and the coke deposits on the
surface (in unit of 1/C-atom%x10). It can be deduced that the activity in the quasi-stable
period is dependent on the amount of coke deposited on the catalyst surface. Nevertheless,
it does not mean that the conversion level at the beginning of the reaction is associated with
the coke deposits, it is related to the content of the metallic characters of Fe carbidel®!.
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Fig.5 CO conversion and reciprocal(x10) of surface coke content
over different modified Fe/MnO catalysts

Conclusions

1. Cu, Co, Pd and Rh modification could enhance the CO conversion over Fe/MnO.
The Cu, Co modified Fe/MnO catalysts give higher selectivities to C;™~C4~ than Fe/MnO
does.

2. C3” and C4 selectivities were higher than that of their aliphatic hydrocarbon form
over Cu-Fe/MnO in comparison with the unpromoted Fe/MnO.

3. The activity in the quasi-stable period is dependent on the amount of coke deposited
on the catalyst surface after reaction.
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