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THE CONVERSION OF SYNGAS ON Fe/M nO
[ . Effects of M etal M odification on Product Distribution

Guan Naijia
(Department of Chemistry, N ankai University, T ianjin 300071)

Abstract It has been found that FischerT ropsch catalysts based on Fe/M n ox ide
give high selectivity for low molecular mass olefins. In this work, a series of m odr
fied m anganese-rich Fe/MnO (ca 0.25) was prepared. In order to study the effects
of prom oter on product distribution, K, Cu, Co, Pd and Rh have been taken into
account here. The reactions were performed under a m oderate condition (T = 543
K, p=1.1 MPa, GHSV= 215 i l). The 1% Cu- and 1% Co-m odified catalysts
have exhibited good prom oter effect for both activity for CO hydrogenation and se-
lectivity for C2~ Ca olefins. K increased the ratio of low molecular olefins/paraf-
fins, but reduced the CO conversion slightly. Pd and Rh prom oters benefited only
the CO conversion. No increase of alcohol was observed in these catalyst system s.
An extensive study of surface com position was made. Possible relation between ac-
tivity and Fe” at the surface as well as coke deposit was obtained via XPS studies
and CO:> measurement from C-burning.
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In the last decade, the effects of ac-
tive com ponents and supports as well as

Table 1 Composition of the catalysts

Com position” (% )

prom oters on the activity for CO hydro-  “**"' "\~ k cu co pd Rh

genation have been studied rather exten- FTO 100

sively. The effects of metals in oxide FT1 99 !

catalysts on the production of different ;x 33 ] .

products in Fischer T ropsch synthesis FT4 99 1

have been summarized'’. It was sug-  FTS 99 1
FT6 99. 9 0.1

gested that Rh and Pd oxides as cata-
lysts for FT-synthesis led to more alco-
holic products, while Cu/ZnO and Pd oxide to methanol, and Ni, Co, Fe to hy-
drocarbons. Fe/Mn oxide was found to be a potential catalyst for selective pro-
duction of short chain olefins in FT-synthesis'*). Deviation from the normal prod-
ucts (Schulz-Flory-Anderson distribution) has been observed for Fe/MnO cata-
lysts. It is indicated that the Schulz-Flory-Anderson distribution has a turning
point"*’.
sium) on the Fe/MnO. In this paper, the catalytic properties of metal-m odified
Fe/MnO catalysts were investigated in order to observe the selectivity for C2~ Ca
olefins and the activity for CO hydrogenation, com pared w ith unloaded Fe/M nO.
The results are discussed in com bination w ith XPS surface studies.

* Based on all metal ions, ** Fe/Mn ratio ca 0. 25

Till now there was little work about prom oter effects (other than potas-

1 Experimental
The Fe/Mn oxide (Fe/Mn ratio ca 0.25) was prepared by continuous cop re-
cipitation from Fe-, Mn-nitrates and amm onia solution at 343 K and pH= 9.2,
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followed by drying at 393 K and calcined at 773 K. The prom oter ions were load-
ed by impregnating the calcined Fe/Mn oxide precursor, followed by drying at
393 K and calcining at 773 K in Ar once m ore. The com position of the catalysts is
listed in Table 1. The catalytic reactions were carried out in a fixed bed tubular
m icroreactor under the conditions: T= 543 K, p= 1.1 MPa, GHSV= 215 h "

and t= 48 h. The reactant gas used in this reaction was a m ixture of Vco/Vu,=

0.5 in an alum inum cylinder to m inim ize carbonyl im purity. The gaseous prod-
ucts were analyzed on-line by a Carle AGC 111 gas chromatograph with 4
columns. The liquid effluent was sampled in 2 condensers, one at 373 K and the
other was cooled by water. After completion of the reaction, the oil-phase and
water-phase were separated and analyzed by a Perkin-Elmer Sigma 2B capillary
gas chromatograph. The data to evaluate the catalysts were collected at steady
state, i.e. at constant CO conversion. All catalysts studied were reduced at 673
K with H, for 24 h before reaction started. The com position of all catalysts was
determ ined by chem ical analyses and AAS, as well as XPS.

2 Results and Discussion
A fter reaction, the cata]ysts were Table 2 Product distribution over the catalysts

taken out from the reactor and weighed Xco Selectivity (%)

. . . Prom oter -
for XPS-studies. The product distribu- % i~ Cs Oxo' Cs~ Cum CHie  CO:
tion is summarized in Table 2. free  42.03  40.33 1.61 34.54 1.37 22.15

The development of CO conversion !"K 41.2215.94°0.14 39,40 12.67 31.85

o 1%Cu 7218 3415 0.41 33.35 1.72 30.37

and selectwlty for Ci~ Cy4 hydrocarbons 1%Co  72.92 32.74 - 34.32 2.14 30.80
w ith time on stream are shown in Flg 1. 1%Pd 77.10 30.98 0.28 31.56 0.83 36.35
. 1%Rh 98.30 53.41 0.22 7.95 0.25 38.17

The activity was strongly affected by the '/, o 6746 2996 016 47520 o064 21.72

addition of promoters. An increase M  « Ajcoholic compounds

CO conversion was caused w ith the addir  ** Described as carbon deposits
tion of promoter except for FT1 (K-
containing catalyst). Am ong all the cat-
alysts in this series, the 1% Rh-Fe/
MnO (FTS5) is the most active one,
with a conversion of 98% at steady
state. The catalysts FT2, FT3 and FT4
have comparatively the same activity
(about 75% ) for CO hydrogenation. K
led to a slight decrease in CO conver Fig 1 Synthesis activity as a function of time
sion. The reasons will be discussed lat- (1) FT1, (2) FT2, (3) FT3, (4) FT4,

er. The product distribution was also (5) FT5, (6) FT6, (7) FTO

changed. The catalyst with potassium had much lower Ci~ Csselectivity than the
K-free catalyst, especially still lower than 1% Rh-Fe/MnO, in which a great
am ount of CH4was found. The average m olecular m ass of products was increased
by K, as mentioned in the literature. The selectivity for Co~ C4 olefins was dif-
ferently affected by the promoters (Fig 2). The highest selectivity was found
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with 1% Cu-(28% ) and followed by 1% Co-Fe/MnO(25%) (both showed CO»-
free selectivity). In contrast to this, 1% Pd- and 1% Rh-Fe/MnO had a negative
effect on the production of olefins because of their strong hydrogenation ability.
Only 1% olefins over 1% Pd- and almost nothing over 1% Rh-Fe/MnO were
found. The unm odified Fe/M nO is itself a good catalyst for production of short
chain olefins (21% ), but the CO conversion over it is lim ited. The addition of
potassium could not increase the selectivity for olefins, but obviously increased
the ratio of C2~ Cisolefins to Co~ C4 paraffins. The selectivity ratio varied from 0
(1% Rh) to 3.96(1%K) (Fig 3). Kolbel et al*' and Dry et al*) suggested that
the addition of alkalimetal into Fe catalysts could intensify CO adsorption at the
surface, as measured by the adsorption heat. This resulted in a poor hydrogena-
tion function of the catalysts. It can also be proved by the strong coke form ation
which will be shown later.
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Fig 2 Selectivity for Co~ Cs olefins over Fig 3 The olefins/paraffins ratio
different catalysts over different catalysts

The production of methane and carbon dioxide is unwanted reactions in FT-syn-
thesis and should be suppressed. This is true for methane production on the Fe/
MnO catalyst, in which a methane selectivity of 13.5% (CO.-free selectivity)
was found. Still lower selectivity was found on K-, Cu-, Co- and Pd-prom oted
catalysts (below 12% ). In contrast to this, the 1% Rh-Fe/MnO showed a very
high selectivity for methane (65.5%).

Carbon dioxide is produced by the water gas shift reaction in the FT-synthe-
sis. It was favored by the addition of prom oter metals in this work. The selectiv-
ity increased from 21% over unloaded Fe/MnO to about 38% (1% Rh-Fe/MnO).

The XPS studies were performed for all catalysts after calcination, reduc-
tion/passivation, in-situ reduction and reaction. In the case of Co-containing cat-
alyst, the XPS analysis was com plicated by the fact that the Co lines overlapped
with Auger peaks. Therefore, the Co content could not be detected. The Rh
content after the reaction was too small to be determ ined. The surface com posr
tion and their valence states are listed in the Table 3.

The Fe in the catalysts is com posed of Fe’", Fe’, and Fe' in different ratios
after in-situ reduction. The Fe’ was most favored by the addition of Pd and Rh,
where initial activity of the catalysts is correlated w ith the am ount of Fe” at the
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Table 3 XPS surface analysis of the catalysts

Com position (% (n/n)) Element content of various valence (% (1n/n))
Catalyst’
Fe Mn P rom oter Fe’* Fe?* Fe' Mn**  Mn? P rom oter
FTO (1) 22.1 77.9 - 100 - - 100 - -
(2) 17.3 82.7 - 100 - - 100 - -
(3) 12.5 87.5 - 51 43 6 - 100 -
(4) 12.1 87.9 - 100 - - 60 40 -
FT1 (1) 21.0 76.1 2.9 100 - - 100 - K*100
(2) 10.1 75.8 14.1 100 - - 20 80 K*100
(3) 6.5 81.5 12.0 37 41 22 - 100 K*100
(4) 10.8 81.9 7.2 77 23 - - 100 K*100
FT2 (1) 22.0 73.3 4.5 100 - - 100 - Cu?" 87 Cu™ 13
(2) 14.8 79.8 5.3 100 - - 60 40 Cu?* 61 Cu* 4 Cu35
(3) 9.6 89.5 0.9 44 40 16 - 100 Cu” 28 Cu®72
(4) 12.1 86.7 1.2 81 19 - 80 20 Cu* 23 Cu’77
FT3 (1) 21.9 78.1 0 100 - - 100 -
(2) 16.8 83.2 0 100 - - 100 -
(3) 12.7 87.3 0 49 45 6 - 100
(4) 13.3 86.7 0 72 25 3 60 40
FT4 (1) 17.8 78.5 3.6 100 - - 100 - Pd2* 100
(2) 13.2 85.3 1.5 87 13 - 100 - Pd*" 32 Pd°68
(3) 8.7 89.9 1.4 17 38 45 - 100 Pd°100
(4) 11.4 86. 6 2.0 67 26 7 70 30 Pd** 100
FTS (1) 17.4 79.6 3.0 100 - - 100 - Rh3* 100
(2) 14.0 81.8 4.2 100 - - 60 40 Rh3 100
(3) 7.5 89.9 2.6 27 39 34 - 100 Rh°100
(4) 10.9 89.1 0 78 22 - 70 30 -
FT6 (1) 20.8 79.2 0 100 - - 100 -
(2) 10.7 79.2 0 89 8 3 80 20
(3) 11.4 88.6 0 50 36 14 - 100
(4) 12.1 87.9 0 100 - - 60 40

Excitation: A1Kx1 486.6 ¢eV; Vacuum: 1 mPa
* Pretreatment condition: (1) Calcination, (2) Reduction/passivation, (2) in-situ reduction, (4) After reaction

surface, as suggested by Grzybek et

100

al®. It has also been proved by our re- 0——0o ,,o/o\
, 80 e

sults (see Fig 4). Except for the K-con- @
taining catalyst, Cu, Pd, Rh could be : 60
reduced easily by in-situ reduction. The ~ 40 oD
valence of the prom oters seemed not to 20 o\o\
play a decisive role for the activity, be- 0 T S
cause after the reaction the prom oters FT0 FT1 FT2 FT3 FT4 FT5 FT6

were fast fully oxidized, but the activity
stayed at the same level and did not al-
ter. It is worth to mention for FTI,
which had the lowest activity after 48 h
on stream. And the Mn was only in Mn®", i.e. in the form of MnO, which was
suggested as an “inactive” species by Das ef al’\.

The carbon deposits were also determ ined by XPS studies (for the surface)
and C-burning ( for the volume). The results are listed in Table 4.

Fig 4 The initial activity of and Fe content
on the reduced catalysts
(1) Fe content, (2) CO conversion
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The potassium had a very strong in- Table 4 Carbon content after the reaction
fluence on the carbon deposition during .
. L. Surface C Bulk C
synthesis. The K-containing catalyst Catalyst (% (n/n)) (% (m/m))
showed surface carbon content of 66%, o g s
while only about 20% ~ 25% was ob- FTI 66.0 12. 28
served for the other catalysts. The con- FT2 25.9 2.20
. FT3 21.7 311
ceptratlon of bulk carbon was deter FT4 25 9 | 3s
m ined by C-burning. The catalyst FT1 FT5 21.6 0.51
contained carbon of 12%, i. e. much FT6 19.8 0.96
higher than the K-free catalvsts (W ith * Based on all metal ions, oxygen and carbon
y ** Atom ic percent could not be obtained w ithout
carbon of below 4% ) making further catalyst analysis.

The manganese-rich Fe/Mn oxide
catalysts showed a good selectivity for low molecular olefins in the FT-synthesis
and were stable w ith time on stream. The addition of 1% Cu and 1% Co caused an
increase in selectivity for C2~ Cs olefins from 21% on unm odified Fe/M nO to
28% and 25% (CO:-free selectivity) respectively. Additionally, the activity was
increased by impregnation with Cu, Co, Pd and Rh. In contrast to this, the
m odification w ith potassum had a negative influence on the activity of the cata-
lysts and did not prom ote the production of olefins. The olefins/paraffins ratio
was, however, raised over K-containing catalyst from 1.2 for unm odified Fe/
MnO to 3.96 for the 1% K doped catalyst. The addition of potassium led to an in-
crease in long chain hydrocarbons and a strong carbon deposition. The produc-
tion of alcoholic com pounds was very small on these catalysts (less than 2% ).
Methane form ation was inhibited over these catalysts (apart from the 1% Rh-con-
taining catalyst) and the methane selectivity was lower than 14% (CO:-free se-
lectivity). The production of CO, was favored by the prom oters and particularly
by potassum.

After reaction, the Fe-content at the surface had reduced strongly, only
about 10% left from the original 20% . In contrast, the Mn content increased by
5% ~ 10%. The Fe is com posed of Fe'", Fe’ and Fe’ in various ratios after in-
situ reduction. The reduction of Fe was m ost favored by the addition of Pd and
Rh. The iitial activity of the catalysts can be related to the content of metallic
iron at the surface of the catalysts.
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