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Abstract

A series of Fe:Co bimetallic catalysts supported on,Ti@re prepared by precipitation from nitrate salts and by impregnation from
metal carbonyl complexes. These Fe:Co materials were characterized by a range of techniques including BET, temperature programme
reduction (TPR) and CO chemisorption, and their Fischer—Tropsch (FT) activity was evaluated in a series of fixed bed reas@od(Ban
2H,:1CO, 350 i, 200 h). Important observations from the study are (i) both preparation technique yield catalysts in which the Fg:Co/TiO
has lower activity than the equivalent Co/TiCatalyst and (ii) selectivity patterns are similar to a CoAT@@talyst but indicate the impact
of Fe on the system. Methane levels produced with the precipitated catalysts are high (20 wt%) while levels for the most active carbonyl
bimetallic catalysts are lower (10 wt%). The impregnated catalysts produced from metal carbonyl precursors proved to be the better long chai
hydrocarbon producers and olefin producers than the precipitated catalysts produced from metal nitrate precursors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction coating[13], electroless platingL4], sintering[15], fusion
[16], thermal decompositiofi 7] etc. The choice of catalyst
The Fischer—Tropsch (FT) reaction has been comprehen-preparation method is influenced by the reaction environ-
sively studied since the 1920s and numerous reviews arement (e.g. temperature and pressure), the cost of the active
available that summarise key characteristics of the reactionphase, the support surface af&£8] and the specific catalytic
[1-4]. properties required of the catalyst for the reaction under con-
The product distribution of the metal catalysed reaction sideration.
can be described by an Anderson—-Schulz—Flory (ASF) law  An alternative strategy to modify the properties of sup-
[4]. The product spectrum can be modified within the ASF ported catalysts is by choice of the starting metal complex
constraints and one method to achieve this is via the choice[19-22] In this methodology the ligands/ions surrounding
of the catalyst. However, only a limited number of catalysts the metal affect the interaction of the support with the metal
(Fe, Co, Ru and Ni) have been found effective for the reac- ion and hence the metal dispersion and loading. A variant of
tion and much work has thus been performed to modify the this approach is to use differeliading procedures, e.g. by
characteristics of the catalysts (typically Fe and Co) by use variation of reducing agents, pH etc. The ligands surrounding

of supports and promotefs5—10]. the metal ion will vary depending on the solution characteris-
The synthesis of supported catalysts is generally per-tics and again the metal ion will react differently with either
formed by precipitatiorf11] and solution adsorptiofi.2]. the support or counterions leading to different metal loadings

Catalysts can also be produced by techniques such as plasmand dispersions.
We have recently reported on the FT activity and selectiv-
* Corresponding author. Fax: +27 11 717 6738. ity characteristics of a range of bimetallic Fe:Co/%i€ata-
E-mail addressncoville@aurum.chem.wits.ac.za (N.J. Coville). lysts prepared by the incipient wetness method from metal

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.04.029



D.J. Duvenhage, N.J. Coville / Journal of Molecular Catalysis A: Chemical 235 (2005) 230-239 231

nitrate salt§23-25] These bimetallic catalysts have shown to remove unwanted surface species. The catalyst was then
reactivity patterns that are different from equivalent Fe or Co cooled to room temp and CO was passed over the catalyst for
single metal catalysts indicating that the intimate interaction 15 min. Physisorbed CO was removed by purging with nitro-
between Fe and Co is importd26—34] gen (30 ml/min) for 15min. IR spectra were then recorded
To further investigate the FT reactivity patterns of Fe:Co at various stages after exposure to the CO. In the reduction
catalysts, we have chosen to investigate the effect of prepa-study the catalyst was reduced in situ at 180for 2 h in
ration procedure on the reaction by preparing a range of 100% H. EXx situ studies on the reduced samples were also
Fe:Col/TiQ catalysts by: (i) the precipitation methd#i2] performed (reduction at 250 and 300 for 2 h, at 1atm in
and (i) by impregnation from metal carbonyl precursors 100% Hp; 2000 h1). Thereafter the samples were reduced
[12,17,35-42] in situ at 180°C for 1 h. The Fe:Co/Ti@materials were then
placed in a DRIFTS cell and background IR spectra were
recorded. Addition of CO to the unreduced Fe:Co mixture
2. Experimental resulted in CO uptake.

Commercial TiQ (P25, Degussa; surface area 52gn?; 2.2. Catalyst preparation
anatase:rutile ratio, 79:21) was mixed with deionized wa-
ter, dried at 120C for 1h and calcined at 40C for 2.2.1. Catalysts prepared by precipitation
16h. In every case the calcined material was crushed and Seven precipitated catalysts (10:0, 0:10, 10:10, 5:5, 5:15,
sieved (0.5-1.0 mm) to produce the required supports. The5:10 and 10:5 Fe:Co/Ti§) were prepared in this study, uti-
[CpFe(CO)], and Co(CO)g starting materials were pur-  lizing well known literature procedurd$1]. In each case a
chased from Strem Chemicals and the iron and cobalt nitratesco-solution (80 C) of the required amount of Fe(N§} and

from Merck. Co(NGz)2 was precipitated with a N&Oz solution (80°C)
until a pH of approximately 7 was obtained. DegussasTiO
2.1. Catalyst characterization powder was then stirred into the hot precipitate and mixed

thoroughly until a homogeneous mixture was obtained. The

Elemental analysis (Co, Fe) was determined by atomic resulting precipitate was then washed with hot distilled water
absorption spectroscopy (AAS). BET surface area analy- until nitrates were no longer detected. The washed precipi-
sis, scanning electron microscopy (SEM)p#ébauer spec- tate was dried at 12QC for 16 h and then it was crushed to
troscopy (MES), temperature programmed reduction (TPR), 0.5-1.0 mm particles.

X-ray diffraction (XRD), and CO chemisorption were per-
formed by classical procedures on apparatus described pre2.2.2. Catalysts prepared by impregnation from nitrate
viously [23]. salts

It is not possible with the techniques used in this study  The preparation of these Fe:Co catalytic systems by a sin-
to assess from the reduction data whether Fe or Co has bee@le co-impregnation of a hot (8@) solution of iron and
predominantly reduced. A further difficulty relates to the de- cobalt nitrates onto pre-calcined Ti@y incipient wetness
termination of the catalyst dispersion. procedures was described in detail elsewli2Be-25]

Bartholomew has discussed this issue in some dézjl
In this study dispersion values were ascertained by using CO2.2.3. Preparation of CpFe(C@Fo(CO)

as the probe gas and a “factor” of 1.175 was used in the ~The mixed metal carbonyl dimer, CpFe(GGp(CO),
calculation, was prepared via a literature procedUrb]. Reaction

of [CpFe(CO)]2 with I in CH2Cl, gave CpFe(CQ).
[f?CtorX (pmol/ g_CO uptake)] This complex was reacted with Ag(g$0s) to pro-
[(*ometal)x (fraction reduced)] duce CpFe(CQ)YCRSGs). In another flask, air sensitive
As described previously, this value is the average value for Coy(CO)s was reacted with sodium/amalgam in tetrahydro-
Fe (1.170) and Co (1.179) and will be assumed to hold for furan (THF) to produce Na[Co(C@)) Reaction of equimo-

%Dispersion=

the 1:1 Fe:Co catalysts used in this st(i&g]. lar amounts of Na[Co(CQ)with CpFe(CO)(CFSQs) gave
IR spectra were recorded on a Brucker FTS-85 Fourier the required dimer. Each of the intermediate organometallic
transform IR spectrometer (GBI» solutions). complexes was isolated and characterized by infra-red spec-

The DRIFTS study (CO adsorption) was carried out troscopy.
using a Nicolet Impact 420 IR Fourier Transform spec-
trometer. The diffuse reflectance IR spectra were recorded2.2.4. Catalysts prepared by impregnation from metal
using a standard reflection accessory (Harrick Scientific), carbonyl complexes
equipped with a flow cell into which the ground catalyst Four carbonyl derived supported catalysts were prepared
(100 mg) was loadef#t4]. DRIFTS studies were performed by impregnation. These were (i) 10% Fe/}i@repared from
on Cp(CO}FeCo(CO)/TiO». The catalyst was loaded into  [CpFe(CO3}]2, (i) 10% Co/TiO,, prepared from Co(CQ)
the DRIFTS cell and then heated inp Mt 250°C for 2h (i) a bimetallic mixture consisting of a 5:5 Fe:Co/TiQL0%



232 D.J. Duvenhage, N.J. Coville / Journal of Molecular Catalysis A: Chemical 235 (2005) 230-239

metal by weight) prepared from [CpFe(C{)and Co(COg described previously23]. All catalysts were reduced for
and (iv) a 5:5 Fe:Co/Ti@ (10% metal by weight) material 16 h in pure hydrogen (1bar) at a temperature of 300
prepared from Cp(CQFeCo(CO). and space velocity of 2000°H. After reduction the reaction
The preparation of the supported materials was achievedsystem was cooled to below 200. The reaction gas,
by dissolving both [CpFe(CQ), and Co(CO)g in dry THF 2H,:1CO, was introduced and the pressure, unless otherwise
under nitrogen. This solution was impregnated in a single specified, increased to 10 bar. The gas flow was set to a space
step via incipient wetness onto the pre-prepared, 8Qp- velocity of 350 ! and the temperature increased to 220
port. The impregnated system was then dried under vacuumAll synthesis runs, without exception, ran for a stabilization
for 16 h. In aninitial study, the dried catalyst was immediately period of ca. 120 h followed by a 100-120 h mass balance
exposed to atmospheric conditions but this material proved period. Thus, each run exceeded 200 h on line. Mass balance
to be pyrophoric. The procedure was changed to one in whichcalculations, the water gas shift (WGS) extent (%mass
the dried catalyst was passivated for 16 h in a 30 ml/min ni- COy/%mass (CQ@+H20)) and olefin to paraffin ratio
trogen diluted NO mixture (5N:1N20) to produce an air-  [%mass olefin/%mass (olefin + paraffin)] were determined
stable catalyst system that could be handled under oxidizingas described previous[23]. The specific activity (mol CO
conditions. converted per gram catalyst per second) was calculated as a
The preparation of the supported CpFe(e@)(CO) function of the (CO + CQ) conversion, and thus included the
dimer was achieved in a single impregnation step using the percent CO converted to GOMass balance data, collected
procedure outlined above. In this instance the dimer was im- after the full time on stream, of 1605% was accepted as
pregnated via the incipient wetness technique onto @ TiO adequate for comparison purposes.
support under nitrogen. The synthesized dimer is air sensi-
tive and great care was taken during the impregnation step to

avoid decomposition of the dimer. 3. Results and discussion

2.3. Catalyst testing 3.1. Catalyst characterisation

Catalysts (about 2 g) were tested in a system comprising Table 1contains characterization data (BET surface areas,
of three stainless steel reactors with two knockout pots each,metal analysis) for the various precipitated and carbonyl de-
one for wax and one for liquid hydrocarbon products. The rived catalysts. For comparison the data for an optimum 5:5
reactors used were identical to those described previouslyFe:Co catalyst prepared from metal nitrate sources by the in-
[23]. The gas product fraction was analyzed by GC as cipient wetness technique is also shdag]. It is clear from

Table 1
The influence of preparation method on BET surface artemle CQqs %reduction and %dispersion for the Fe:Co/Tidmetallic systerf
Catalyst BET (m/q) Metal loading (%) CQys (p.mole) Reduction level (%) Dispersion (%) Reduction temperatt® (
Fe Co

Impregnatefl

5:5 510 52 5.1 5.8 946 0.6 300
Precipitatel

10 Fe 866 85 0 50 9.4 5.9 270

10 Co 838 0 84 75 489 18 270

10:10 783 101 102 4.6 704 04 270

5:15 874 51 152 - - - -

5:5 760 51 51 54 799 0.8 270

5:10 860 51 101 - - - -

10:5 871 111 51 - - - -
Carbonyl

10 Fe 435 9.6 0 30 514 6.7 250

10 Co 472 0 103 130 3744 4.1 250

5.5 (Fe+Coj 487 4.7 4.6 8.0 2.8d 328 250

5:5 (FeCo) 478 48 45 42 38d 16.3 250

a Support calcination: 400C, 1 atm, 2000 h, 16 h, flowing air.

b Catalyst calcination: 200C, 1 atm, 2000 ht, 16 h, flowing air. Data taken from re24].

¢ Catalyst calcination: none.

d Low values are due to the use of low oxidation state metal carbonyl complexes used in the synthesis.
€ Fe + Co: ([CpFe(CQ)2 + Coy(CO))/TiOy; catalyst calcination: none.

f FeCo: (CpFe(CQ)Co(COY)/TiO,; catalyst calcination: none.
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Fig. 1. Mdssbauer spectra for 5:5 Fe:Co/3}i€ystems prepared from: (a)
impregnated metal nitrates, (b) precipitated metal nitrates, (c) mixed metal
carbonyls (MMC) and (d) mixed metal cluster derived carbonyls (MMCC).

the AAS analysis that the required metal loadings and Fe:Co
ratios were produced.

The BET surface area for the precipitated catalysts is much
higher (approximately 84—874ty) than that for the impreg-

nated systems which have BET surface areas similar to those

obtained for the Ti@ support (52 rd/g). The catalysts de-
rived from the metal carbonyls have BET surface areas in the
range of 43—-49 Hig.

XRD spectra exhibited neither metal oxide nor metal
peaks for the precipitated system or carbonyl derived systems
(data not shown). This implies that small amorphous well-
dispersed particles are formed on the titania. The carbonyl-
derived systems should produce metals in a low oxidation
state, due to the nature of the starting material, and would
therefore not necessarily produce the expected metal oxide
phases.
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terials that were synthesized: (a) impregnated Fe:Co ni-
trates [23-25] (b) precipitated Fe:Co nitrates, (c), im-
pregnated [CpFe(C@Jp/Co(CO)x and (d), impregnated
Cp(CO)FeCo(CO).

The sextet for the impregnated catalyst indicates the pres-
ence of ferromagnetic particl¢$6] that are not observed for
the other samples. The other three samples reveal doublets,
associated with superparamagnetic behavidd}, with the
precipitated and Cp(C@FeCo(CO) complexes giving re-
markably similar spectra (sdég. 1 andTable S1, Supple-
mentary data In contrast, the [CpFe(C@p/Co(CO} re-
veals two doublets suggestive of two different complexes or
more specifically two different iron environments.

In an independent study the ddsbauer spectrum of
10% [CpFe(COyl2 on TiO, was measured and revealed
a doublet with isomer shift=0.22mm% Further, the
quadrupole splitting (0.92 mnT$) observed for the above
doublet corresponds to that of the doublet observed for
[CpFe(CO}]2/Co(CO) (Table S1, Supplementary data
Thus, the major component observedrig. 1corresponds to
a similar Fe derived complex, independent of the presence of
Co. The origin of the second (minor) doublet is unknown but
appears notto correspond to a Fe-Co supported material. (The
Mossbauer spectrum of CpFe(GOp(CO), has different
parameters to that of the second dinTathle S1, Supplemen-
tary datd. Thus, prior to calcination the Co and Fe complexes
do not interact substantially. It thus appears that the four
complexes give a range of differently supported Fe (and Co)
complexes.

The TPR profiles for the four Fe:Co are shown in
Fig. 2 The impregnated nitrate catalysts were pre-calcined
at 200°C, while the carbonyl catalysts were used uncalcined
(but passivated). The low temperature peaks (at ca& @20
shown inFig. 2a and b are due to the presence of residual
nitrate ions while the high temperature peak (>660is due
to reaction with the suppof48].

A comparison between the precipitatellig. 2a) and
incipient wetnessHig. 2b) catalysts reveals that the precip-

\ (a) Precipitated
a % (b) Incipient Wetness
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Fig. 1 displays the Mbssbauer data (after calcination) Fig. 2. TPR spectra for metal nitrate precipitated (a), nitrate impregnated

for four different 5:5 bimetallic Fe:Co/Ti® (10%) ma-

(b), MMCC (c) and MMC (d) catalysts.



234

D.J. Duvenhage, N.J. Coville / Journal of Molecular Catalysis A: Chemical 235 (2005) 230-239

itated catalyst (i) contains larger quantities of nitrate ions lar results were obtained for the metal nitrate impregnated
(expected) and (i) is easier to reduce (more porous). The system[23-25]

shift in the two reduction peaks associated with Fe and Co

metal reduction (300-60) is lowered by about 100
(compareFig. 2a and b).

The TPR profiles for the two titania supported metal
carbonyl derived materials, namely [CpFe(GR)Co(CO}
(Fig. Zc) and Cp(COYFeCo(CO) (Fig. 2d) also can be com-

IR studies complemented by thermal decomposition stud-
ies have been performed on numerous metal carbonyl sys-
tems, both supported and unsupported, to provide data on
the formation of active catalyst centef49,50] Indeed
DRIFTS and TPO/TPD studies have been performed on both
[CpFe(CO)]2 and Co(CO) in the past. The decomposition

pared. The presence of the reduction peaks is due partlyof [CpFe(CO}]2 on alumina has been described and occurs
to formation of oxidized metal in the passivation step used with formation of ferroceng40]. While this may provide a
and also to some interaction between the support and thepathway for decomposition of the CpFe(GOjagment its
Fe/Co carbonyl complexes. The TPR profiles reveal that (i) presence was not observed in this study when the materials

no nitrate peaks are observed (nor expected) and (ii) th
[CpFe(CO»]2/Co(CO) complex reduces at a slightly lower
temperature than does Cp(CGBECo(CO). Further the
Cp(CO)FeCo(CO) complex appears to interact more sig-
nificantly with the support than does [CpFe(GRJCo(CO}
(broad peak at > 600°C).

In summary all four profiles reveal the presence of two
major reduction peaks (between 300 and 80@&s well as
a metal support interactiorm & 600°C). It is clear that the
different synthesis conditions do lead to different profiles
suggestive of different Fe/Co interactions with the 78Dp-
port. This is consistent with the d4sbauer data discussed
above.

A SEM study of the precipitated and carbonyl derived
system was performed and indicated thaththe carbonyl
derived materials had similar morphology (data not shown)

ewere supported on Tig)51].

CO absorption experiments were performed in this
study by DRIFTS on a range of reduced metal car-
bonyl complexes supported on Ti®10% metal loadings;
see experimental section for detailsg. 3). Interestingly
within the accuracy of the experiment the [CpFe(gl@)
[CpFe(CO0»]2/Co(CO)s and Cp(COY)FeCo(CO) all gave
similar IR spectra. All three spectra show a maximum ab-
sorption at 20022 cm 2, a value that corresponds to CO
adsorbed on a metal in the zero oxidation state. The results
indicate that reaction with CO took place on the Fe and that
the environment of the Fe atoms on the Ti®as similar
for all three systems. Further, the IR spectrum recorded on
Cop(COX/TiO2 (Fig. ) showed an IR spectrum more com-
plex than that of the other spectra. While a peak was also ob-

. served at 2004 crt (Co—CO) a further peak was observed

As expected, the precipitated system displayed a more porousat 2033 cm! (possibly due to Co with+ 1 oxidation state
surface. Thisis consistent with the surface area data describedonded to CO).

above.

A reduction study was undertaken on the pas- 3.2. FT catalyst testing

sivated TiQ impregnated [CpFe(C@Jp/Co(CO) and
Cp(COpFeCo(CO) systems and data are showrilable 2

3.2.1. Precipitated Fe:Co/Ti®

The reduction levels for these systems were low (as expected) The results for the FT synthesis behaviour of a range of

and increased with increasing reduction temperature. Th

eprecipitated Fe:Co/Ti@catalysts are reportediable 3 The

data do suggest that the reduced particles sinter with temperpasic trends found are similar to those previously reported for

ature as indicated by chemisorption data and this is consiste

with the reduced FT activity that is observed with increased

Nincipient wetness systeni23-25}
The data reveal that the reactivity ranking for 10%

reaction temperature (see below). While no comparable studyloadings is Co>5:5 Fe:Co>Fe. However, in terms of
was undertaken with the precipitated Fe:Co catalysts, simi- metal reduction the order is 5:5 Fe:Co > Co > Falfle J.

Table 2
The effect of reduction temperature on flimole CQyqs %reduction and %dispersion for the carbonyl derived bimetallic systems
Catalyst (5Fe:5C8) Reduction temperature’ C) COyqs (pmole) Reduction (%) Dispersion (%)
Fe+C@
250 8.0 2.8 32.8
300 7.8 18.8 4.8
400 6.9 32.0 25
FeCd
250 4.2 3.8 16.3
300 4.0 23.2 2.0
400 3.4 48.2 0.8

@ Catalyst composition: 5Fe:5Co/Tj@total metal loading 10% by weight).
b Fe + Co: ([CpFe(CQ)2 + Co(CO)/TiO,; catalyst calcination: none.
¢ FeCo: (CpFe(CQ)o(CO))/TiOy; catalyst calcination: none.
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Fig. 3. DRIFTS spectra of reduced (100%,H80°C, 2 h) carbonyl catalysts: (a) 10% Fe/Bi@b) 10% Co/TiQ, (c) 5% Fe + 5% Co and (d) (5% + 5%) FeCo
catalysts after CO adsorption at 5. All percentage by weight.

There are indications that the improved level of reduction A mixed Fe:Co catalyst does give important selectivity
is a consequence of a decrease in the catalyst dispersiorifferences relative to the single metal catalysts. Thus, a very
(Table 1, Fig. S1, Supplementary datas discussed previ- low selectivity towards methane is noted for Co/%i®hile
ously[23-25] It is however clear that the improved level of mixtures of Fe:Co give enhanced methane formation. Indeed
reduction gives no improved effect on the activity of the 1:1 itappears that as the Fe contentincreases the methane content
system when compared with the single metal Co system.  goes up (e.g. 10:10 Fe:Co has g£¢bntent of 20% compared
The %CO conversion, specific activity and TON all in- to 8% for the Co/TiQ catalyst).
crease as the system contains more cobalt and less iron. Fur- The Fe/TiQ catalyst produces olefins and oxygenates and
thermore, the 10% Co catalyst is more active than the 5:5also exhibits a much higher activity for the WGS reaction
Fe:CO catalyst. This indicates that, as for the impregnated (18%) when compared to the Co/Ti®ystem. The cobalt
systemg23-25] there is no advantage to be gairveith re- catalyst also exhibits better hydrocarbon chain growth prob-
spect to activityon mixing Fe and Co. abilities as is evident from the alpha values=(0.90 cobalt;
The effect of total metal loading, is shown from a com- «=0.83 iron). Mixing of the two metals gave similar results
parison of the 5:5 and 10:10 Fe:Co/Ti®ystems. Although  to that obtained for these systems prepared by the incipient
the higher loaded material exhibited higher specific activity wetness techniqu3-25] The data obtained in this study
(0.24 versus 0.3gmole/g/s) and the TON increased from are indeed similar to results obtained by Nakamura §52].
44.4% 10735110 71.3x 103571, the effect was less than  on unpromoted Fe and Co/Ti@naterials. In the Nakamura
expected. As these catalysts appear to have similar BET surstudy the selectivity of the cobalt system towards methane at
face areas (78.3#g versus 76.0Alg) and the 5:5 system  ca. 85% was much higher than that observed for iron at ca.
shows slightly better reduction (80% versus 70%) and dis- 35%. The iron system was again the superior olefin producer.
persion levels (0.8 and 0.4%) it can be assumed that the loss The bimetallic system in many ways performs like a sin-
in activity is due to a decrease in the amount of Co active gle metal cobalt system producing similag-&C, yield and
phase. paraffinity content. Comparison of catalysts with 5:10 and
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Table 3
The Fischer—Tropséperformance of precipitated Fe:Co/Ti®imetallic catalysts reduced at 270
Metal ratio 10:0 5:10 10:10 5:15 5:5 10:5 0:10
Metal loading (% by mass) 10 15 20 20 10 15 10
CO conversion (%) 18 174 218 299 171 154 225
Specific activity (imole COs1g1) 0.18 027 033 055 024 020 037
TON (x10°3s71) 36.0 - 717 - 444 - 493
Selectivity (% by mass)
CHyg 9.3 131 19.6 184 17.0 22.8 7.8
Co—Cy 25.8 16.1 214 13.7 13.0 31.9 6.8
Cs5—C11 61.8 36.5 39.9 45.1 36.8 44.2 27.2
C12-Cig 2.7 7.9 6.9 15.2 12.6 tr 22.0
+Cig tr 25.9 2.3 7.4 20.1 tr 35.6
WGS extent 0.18 tr 0.05 0.05 0.07 0.09 tr
Paraffin (%) 55.6 88.7 89.7 92.8 89.5 81.3 92.4
Olefin (%) 39.2 9.5 9.1 6.4 9.2 12.0 6.5
Oxygenates (%) 5.2 1.9 1.3 1.0 1.3 6.6 1.0
Lower olefinity?
Co 0.12 0.04 tr 0.04 0.05 0.04 tr
Cs 0.84 0.40 0.49 0.44 0.52 0.35 0.60
Cy 0.85 0.47 0.41 0.38 0.46 0.52 0.52
Cs 0.34 0.30 0.21 0.03 0.13 0.27 0.33
ASF chain growth values
Ar 0.83 0.78 0.69 0.79 0.78 0.71 0.90
A - - 0.77 - — — -

a Reaction conditions: calcination: none; reduction: 2201 atm, 2000 ht, 16 h, 100% H; synthesis: 220C, 10 bar, 350 h!, 200 h, 2H:1CO.
b (Olefin/olefin + paraffin) ratio.

10:5 Fe:Co loadings revealed that these systems gave similais reported inTable 4 FT runs were recorded on each sample
conversions and were comparable in terms of specific activ- after the catalysts were reduced at three different tempera-
ity and product selectivity. The 10:5 system however gave the tures (250, 300 and 40C). The most active catalysts were
highest olefinic and oxygenate yields as well as higher WGS those reduced at the lowest reduction temperature (@50

activity. The FT catalytic activity of [CpFe(CQ@), and Ce(CO)s on
Comparison of the 5:15 and 10:10 Fe:Co catalysts (i.e. TiO2 was then recorded after the catalyst had been reduced
20% total metal by mass) revealed similar trentsbe 3. at 250°C to provided reference data for the study.

The catalyst with the higher cobalt loading gave better hy-  Under the reaction conditions used it was observed that
drocarbon chain growth (alpha values of 0.79 and 0.69, re-the 10% Co/TiQ system possessed superior activity when
spectively). Both catalysts showed similar selectivity towards compared to the 10% Fe/TiOcatalyst (1.16Jumole/g/s
methane while the higher iron containing system yet again compared to 0.13@mole/g/s). This superior activity has
displayed a preference for the production of olefins, oxy- previously also been observed for L8O)g supported on
genates and WGS activity. high surface area carb¢s3,54] and AbO3 [55] relative to
Fe:Co catalysts reported by Nakamura and co-workers Fe(CO}/Al>,03 and Fg(CO)2/carbon systems. The cobalt
[52], also showed that the product selectivities were asso-catalyst yet again proved to be the better higher hydrocarbon
ciated with the most abundant metal. producing system. The iron catalyst was found to be superior
A comparison of the 5:5 and 10:10 Fe:Co/%i€ystems in the production of olefins and oxygenates, and also exhib-
revealed that the 5:5 system is the superior higher hydrocar-ited the highest WGS activity. These trends have also been
bon producing catalyst. Similar selectivity towards olefins, confirmed by literature studies on related Fe(§@l),0O3 and
oxygenates and WGS activity is observed for the 5:5 and Fe3(CO);o/carbon supported catalyg&3—-55]
the 10:10 Fe:Co catalysts. A comparison of the 5:5 Fe:Co  The effect of mixing the iron and cobalt on the activity
system with, 10% Fe/TiQand 10% Co/TiQ reveals that  and selectivity of the bimetallic catalyst activity is indicated
both the catalyst activity and product selectivity, with the in Table 4(and Fig. S2, Supplementary datarable 2re-
exception of methane, is intermediate between the two singleveals that CpFe(CQLo(CO) and [CpFe(CGy2/Cop(CO)g

metal 10% loaded catalysts. on TiO, show similar levels of reduction, i.e. 3.8 and 2.8%,
respectively, with the latter containing the better dispersed
3.2.2. Impregnated Fe:Co carbonyl systems metal. As the Fe:Co catalysts were already partially re-

The results for the FT synthesis behaviour of duced no correlation between the catalyst performance and
CpFe(CO)Co(CO) and [CpFe(CQy)2/Coz(CO)s on TiO, reducibility was expected®3-25] or found. However the
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Table 4

The Fischer—Tropsch performance of carbonyl derived Fe:Ce/Bifetallic catalysts

Catalyst metal loading [CpFe(CO}]2 + Cop(CO) Cp(CO)FeCo(CO) Fe (10%) Co (10%)
(% by weight) (5% Fe +5% Co = 10%) (5% Fe +5% Co =10%)

Reduction 250 300 400 250 300 400 250 250
temperature°C)

CO conversion (%) 3e@ 323 249 362 237 12.0 161 674

Specific activity 041 034 025 035 021 0.10 013 116
(wmoleCOstg1)

TON (x1073s71) 513 436 362 833 525 29.4 433 892

Selectivity (% by mass)
CHgy 9.8 112 122 9.1 200 18.1 92 156
Co—C4 235 212 264 97 236 33.0 244 104
Cs—Ci1 488 509 539 371 433 48.1 3838 366
C12—Cis 118 94 6.7 234 6.2 0.3 214 165
+Cis 59 7.1 0.4 207 6.6 tr 6.0 203

WGS extent @®5 006 004 007 005 0.04 022 004
Paraffin (%) 7@ 718 67.1 834 602 52.8 680 941
Olefin (%) 284 265 303 159 383 44.4 277 39
Oxygenates (%) a 18 27 0.7 15 2.8 43 20

Lower olefinity
Cy 0.09 010 010 012 021 0.20 020 001
Cs 0.65 065 064 058 070 0.68 055 013
Cy 0.62 064 064 052 075 0.87 083 022
Cs 0.53 054 054 046 070 0.67 057 021

ASF chain growth values
ag 0.75 071 079 085 067 0.70 072 075
o2 0.82 - Q68 088 — - - 085

a Reaction conditions: calcination: none; reduction: (see abd@ge] atm, 2000 h!, 16 h, 100% H; synthesis: 220C, 10 bar, 350 ht, 200 h, 2+:1CO.
b (Olefin/olefin + paraffin) ratio.

%dispersion correlated with catalyst performance (TON) (see  The two bimetallic systems, when reduced at 260
Supplementary data have similar conversions, i.e. 36.2%lable 4 but the
The selectivity data is displayed (or showmable 4 [CpFe(CO}]2/Cox(CO)g system proved to be mainly a
(and Fig. S3, Supplementary datand indicates sim-  petrol producer. The CpFe(C&)o(CO), system, in line
ilar methane levels for the CpFe(CQo(CO) and with previous findings[56], displayed a strong tendency
[CpFe(CO}]2/Cox(CO)s on TiO, catalysts. The selectivity to produce higher molecular weight hydrocarbons. The
data are also similar to data obtained for the iron system. The[CpFe(CO3]2/Co,(CO)g system also proved to be the better
olefin and G—C; fractions for the [CpFe(CQ)2/Co(CO)s olefin producer.
on TiOy catalyst is comparable to that of the single metal For both the [CpFe(CQ),/Cox(CO) and CpFe(CQ)
iron system while the CpFe(C&30(CO) on TiO, catalyst Co(CO), systems, it is not possible to make deductions con-
in general appears to have the bettef €electivity. cerning the effect of reduction temperature on the product
A significant observation made for the CpFe(GO) selectivity within the reduction series studied, as large differ-
Co(CO}), and [CpFe(CO)2/Co(CO)g on TiO, systems is ences in activity were observed. It is however clear that the
the activity dependence on the temperature of reduction, i.e.catalyst displaying the highest activity had product selectiv-
decreasing activity with an increase in reduction tempera- ity trends similar to that of the Co system. The least active
ture from 250 to 400C (Table 4. Both systems display the  system mimicked the Fe system. It is also clear that both the
highest activity when reduced at 2530. Chen et al[53-54] carbonyl derived bimetallic systems yielded high selectivity
also observed the activity of carbonyl derived Fe:Co carbon towards olefin products which is much greater than that found
supported bimetallic systems to be superior when reduced affor any of the incipient wetness and precipitated bimetallic
200°C instead of 400C. The reverse behaviour was how- systemg57].
ever found for the single metal systems. They attributed this  These results furthermore differ markedly from those ob-
increased reducibility for the bimetallic systems to the ability tained by Chen and co-workef§3-55] for unpromoted
of cobalt to facilitate the reduction of the iron in the bimetal- Co,(CO)g and Fg(CO);2 and bimetallic mixtures of Fe and
lic system. As alternative explanation is that cobalt shows a Co supported on high surface area carbons. These catalysts
tendency to sinter on a support when reduced at high temper-were evaluated at 22%, 3H,:1CO and 1 atm pressure. Clus-
atures[53,54] and this might apply to the carbonyl derived ters synthesized from GCO)s and [CpFe(CO)]2 and sup-
systems. ported on AbO3 were studied by Khomenko et §5]. They
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also found that olefin production was inhibited by mixing of 4. Conclusions

the metals. Differences observed between the systems studies

by Khomenko and those evaluated here relates to the differ- The synergic effect found in mixed Fe:Co/Ti©atalysts

ent supports and the level of metal loading (1-5% comparedis the common feature observed that is independent of the

to the 10% in these studies). catalyst preparation route. The actual selectivity and activ-
Although the olefin selectivity for the bimetallic system ity observed for these materials is determined by the pro-

is as high as that for the iron system, the WGS activities are cessing and preparation conditions, Fe:Co ratios and metal

very low, and similar to data observed for the cobalt sys- sources—but all in a predictable manner.

tem. This suggests that the resulting products are not just

created from mixing two metals, but that a new catalyst with

new catalytic features has been synthesized. Low g€ld Acknowledgements
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3.2.3. Comparison of the different synthetic
methodologies
A study of mixed metal catalysts containing Fe and Co

from two different source materials, i.e. nitrates and car- )
b Is h led that both d d teri [1] M.E. Dry, Catal. Sci. Technol. 1 (1981) 1159.

onyls has revealed that both procedures produce materl- o “sepyiz Appl. Catal. A: Gen. 186 (1999) 3.
als with good Co—Fe interactions after pretreatment (cal- (3] c.H. Bartholomew, in: L. Guczi (Ed.), New Trends in CO Activation,
cination and reduction procedures). Indeed this is further Elsevier, Amsterdam, 1991 (Chapter 5).
revealed by the study enta"ing the use of metal Carbony| [4] R.B. Anderson, The Fischer-Tropsch Synthesis, Academic Press,
complexes involving CpFe(C@Fo(COY. The results ob- London, 1984.
tained were comparable to those obtained for nitrate based [5I M. Luo, B.H. Davis, Appl. Catal. A: Gen. 246 (2003) 171.
. P . ) [6] W.-P. Ma, Y.-J. Ding, L.-W. Lin, Ind. Eng. Chem. Res. 43 (2004)
impregnated Fe:Co/Ti©bimetallic catalysts reported else- 2391.
where[23-25] The most important observations from the [7] S. Li, S. Krishnamoorthy, A. Li, G.D. Meitzner, E. Iglesia, J. Catal.

current study (and previous studies) can be summarized as 206 (2002) 202.
follows: [8] M.E. Dry, G.J. Oosthuizen, J. Catal. 11 (1968) 18.

[9] M. Luo, R. O’'Brien, B.H. Davis, Catal. Lett. 98 (2004) 17.
Activity: Mixing iron and cobalt metals inhibits the total [19] g&tjjcz?ségflziza&%g'\zllbgatterson' TK. Das, B.H. Davis, Appl.
aCt_IVIty relat_lve toa S!ngle meta_‘l cobalt Catalys_t (pregpr [11] C.D. Fohning, H. Kolbel, M. Ralek, W. Rottig, F. Schnur, H. Schulz,
tation technique and impregnation methods using nitrates  jn: 3. Falbe (Ed.), Chemierohstoffe aus Kohle, G. Thieme-Verlag,
or carbonyl complexes). For all catalyst preparation meth- Stuttgart, 1977, p. 247.
ods the key issue relates to the Fe:Co catalyst ratio and[12] S--Y. Lee, R. Aris, Catal. Rev. Sci. Eng. 27 (1985) 207.

appears to be independent of how the Fe and Co are mixed3! ?l-gézf)’al'zzg’\‘-“- Bakhshi, M.N. Esmalil, Ind. Eng. Chem. Res. 31
terth_er_' . [14] N.J. Coville, S.E. Colley, J. Beetge, S.W. Orchard, Stud. Surface Sci.
Selectivity: The selectivity of the catalysts resembles Catal. B 75 (1993) 1743.

Co rather than Fe. However, the selectivities are influ- [15] M.E. Dry, in: J.R. Anderson, M. Boudart (Eds.), Catalysis—Science
enced by the Fe:Co ratios and the method of prepa-  and Technology, Springer, Berlin, 1981, p. 159. _
ration. It is this behavior that clearly is influenced by [16] R:B. Anderson, in: P.H. Emmett (Ed.), Catalysis, Reinhold, New

R K . . York, 1956, p. 4.
the preparation techniques used to make bimetallic cata—m] S. Zwart, R. Snel, J. Mol. Catal. 30 (1985) 305.

lysts. For example, methane levels produced with the pre-[1g] 3T Richardson, in: M.V. Twigg, M.S. Spencer (Eds.), Fundamental
cipitated catalysts are high (20%), while values for the and Applied Catalysis: Principle of Catalyst Development, Plenum
most active carbonyl bimetallic catalysts are much lower Press, New York, 1989, p. 1.

(10%)_ The carbonyl systems also proved to be the better[lg] J. Panpranot, S. Kaewkun, P. Praserthdam, J.G. Goodwin Jr., Catal.

. o . Lett. 91 (2003) 95.
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