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Co catalysts supported on y-Al.03 were prepared using Co2(CO)sHCCCOOH, Co3z(C0O)9CCH2COOH,
and Co4(C0)10HCCCOOH as precursors. Co(NOs)2was used as the precursor for preparing the refer-
ence catalyst. The results of Fischer-Tropsch synthesis tests and characterization by transmission
electron microscopy, NH3 temperature-programmed desorption, and infrared showed that the

different precursors have significant effects on the dispersion of the Co, which affect their catalytic

Keywords:

Cobalt carbonyl cluster
Fischer-Tropsch synthesis
Precursor

Impregnation

behavior. CO conversion and Cs- selectivity over these catalysts prepared from different precursors
decreased in the order Co3(C0)9CCH2COOH > Co2(CO)¢HCCCOOH > Co4(C0O)10HCCCOOH > Co(NO3)2.
© 2014, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

Fischer-Tropsch (F-T) synthesis is one of the most promis-
ing alternative routes for converting natural gas and coal into
liquid fuels. Cobalt-based catalysts are the preferred catalyst
due to high activity and selectivity toward linear hydrocarbons,
and low activity for the water-gas shift (WGS) reaction[1]. It is
known that the product distribution from F-T synthesis usually
follows the Anderson-Schultz-Flory (ASF) law, and it is difficult
to obtain specific hydrocarbons in high selectivity from F-T
synthesis. Thus, it is a critical issue to rationally design new
Co-based catalysts with enhanced higher liquid hydrocarbon
selectivity in F-T synthesis [2,3]. Many studies showed that the
cobalt sources had a significant effect on the metal-support
interaction, reduction properties and dispersion, and the activ-
ity and selectivity of the catalysts prepared by impregnation
[4,5]. Co(NOs3):2 is often used as the Co salt in the catalyst prep-
aration, however, other compounds such as Co2(CO)s,

Co4(C0O)12, Co-EDTA, Co(acac)s, and Co(CH3CO0)z can also be
used. Kraum et al. [6] systematically studied the correlation
between catalytic activity and the cobalt source for
TiOz2-supported catalysts using different Co precursors, and
found that the catalytic activity decreased in the order
Co(C00)z > Co(CH3C0O0)2 > Co(acac)s > Co(NO3)2> Co-EDTA >
Co(acac)2. Niemela et al. [7] reported on the performance of 5%
Co/SiO2 catalysts prepared from different cobalt sources for
F-T synthesis. They found that the dispersion of the active
components followed the order of Coz(CO)s > Co4(CO)1z >>
Co(NO3)2. Compared to the traditional Co catalyst, cobalt car-
bonyl clusters can provide zero valent metal particles and do
not need to be reduced at high temperature. Moreover, multi-
metallic carbonyl clusters have a potential more efficient metal
synergy. In this work, we prepared a serious of Co-based cata-
lysts using carbonyl clusters as the cobalt precursors. Their
catalytic performance for F-T synthesis was investigated, and
was also compared with the catalyst prepared using Co(NO3)z.
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2. Experimental
2.1. Materials

Co(NO3)2-6H20 was purchased from a domestic supplier.
y-Al203 was purchased from Alfa Aesar. Co4(C0O)10HCCCOOH
and Coz(CO)sHCCCOOH were prepared according to published
procedures [8]. The molecular structures are shown in Fig. 1.
Co3(CO)9CCH2CO0H was obtained by the reaction of
(€0O)10Co4HCCCOOH and Eu(OOCCF3)s dissolved in freshly dis-
tilled tetrahydrofuran (THF). The crystal structural parameters
and data are given in Table 1. Selected bond lengths and angles
are given in Table 2. The structure and the atom numbering
scheme is shown in Fig. 1(c). X-ray single crystal analysis re-
vealed Co3(C0O)9CCH2COO0H is a triclinic system with the cen-
tro-symmetrical space group P-1 (see Table 1).

2.2. Catalyst preparation

The y-Al203 support was calcined at 500 °C for 10 h to de-
hydroxylate the surface prior to use. The Co catalysts were
prepared by conventional incipient wetness impregnation of
y-Al203 (40-60 mesh) using THF solution of Co2(CO)sHCCCOOH,
Co3(C0)9CCH2CO0H, or Co4(CO)10HCCCOOH under N2 atmos-
phere. Excess solvent was removed by Nz flow. The solids ob-
tained were dried in N2 atmosphere for 24 h at room tempera-
ture, and named as Con/y-Al203 (n = 2, 3, 4; the same below).
The Co(N)/y-Al203 catalyst was prepared by incipient wetness
impregnation with Co(NOs)2 and dried in air at 120 °C for 12 h.
Then, the sample was calcined in air at 350 °C for 6 h. Co con-
tents in these samples were 10 wt%.

2.3. Catalyst pretreatment

The catalysts with the two types of precursors were pre-
treated under different pretreatment conditions. The tempera-
ture-programmed hydrogen reduction experiment of Co(N)/y-
Al203 catalyst showed the typical reduction behavior of
Co/Al203 with the peak at 347 °C attributed to the reduction of
bulk Co304 (Co3+—Co2*) in the catalyst and the high tempera-
ture peak (396-470 °C) attributed to the reduction of Coz+—Co®
[9,10]. Since the Co304 species can interact with Al203 at high
temperature to form the irreducible CoAlO4 species [11], the
Co(N)/y-Al203 catalyst was reduced at 400 °C in a hydrogen

@ (b)
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Table 1
Crystal and structural data of Co3(C0)sCCH2COOH.
Empirical formula C1zH3C03011
Formula weight 499.76
Crystal system Triclinic
Space group P-1
Unit cell dimensions a (A) =8.2074(7)
b(A)=13.5852(12)
c(A)=15.9065(14)
a (°) =95.6430(10)
B (°)=101.035(2)
y(°) =92.4500(10)
Z 4
Dcalc (g/cm3) 1917
Absorption coefficient (mm-1) 2.898
F(000) 972
Crystal size 0.31 mm x 0.12 mm x 0.10 mm
6 range for data collection (°) 1.51-25.02

Reflections collected / unique
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indice [I>2sigma(/)]
Rindice (all data)

Largest diff. peak and hole (e A-3)
Temperature (°C)

8900 / 5962 [R(int) = 0.0301]
Semi-empirical from equivalents
0.7604 and 0.4669

Full-matrix least-squares on F2
5962/0/469

1.018

R1=0.0556, wR>=0.1470
R1=0.0885, wR>=0.1787

1.826 and -0.585

25(2)

flow. However, the Con/Al203 catalysts with zero valent cobalt
were only flushed with Hz flow at 200 °C.

2.4. Catalytic activity test

F-T synthesis was carried out in a fixed-bed stainless steel

reactor (¢ 18 mm x 700 mm). The catalyst (4 g) was loaded
into the reactor, flushed with high purity Hz at 200 °C
(Co(NO3)2/Al203 at 400 °C) for 10 h, and then the catalyst was
slowly cooled to 180 °C under H: flow. The inlet gas was
switched to syngas (Hz/CO = 2), the pressure was increased to
2.0 MPa and the reactor temperature was raised to 220 °Cin 1
h. Ar was used as an internal standard for the calculation of CO
conversion. The gas hourly space velocity (GHSV) was kept
constant at 500 h-1. The outlet gases containing Hz, CO, CH4, and
COz were analyzed by online gas chromatography on a Shi-
madzu GC-8A equipped with a TDX-01 carbon molecular sieve
column and a TCD detector. Hydrocarbon products with carbon

©

Fig. 1. Molecular structures of Coz(C0)¢HCCCOOH (a), Co4(C0O)10HCCCOOH (b), and Co3(CO)sCCH2COOH (c).
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Table 3
Performance of the Co-based catalysts in F-T synthesis.

Table 2
Bond lengths and angles of Co3(C0)9CCH2COOH.

Bond lengths (A)
Co(1)-Co(2) 2.4595(13) Co(4)-Co(5) 2.4624(14)
Co(1)-Co(3) 2.4663(13) Co(4)-Co(6) 2.4631(14)
Co(2)-Co(3) 2.4692(13) Co(5)-Co(6) 2.4762(15)

Bond angles (°)
C(4)-Co(1)-Co(2) 93.9(3) C(16)-Co(4)-Co(5) 104.7(3)
C(5)-Co(1)-Co(2) 147.6(3) C(17)-Co(4)-Co(5) 151.7(3)
C(6)-Co(1)-Co(2) 105.0(3)  C(18)-Co(4)-Co(5)  92.9(3)
C(3)-Co(1)-Co(2) 49.94(19) C(15)-Co(4)-Co(5) 49.7(2)
C(4)-Co(1)-Co(3) 151.8(3) C(16)-Co(4)-Co(6)  150.1(3)
C(5)-Co(1)-Co(3) 99.7(3)  C(17)-Co(4)-Co(6)  92.5(3)
C(6)-Co(1)-Co(3) 97.7(3) C(18)-Co(4)-Co(6)  103.3(3)
C(3)-Co(1)-Co(3) 50.5(2) C(15)-Co(4)-Co(6) 49.92(19)
Co(2)-Co(1)-Co(3)  60.17(4)  Co(5)-Co(4)-Co(6)  60.36(4)
C(8)-Co(2)-Co(1) 155.6(3)  C(19)-Co(5)-Co(4) 91.9(3)
C(7)-Co(2)-Co(1) 97.7(2) C(20)-Co(5)-Co(4) 146.0(3)
C(9)-Co(2)-Co(1) 97.3(3)  C(21)-Co(5)-Co(4)  106.3(3)
C(3)-Co(2)-Co(1) 50.14(19) C(15)-Co(5)-Co(4) 50.5(2)
C(8)-Co(2)-Co(3) 98.9(3) C(19)-Co(5)-Co(6)  150.7(3)
C(7)-Co(2)-Co(3) 144.6(3)  C(20)-Co(5)-Co(6)  102.8(3)
C(9)-Co(2)-Co(3) 102.3(3)  C(21)-Co(5)-Co(6) 95.5(3)
C(3)-Co(2)-Co(3) 50.5(2) C(15)-Co(5)-Co(6) 49.78(19)
Co(1)-Co(2)-Co(3) 60.05(4) Co(4)-Co(5)-Co(6) 59.83(4)
C(12)-Co(3)-Co(1) 96.9(3) C(22)-Co(6)-Co(4) 99.5(3)
C(10)-Co(3)-Co(1) 152.8(2) C(23)-Co(6)-Co(4) 149.7(3)
C(11)-Co(3)-Co(1) 98.8(3)  C(24)-Co(6)-Co(4)  97.4(3)
C(3)-Co(3)-Co(1) 49.89(19) C(15)-Co(6)-Co(4) 50.5(2)
C(12)-Co(3)-Co(2) 147.6(3) C(22)-Co(6)-Co(5)  145.6(3)
C(10)-Co(3)-Co(2) 97.2(2) C(23)-Co(6)-Co(5) 93.4(3)
C(11)-Co(3)-Co(2) 102.0(3)  C(24)-Co(6)-Co(5) 105.1(3)
C(3)-Co(3)-Co(2) 49.66(19) C(15)-Co(6)-Co(5) 49.5(2)
Co(1)-Co(3)-Co(2) 59.78(4)  Co(4)-Co(6)-Co(5)  59.80(4)

Symmetry transformations used to generate equivalent atoms.

numbers less than 5 were analyzed using a Porapak Q column
and an FID detector.

2.5. Catalyst characterization

Infrared (IR) spectra were recorded on a NEXUS-670 FT-IR
spectrophotometer using KBr pellets. Thermogravimetric (TG)
analysis in the range 25-600 °C (10 °C/min) was recorded un-
der Ar (30 mL/min) on a Netzsch apparatus, Model STA 449. Co
contents were measured using a Varian ICP-AES spectrometer.
BET surface areas and pore structure were measured using a
Micromeritics ASAP 2020 analyzer using N2 adsorption at -196
°C. Transmission electron microscopy (TEM) investigations
were carried out using a JEOL JEM-2010 (200 kV) transmission
electron microscope. NHs temperature-programmed desorp-
tion (NH3-TPD) was performed with a quartz tube. The acti-
vating treatment was at 550 °C for 30 min under Ar. The NH3
temperature-programmed desorption was subsequently per-
formed from 120 to 550 °C.

3. Results and discussion
3.1. F-Tsynthesis

The activity and selectivity of the Co/Alz203 catalysts for F-T
synthesis are shown in Table 3. CO conversion and Cs- selectiv-

CO conversion Product selectivity (%)

Catalyst

(%) CH4 C2-Ca CO; Cs+
Coz/y-Al0s 88.2 197 06 33 764
Cos/y-Al203 89.2 16.6 0.4 2.8 79.7
Cos/y-Al203 82.7 20.5 0.9 3.2 75.5
Co(N)/y-ALOs 54.1 340 17 34 609

Reaction conditions: 220 °C, 2.0 MPa, H2/CO = 2, GHSV =500 h-t, 14.5 h.

ity of the Con/y-Al203 catalysts were significantly higher than
that of the Co(N)/y-Al203 catalyst. Cos/y-Al203 showed the
highest Cs+ selectivity and CO conversion of 79.7% and 89.2%,
respectively, while CHs and COz2 selectivity was decreased to
16.6% and 2.8%. The order of CO conversion and Cs- selectivity
over the catalysts was Cos/y-Al203> Coz/y-Al203> Cos/y-Al203
> Co(N)/y-Al203. Figure 2 shows the changes of CO conversion
and Cs- selectivity with time on stream for the Con/y-Al203 and
Co(N)/y-Al203 catalysts. CO conversion and Cs+ selectivity de-
creased to varying degrees with time.

3.2. IR results

The IR spectra of the Co3(CO)9CCH2CO0H, v-Al203,
Co(N)/y-Al203, and Cos/y-Al203 catalysts are presented in Fig.
3. The absorption peaks of Co304 derived from calcined
Co(N)/y-Al203were at 659 and 571 cm-1 [9]. The characteristic
absorption peaks of y-Al203 appeared at 3420, 1625, 806, and
558 cm-L. The set of bands at 2103, 2042, and 2011 cm-! in the
veo region and 1663 and 1399 cm-! in vcoo- region of the
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Fig. 2. CO conversion (a) and Cs. selectivity (b) with time on stream
over different Co-based catalysts.
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Fig. 3. IR spectra of different samples. (1) Co(N)/y-ALl20s; (2) y-Al203;
(3) Cos/y-AlLz03; (4) Co3(CO)sCCH2COOH.

Co3(C0O)9CCH2COO0H precursor represented the signature of the
cluster. For the Cos/y-Alz203sample, the profile of the carbonyl
and carboxyl group bands remained unchanged, indicating that
the supported cluster precursor kept the structural feature of
the precursor.

3.3. TG results

Figure 4 shows the TG curve of the Co3(C0)sCCH2COOH
precursor. There were two stages of mass loss. The mass loss of
31.65% between 30 and 200 °C at the first stage corresponded
to the loss of six carbonyl groups (calculated 33.0%). The next
stage from 200 to 360 °C corresponded to the loss of the re-
maining carbonyl ligands and COz moieties from the carboxyl
group (COOH). Loss of part of the terminal carbonyl groups has
been reported, and the thermal decomposition of
Co2(CO)sHCCCOOH and Co4(C0O)10HCCCOOH occurred at 200 °C
[8]. The TG analysis indicated that the molecular skeleton of the
cobalt carbonyl clusters was stable at 220 °C under an inert
atmosphere. The Co atoms, therefore, can be arranged in or-
derly rows on the support, leading to a higher dispersion of Co
on the support.
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Fig. 4. TG curve of Co3(C0)sCCH2COOH.
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Fig. 5. TEM images of the spent Co-based catalysts. (a) Coz/y-Al203; (b)
Cos/y-Al203; (c) Cos/y-Al203; (d) Co(N)/y-Al20s.

3.4. TEM results

Figure 5 presents the TEM images of the spent Co-based
catalysts after reaction for 60 h. The particle size of the Co spe-
cies in the Con/y-Al203 catalysts was smaller than that in the
Co(N)/y-Al203 catalyst, suggesting that the degree of agglom-
eration on the Con/y-Al203 catalysts was significantly less than
that on the reference catalyst. Since the number of active sites
on the catalyst decrease with the increase of Co particle size,
the Con/y-Al203 catalysts would exhibit higher activity than the
reference catalyst, which was in good agreement with the re-
sults of the catalytic performance measurements.

Table 4 lists Co contents determined by EDS and ICP, where
“difference” represents the mass percentage difference in the
Co content between the data determined by EDS and ICP. It can
be seen that the difference for the Co(N)/y-Al203 catalyst was
much larger than those for the Con/y-Al203 catalysts. This indi-
cated that the aggregation of Co on the Co(N)/y-Al203 catalyst
was much higher than that on the Con/y-Al203 catalysts. The
result suggested that the carboxylic acid ligands of the cobalt
carbonyl clusters made the Co species in the Con/y-Al203 cata-
lysts more uniformly distributed on the support surface during
the preparation. The regulating and control of the active metals
on the molecular level for the Con/y-Al203 catalysts gave active
metals with smaller particle size and higher dispersion on the

Table 4
Co content of the Co-based catalysts measured by EDS and ICP meth-
ods.

Sample EDS (%) ICP (%) Difference (%)
Coz/y-Al203 14.04 7.11 6.93
Cos/y-Al203 13.27 6.98 6.59
Coa/y-AL03 13.64 7.02 6.62
Co(N)/y-ALO3 30.27 9.02 21.25
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support. In addition, the zero valence Co particles of the
Con/y-Al203 catalysts without the need for a high temperature
pretreatment led to Co particles with less interaction with the
support. So the catalysts derived from the Co carbonyl clusters
have better dispersion and higher catalytic activity, which ex-
plained why the Con/y-Al203 catalysts have higher CO conver-
sion and Cs-+ selectivity [12-14].

3.5.  Textural properties

The textural properties of different Co-based catalysts are
given in Table 5. The surface area, pore volume, and average
pore diameter of the Co-based catalysts were smaller than that
of the support, which provided direct evidence that some active
species were deposited in the pores of the support. In general, a
larger surface area of the catalyst improves F-T catalytic activi-
ty, but the surface area of Co(N)/y-Al203 was almost equal to
the surface areas of Con/y-Al203, indicating that the surface
area was not a main factor affecting the catalytic activity. How-
ever, for the Con/y-Al203 catalysts, the smaller pore size indi-
cated extended residence time of the products in the channel,
and slower diffusion of the products in the pores, which is fa-
vorable for the re-absorption of a-olefin in the support to give
an increase in the selectivity to long chain hydrocarbons. In
contrast, the larger pore size of the Co(N)/y-Al203 catalyst led
to faster diffusion of the products, which has a strong influence
on the adsorption of CO and Hz and consequently on the
growth of the carbon chain [15]. Therefore, the Cs. selectivity of
the Con/y-Al203 catalysts were significantly higher than that of
the Co(N)/y-Alz203 catalyst.

3.6. NH3-TPD results

The acidic property of the Con/y-Al203 catalysts was studied
by NHs-TPD (Fig. 6). The results indicated there were three
acid sites which were not distributed uniformly on the surface.
The two main peaks at 212 and 507 °C were due to the weak
acid sites and strong acid sites, respectively, for the Con/y-Al203
catalysts. The desorption peak at 431 °C corresponded to me-
dium strong acid sites of the Cos/y-Al203 catalyst and the peaks
at 409 and 368 °C were attributed to medium strong acid sites
for both the Coz/y-Al203and Cos/y-Al203 catalysts. The number
of surface acid sites on the Con/y-Al203 catalysts was in the
order of Cos/y-Al203 > Coz/y-Al203 > Cos/y-Al203, which was
consistent with the reverse order of catalytic activity and selec-
tivity of the catalysts for the F-T reaction. This can be explained
by that fewer acid sites on the catalyst means less cracking of
long chain hydrocarbons on the acid sites, which is favorable

Table 5

Textural properties of the support and the catalysts.

Sample BET surfacearea  Pore volume Pore size
(m?/g) (cm®/g) (nm)

y-Alz03 240.09 0.80 12.7

Co(N)/y-ALO3 198.29 0.67 12.8

Coz/y-Al203 200.06 0.55 10.4

Cosz/y-Al203 180.22 0.55 11.6

Cos/y-AL03 209.39 0.55 10.0

15
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Fig. 6. NH3-TPD profiles of the Co-based catalysts. (1) Coz/y-Al203; (2)
Cos/y-Alz20s3; (3) Cosa/y-Alz0s.

for promoting the Cs. selectivity [16]. Moreover, fewer strong
acid sites led to a decrease of carbon deposition on the support
because carbon deposition occurs preferentially on strong acid
sites. It is only after the strong acid sites are almost completely
covered that carbon would deposit on the weak acid sites
[17,18]. Less carbon deposition on the acid sites would be fa-
vorable for the activity, which could be another reason for the
best catalytic performance of Cos/y-Al203 among the three
cluster-derived catalysts. More research is needed on the effect
of surface acidity on the catalytic activity for the F-T reaction.

4. Conclusions

A series of Co/y-Al203 were prepared using cobalt carbonyl
clusters and Co(NOs3):as precursors. The dispersion of the me-
tallic cobalt species derived from the cobalt carbonyl clusters
was better than that prepared with Co(NO3)2, which resulted in
better catalytic behavior in the F-T reaction. The structures of
the cobalt carbonyl clusters gave catalysts with different sur-
face acidities. The Cos/y-Al203 catalyst with less acid sites gave
higher CO conversion and Cs+ selectivity than the Coz/y-Al203
and Cos/y-Al203 catalysts.
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