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Abstract Cobalt silicate formation reduces the activity of
the catalyst in Fischer-Tropsch synthesis (FTS). In this
article, the effects of calcination temperature and support
surface area on the formation of cobalt silicate are
explored. FTS catalysts were prepared by incipient wetness
impregnation of cobalt nitrate precursor into various silica
supports. Deionized water was used as preparation med-
ium. The properties of catalysts were characterized at
different stages using FTIR, XRD and BET techniques.
FTIR-ATR analysis of the synthesized catalyst samples
before and after 48 h reaction identified cobalt species
formed during the impregnation/calcination stage and after
the reduction/reaction stage. It was found that in the
reduction/reaction stage, metal-support interaction (MSI)
added to the formation of irreducible cobalt silicate phase.
Co/silica catalysts with lower surface area (300 m?/g)
exhibited higher Cs selectivity which can be attributed to
less MSI and higher reducibility and dispersion. The pre-
pared catalysts with different drying and calcination
temperatures were also compared. Catalysts dried and
calcined at lower temperatures exhibited higher activity
and lower cobalt silicate formation. The catalyst sample
calcined at 573 K showed the highest CO conversion and
the lowest CH, selectivity.
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1 Introduction

The increased global demand for clean fuels has led to
increased interest in the production of clean liquid fuels
from sources other than petroleum. Fischer—Tropsch syn-
thesis (FTS) can be used to convert coal, natural gas or
biomass to clean fuels and chemicals via syngas. Cobalt
based catalysts are advantageous for the conversion of
natural-gas-derived synthesis gas because they are rela-
tively inexpensive and have low water—gas shift activity
[1]. Supported cobalt catalysts are also preferred for FTS
when high per pass conversion, longer life-times, and
higher selectivities to paraffinic products are needed. To
increase activity, cobalt is usually deposited on a high
surface area oxide such as alumina or silica supports to
obtain high metal dispersion. FTS activity of supported
cobalt catalysts depends on the number of active sites on
the surface of crystalline cobalt metal which is determined
by the cobalt particle size, dispersion, loading, and degree
of reduction [2—4]. Structural and chemical properties of
the support also influence catalytic activity and product
selectivity. Support surface modifications can affect metal-
support interaction (MSI), reducibility and dispersion of
cobalt species to enhance the formation of desirable cobalt
species. The cobalt oxide phases (CoO and Co;0,) are
considered desirable and easily reduced to active metallic
cobalt particles [5]. These oxides deposit on the silica
surface when the precursor cobalt nitrate solution is
decomposed. Synthesis of highly dispersed cobalt catalyst
requires strong interaction between the support and the
cobalt precursor, but such strong interactions, generally,
lower reducibility of such precursors and promote the
formation of undesired phases such as cobalt silicate [6].
Cobalt silicate is considered inactive for FTS since it has
no cobalt-metal sites. Tsubaki et al. [7] found that the
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texture, crystallite phase and acidity of silica are influenced
by the hydrothermal treatment with solutions. The reduc-
ibility of supported cobalt was closely associated with the
silica surface properties. The concentration, distribution,
and nature of hydroxyl groups (silanols) on the silica sur-
face also play an important role in the formation of cobalt
species and later the dispersion of supported metal on the
silica surface [8]. Ming and Baker [9] reported that the
catalytic performance of cobalt-silica gel FTS catalyst was
strongly affected by preparation conditions such as the pH
value of the impregnation solution which changed the
interaction of cobalt and silica support, resulting in dif-
ferent MSI, dispersion and reducibility of the supported
cobalt species.

Prior work done on Co/silica-supported catalysts has
mainly focused on cobalt dispersion, reduction, preparation
and pore size distribution. In this study, the cobalt species-
support interaction leading to the formation of undesired
cobalt silicate phase and, its influence on the activity and
performance of the catalyst are presented. Once formed, it is
difficult to reduce cobalt silicate to active metallic sites at
FTS reaction temperatures [10]. The reported results sug-
gest disagreement on the chemistry and stage at which
cobalt silicate form. Kogelbauer et al. [11] found that the
presence of cobalt metal is necessary for cobalt silicate
formation and is enhanced by the presence of H, depending
on exposure time and gas phase concentration. Other liter-
ature findings [12, 13] have postulated that an intermediate
cobalt silicate surface phase is formed during the initial
decomposition of the cobalt nitrate precursor during prep-
aration or by a reaction between the aqueous cobalt
complexes and surface silanol groups which is enhanced by
using metal salts decomposed during thermal treatment.
Ernst et al. [14] attributed the formation of cobalt silicate
during reduction to the reaction of unreduced CoO with
silica to form high surface area cobalt orthosilicate:

2Co0 + Si0; — Co0,S5104

Puskas et al. [10] proposed a more detailed reaction
pathway:

CoO + H,0 — Co(OH),
Co(OH), + SiO(OH), — CoSiO3 + 2H,0

The reaction of finely dispersed cobalt oxide and water
during reduction result in molecular cobalt hydroxide
formation. Migrating silicic acid then reacts with cobalt
hydroxide to produce cobalt silicate. This mechanism can
also occur following impregnation in water during the
preparation and drying/calcination stage. The active
surface silanol groups form silicic acid which reacts with
cobalt hydroxide to form highly amorphous FT-inactive
cobalt silicate [11]. In this paper, the effects of the support
surface area and the calcination temperature on cobalt
species-support interaction are investigated. These
parameters affect the chemistry and stage of formation of
cobalt species such as cobalt silicate. Furthermore, the
surface area of the silica support can remarkably influence
the resultant FTS catalyst performance. The MSI during
preparation, drying and calcination is an important aspect
in the synthesis of highly active FTS catalysts.

2 Experimental
2.1 Catalyst Preparation

Commercially available silica gel (Davisil grade 646, 635
and 710) was used as a support. An aqueous solution of
cobalt nitrate was impregnated into the various silica sup-
ports by incipient wetness impregnation (IWI) method using
appropriate volume of deionized water. Aqueous ammo-
nium hydroxide was added to adjust the pH. The loading of
cobalt was 20 wt% for all catalyst samples. The particle size
was kept between 0.25 and 0.5 mm. The series of supported
Co catalysts, silica supports structural properties, drying and
calcination times and temperatures are shown in Table 1.
The calcined samples were reduced in H, at 623 K for
12 h at high space velocity (2,000 h™") and 1 atm at a
ramping rate of 1 K min~". Co/silica catalyst ID: 300Co-1
was used as a comparing reference. Catalysts 1-3 have

Table 1 Silica-support structural properties used in preparing catalyst samples and their drying and calcination conditions

Catalyst Silica support properties Drying Calcination
ID - Temperature/ Temperature/
Pore vol Pore Dia BET SA time (K)/h time (K)/h
(cm™/g) (nm) (m?/g)
300Co-1 1.15 15 300 298/24 573/3
480Co-2 0.75 480 298/24 573/3
560Co-3 0.7 5 560 298/24 573/3
300Co-4 1.15 15 300 393/16 673/3
300Co-5 1.15 15 300 393/16 773/3
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different silica support characteristics but were prepared
under the same controlled conditions. Catalysts 1, 4 and 5
have the same silica support characteristics (Davisil-646)
differing in drying and calcination conditions only.

The FTS reaction was carried out in a fixed-bed catalytic
reactor consisting of a tube with an inner diameter of 6 mm
placed in a programmable furnace. The reduced catalyst of
1.0 g was loaded vertically in the reactor. Void fraction
was calculated to be around ~ 15%. Gas flows were reg-
ulated via programmable flow controllers with a static,
inline mixer prior to the furnace inlet. The reaction con-
ditions were P (total) = 0.8 MPa, T = 503 K, CO/H, =
1/2. Gas space velocity was kept at 1,500 h™'. The reaction
product samples were taken at 1 h intervals and analyzed
by on-line FTIR and GC. The analysis of hydrocarbons
dissolved in a solvent after condensing in a cold trap was
carried out with GC-FID using a customized DB-2887
column. Steady state was reached after 6 h time-on-stream.
The reaction time was as long as 48 h, and the activity of
the catalyst was relatively stable during this time period.

2.2 Catalyst Characterization

The XRD spectra of the catalysts were measured using a
Philips Pananlytical X Pert X-ray diffractometer using Cu
Ko radiation in a 0.02° step-scan mode in the 20-75°20
angular regions. A tube power of 40 kV and 30 mA was
maintained for all runs. The BET surface area and pore
volume of the catalysts were determined by N, physi-
sorption using a Quantachrome AUTOSORB-1 automated
system. Each sample was degassed in the system at 573 K
for 4 h prior to N, physisorption.

A BIO-RAD Excalibur FTS3000 FTIR equipped with a
permanently aligned gas cell was used to analyze the
effluent. The 60 mm diameter gas cell provided an infrared
beam path length of 2.4 m and consisted of a borosilicate
glass body with a KBr window and a total volume of 0.1 L.
A linearized mercury cadmium telluride (MCT) detector
was used, with an effective range of analysis between 600
and 4,000 cm~!' wavenumbers. To obtain spectra of the
fresh, calcined and reacted (48 h) powder catalysts, a Pike-
Technologies diamond MIRacle single reflection horizontal
attenuated total reflectance (HATR) unit designed for use
in the FTIR spectrometer was utilized. 500 scans were

recorded for each sample at a resolution of 4 cm™'.

3 Results and Discussion
3.1 Cobalt Oxide Phase Verification

X-ray diffraction was used to verify the co-existence of
cobalt oxide species following impregnation/calcination

@ Springer
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Fig. 1 The XRD patterns of catalysts: a Calcined 560Co-3, b after
48 h FTS 560Co-3 and c after 48 h FTS 300Co-5

and after 48 h reaction time. The XRD patterns of selected
catalysts at different stages are illustrated in Fig. 1.

Sample 560Co-3 after calcination but before reaction
showed diffraction peaks at 36.8°, 45.1°, 59.5° and 65.5°
indicating the presence of CoO and Co;04. XRD mea-
surements of the remaining catalysts after calcination
showed similar patterns but with different peak intensities.
The two oxides can co-exist on the catalyst surface after
calcination. Large clusters of Co304 can form via oxidative
aggregation of small amounts of CoO [5, 10]. Following
reduction and 48 h FTS, the XRD diffraction peaks of
sample 560Co-3 have disappeared, indicating structural
irregularity and no cobalt oxide. However, highly amor-
phous cobalt silicate could exist on the surface after FT'S
reaction. The used catalyst 300Co-5 XRD patterns also
showed no cobalt oxide species on the catalyst surface.
Therefore, XRD is not preferred for amorphous cobalt
silicate identification. Further characterization using IR
spectroscopy was required to verify the effects of surface
area and calcination temperature.

3.2 FTIR-ATR Analysis

Selected IR spectra are shown in Fig. 2. All catalyst sam-
ples were analyzed using IR spectroscopy to investigate the
effect of varying the surface area on the MSI which could
lead to the formation of cobalt silicate. Figure 2a shows the
absorption of silica (1,100, 975, 800 cm_l) for the dried
catalyst 300Co-1. The spectrum also confirms the absor-
bance of the nitrate group (1,610, 1,365, 842 cm ™) [15]
indicating the existence of some cobalt nitrate residue due
to low drying temperature. The spinel Co—O bond absor-
bance peak corresponding to Co3;0, is clearly visible
around 667 cm™'. Another weak Co—O absorbance peak
exists around 580 cm ™' probably due to small amounts of
CoO formation. The small amounts of CoO are explained
by the possible oxidative aggregation of CoO to large
clusters of Co303. Figure 2b represents the dried catalyst
sample 480Co-2 which has similar IR features as sample
300Co-1 as well as the other dried catalyst samples
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Fig. 2 Selected IR spectra of catalyst samples: a Dried 300Co-1,
b dried 480Co-2, ¢ Calcined 300Co-1, d calcined 560Co-3 and e after
48 h FTS 480Co-2

prepared but with different peak intensities. It is also
observed that the ratio of the intensity of the Co-O peak
assigned to Coz04 to the Si—O silica stretching peak
intensity in spectrum (b) is less than the ratio of the Coz0,4
peak to the silica peak in spectrum (a) sample 300Co-1.
Furthermore, the dried sample 480Co-2 spectrum does not
show any indication of CoO formation. This leads to the
conclusion that lower surface area sample 300Co-1 con-
tained more desired surface cobalt oxide species than
sample 480Co-2. To explain why some catalyst samples
contain more desired cobalt oxide species, we go back to
the initial mixing of the cobalt precursor and the various
surface area silica supports. After mixing, the cobalt
positive ions are attracted to the silica support pores by
adjusting the pH using aqueous ammonia so as to maintain
a negative charge through the silica surface. If the pH value

is 2-5 (preferably around 4.5) then the surface is negatively
charged and the cobalt ions are dragged to the pores by
capillary action. If the pH value is less than 2 then the silica
surface is positively charged, thus repulsing the bulk of
cobalt cations from the porous silica surface. Cobalt cations
at pH less than 2 and higher than 5 can react with hydrated
silica surface (SiOH groups) forming cobalt silicate. In
addition, these cations can react with the nitrate ions and
the surface SiOH groups forming complexes that could
hinder the deposition of cobalt ions in the pores thus
affecting the dispersion of cobalt ions and ultimately upon
drying and calcination the amount of desired cobalt oxide
species formed. Lower support surface area leads to less
surface SiOH group formation during preparation and thus
less MSI. Puskas et al. [15] found using infrared spec-
troscopy much less than expected Coz;0,4 formation upon
calcination when silica was used as a support. This is also
explained by the reaction between CoO and SiO, during
calcination which prevented large amounts of CoO from
further oxidation to form Co3;0y4. Interestingly, sample
480Co-2 does not show any nitrate ion peak absorbencies.
This is due to a possible interaction between the hydrated
silica in the higher surface area sample 480Co-2 and
the nitrate ion during preparation. The peak around
1,640 cm™ ! is assigned to hydroxyl groups. The dried
sample 480Co-2 contains more hydroxyl groups (SiOH)
than the dried sample 300Co-1. Thus, the existence of
silanol groups (SiOH) on the silica surface plays an
important role in the formation of cobalt species.

The calcined spectrum of sample 300Co-1 (Fig. 2c¢) is
shown. Si—O stretching bands are clearly visible. As
expected, the absorption peaks of Co;O, are confirmed
around 667 and 580 cm™'. The calcined spectra of other
samples were essentially the same but with different peak
intensities. The spectrum (d) of calcined sample 560Co-3
in Fig. 2 confirmed the effect of surface area on the
resultant cobalt species formed on the support surface.
While Co30, is confirmed on the surface by the Co-O
vibration band at 667 cmfl, it is also noticed that the broad
absorbance peak of Si—O (1,100 cm™"') has disappeared
and a new broad peak around (1,020-1,036 cm_l) assigned
to Si—O-Co bond has formed. This is the characteristic peak
assigned to cobalt silicate [16]. The high support surface
area of sample 560Co-3 has enhanced the interaction of
silica and the cobalt cations during the initial decomposi-
tion of the cobalt nitrate precursor upon mixing in the
presence of water. This resulted in the formation of aque-
ous cobalt complexes as well as the attraction of less cobalt
ions to the pores. Upon drying and calcination, less cobalt
oxide species was formed as evident when comparing the
ratio of silica to cobalt oxide absorbance peaks in both
spectra (c) and (d). Cobalt silicate formation is enhanced
by using metal salts decomposing during thermal treatment
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[13, 17] and is a result of a reaction between the aqueous
cobalt complexes and silanol groups existing on the silica
surface. The calcined sample 300Co-5 (not shown) had a
similar spectrum as spectrum (d) but with less cobalt sili-
cate peak intensity which indicates that high drying and
calcination temperatures also facilitate cobalt silicate for-
mation due to sintering and silica migration as well [13, 15,
16]. Surface area supports higher than 560 m*/ g resulted in
strong interaction between the silica surface and the cobalt
cations during preparation leading to the formation of more
cobalt complexes and undesired cobalt silicate. Indeed,
Puskas et al. [15] found that the rate of cobalt silicate
formation correlates to the surface area of the silica
support.

The last spectrum (e) of sample 480Co-2 after 48 h FTS
confirms the formation of cobalt silicate during the
reduction and reaction stage via the unreduced CoO reac-
tion with silica mechanism in the presence of water [14].
Water is formed during H, reduction and as a byproduct
during FTS. Furthermore, Puskas et al. [15] inferred that
the high cobalt loading (13-30 wt%) generated more water
during reduction resulting in formation of large amounts of
cobalt silicate. Our FTIR results agree with their findings,
since the loading percentage of cobalt in our samples was
kept at 20 wt% and that considerable amounts of cobalt
silicate were formed upon reduction as a result of the large
amount of water generated. This also supports the con-
clusion that cobalt silicate formation is a water-induced
mechanism.

Any cobalt species not reducible during the H, reduction
stage up to 1,073 K has been identified as cobalt silicate
[18]. However, the amount of cobalt silicate formed during
reduction differs. An important feature in spectrum (e) is
that the intensity of cobalt silicate assigned peak and cobalt
oxide assigned peak is almost the same for sample 480Co-
2. This result was also true for sample 300Co-1 after 48 h
reaction time. The amount of cobalt oxide in those two
samples after reaction is still considerable meaning those
two samples can still carry on FTS for longer periods of
time. The ratio of the assigned cobalt oxide peak to the
assigned cobalt silicate peak in those two samples is much
higher than the same ratio for sample 560Co-3 as shown in
spectra (e) and (d), respectively.

3.3 Effect of Drying and Calcination Temperature

BET was used to study the loss of surface area (SA) for all
catalyst samples after calcination and reaction as shown in
Table 2. All catalysts were degassed for at least 4 h at
573 K before N, physisorption to ensure all products
formed in the pores were eluted. It was found that the loss
of surface area after calcination depends on the calcination
temperature, the higher the calcination temperature the
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more significant the surface area loss as is evident in
sample 300Co-5. This is due to silica migration which
occurs at temperatures higher than 573 K for silica [10, 13,
19]. It is known that high surface area (>200 m*/g) reactive
silica favors silica migration [15]. Furthermore, the loss of
SA can also be attributed to the filling of pores with
impregnated cobalt species.

The loss in surface area after reaction is attributed to
cobalt particle agglomeration which occurs during H,
reduction where cobalt metal atoms agglomerate forming
larger crystalline metal particles. Another reason for this
loss is that the long chain HC products which form during
the reaction but fail to desorb from the surface result in
clogging of the surface pores which leads to further loss in
surface area. This explains the drop in the BJH adsorption
pore volume for catalyst samples after reaction. It’s also
noticed that the difference in surface area loss is more
evident after calcination than after reaction, this is attrib-
uted to the formation of high SA amorphous cobalt silicate
as a result of MSI during reduction which counters the loss
in surface area due to cobalt particle agglomeration or
silica migration. From the IR and BET results on all sample
catalysts after calcination and after 48 h reaction, it was
found that the activity to FTS was in the following
order: sample 300Co-1 > 480Co-2 > 300Co-4 > 560Co-
3 > 300Co-5.

3.4 Catalyst Performance and Activity

Fischer—Tropsch synthesis reaction was conducted for 48 h
in a fixed-bed micro reactor for all catalyst samples. Per-
formance parameters after reaching steady state (6 h) are
reported in Table 3. It can be seen from Table 3 that
sample 300Co-1 exhibited the highest CO conversion
(78.1) and the lowest CH,4 and CO, selectivity. The space
time yield (STY) and activities are also the highest for this
sample and drop as the surface area of the catalyst
increases. As discussed earlier, large surface area of the
support increases MSI resulting in formation of cobalt
silicate which in turn, limits the number of active metallic
sites. The pore size of the silica support affects the rate of
CH, production as is evident by samples 480Co-2 and
560Co0-3 (6 and 5 nm, respectively). Small pore diameter is
expected to promote the formation of CH, where a large
pore diameter >10 nm increases the probability of longer
HC chain formations as is evident in sample 300Co-1. The
low reaction pressure (8 bar) decreases the solubility of CO
and H, thus increasing the reaction rate to form larger
amounts of CO,. Furthermore, the relatively low reaction
temperatures (~503 K) and partial pressure of CO and
water enhance the water—gas shift to CO, and H, produc-
tion, thus resulting in higher selectivity to CO,. The drying
and calcination temperatures had a higher impact on the
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Table 2 BET surface area and BJH adsorption pore volume for all catalyst samples used in the FTS
Catalyst BJH pore volume (cm’/g) BET surface area® (m?/g)
ID

Support Calcined After 48 h. Support Calcined After 48 h

reaction reaction
300Co-1 1.15 0.85 0.73 300 254 231
480Co-2 0.75 0.67 0.57 480 356 319
560Co-3 0.70 0.59 0.50 560 408 375
300Co-4 1.15 0.82 0.66 300 243 206
300Co-5 1.15 0.68 0.48 300 209 168
* Error of measurement = +10%
Table 3 Catalytic performance of cobalt silica-supported catalysts in FT synthesis
Catalyst STY?* Activity” CO conv. Selectivity (%)
ID (gHCL 'n™h (™ (%)
CH,4 CO, Cory C5+

300Co-1 137 0.29 78.1 4.7 8.6 7.2 79.5
480Co-2 125 0.26 70.7 10.4 9.3 8.9 71.4
560Co-3 98 0.20 62.4 9.5 14.8 13.6 62.1
300Co-4 86 0.18 59.3 8.4 14.7 9.9 67.0
300Co-5 74 0.15 55.6 83 21.0 11.0 59.7

Reaction conditions: 0.8 MPa, 503 K, CO/H, = ', gas space velocity 1,500 h™!

Weight of catalyst = 1.0 g, Co loading = 20 wt%

4 Space time yield (STY): Grams hydrocarbon product per catalyst bed volume including voids in liters per hour operation

° Activity: Grams hydrocarbon product/gram catalyst used per one h operation

catalytic activity of samples 300Co-4 and 300Co-5 where
the CO conversion dropped to below 60% for these two
samples in comparison to sample 300Co-1 (78.1%) which
has the same surface area (300 m%/g). The higher temper-
atures of calcination most likely resulted in the sintering
and agglomeration of the cobalt particles thus lowering the
cobalt active surface area leading to lower catalytic activity
after reduction. The structural properties of the silica sup-
ports (surface area and pore diameter) had a lower impact
on the activity and yield than the drying and calcination
temperatures. (Samples 300Co-1, 480Co-2 and 560Co-3
had higher CO conversion, activity and yield than samples
300Co-4 and 300Co-5 where the higher drying and calci-
nation temperatures adversely impacted the catalytic
activity).

The activity of Cof/silica catalysts was studied with
reaction time. Fig. 3 shows CO conversion as a function of
time for samples 300Co-1, 560Co-3 and 300Co-5. All other
samples showed similar behavior but with different CO
conversion values. The CO conversion increases initially as
the catalyst reaches steady state due to higher amounts of
CH, formation. The conversion drops after 22 h, but
remains relatively stable for the rest of the run. The drop in
CO conversion could be a result of cobalt silicate formation
which has no catalytic FTS activity. Another reason could
be the filing of the support pores with HC products which

can block the active cobalt sites preventing further CO
hydrogenation. Sample 560Co-3 (*) showed significant
drop in initial CO conversion in comparison to sample
300Co-1 due to stronger MSI which resulted in cobalt
silicate formation. Sample 300Co-5 also exhibited signifi-
cant CO conversion drop. This can be attributed to
sintering effects occurring during the high calcination
temperature process.

90
80 - +
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K
3 70T +
9../ XK o+ +
Z 60 X*)gk* X +*
Z 601
3 K o 0P Hy
S 507 %*
40 o oKk
op
30 T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50
Time (hr.)

Fig. 3 CO conversion with time for samples 300Co-1 (+), 560Co-3
(*) and 300 Co-5 (O). FTS reaction time: 48 h
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4 Conclusions

The results of this study indicate that the support surface
area affects the MSI leading to the formation of cobalt sil-
icate. Our results also agreed with the literature conclusion
that the bulk of cobalt silicate forms during reduction as a
water-induced mechanism. It was also concluded that cobalt
silicate may form during the catalyst synthesis process
depending on many factors such as the pH, cobalt loading
percentage and surface area of the silica support and its
interaction with the cobalt precursor. The activity and STY
of the catalyst samples studied decreased as the surface area
of the catalyst increased (300 > 480 > 560 m?/g). This was
also true for the CO conversion which dropped as support
surface area increased. When catalysts with the same silica
support surface area were used, the CO conversion
decreased as drying and calcination temperatures increased
from 573 to 773 K. The same trend was noticed for activity
and STY. This was explained by cobalt particle agglomer-
ation due to sintering and silica migration. The results also
indicate that the properties of silica supports affect the
product distribution. Catalyst with small pore diameter
(<6 nm) increased the rate of CH, formation.
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