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ABSTRACT

Effects of Ru promoted cobalt oxide nanoparticles on y-Al,0; supported catalysts were studied
for Fischer-Tropsch reaction. Homogeneously sized cobalt oxide nanoparticles with the different
amount of ruthenium promoter were prepared by solvothermal method using oleic acid as capping
agent. Pre-synthesized CoRuOy nanoparticles were then impregnated on y-Al,O3 support to prepare
5CoxRu/100Al,05 catalysts (5CoxRuAl), with the amount of ruthenium x=0 to 0.1. The catalysts were
characterized by XRD, TEM, TPR, EDX, H, chemisorption and O, titration methods and compared with the
catalyst prepared by conventional impregnation method, i.e. i-5C00.05RuAl. Interestingly, catalysts pre-
pared by nanoparticle impregnation method showed higher H, uptake and better reducibility with the
concomitant increase in the activity due to the homogeneous dispersion of the Ru promoter across entire
the nanoparticles as compared to the catalyst prepared by conventional impregnation method. The inti-
mate contact between cobalt and ruthenium enhanced the site density of cobalt which was responsible

for the promotional results in the case of 5CoxRuAl catalysts.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, Fischer-Tropsch synthesis (FTS) has gained
tremendous importance due to the green environmental require-
ments, which limits the residual sulfur between 30 and 50 ppm in
diesel fuel. Cobalt- or iron-based catalysts normally show excel-
lent activity for syngas conversion to petroleum products leading
to super clean diesel fuels with low sulfur and aromatics contents.
Generally, cobalt-based catalysts are preferred for the FTS due to
the high activity and selectivity towards long chain hydrocarbons
[1-3]. Due to the low water gas shift (WGS) activity, cobalt based
catalysts are most preferred catalysts in GTL (gas-to-liquids) tech-
nology for the production of diesel [1].

The activity of Co-based FT catalyst depends upon the particle
size of metal, loading amounts with respect to support, reduc-
tion degree, metal dispersion and support-active metal interaction.
High cobalt loading, up to about 30% is reported in commercial
catalysis for FTS, which is very high as compared to the noble metal
promoted cobalt based catalysts [2]. Noble metals such as Ru, Pt,
and Re have been employed with Co-based catalysts in order to
increase the reduction degree of cobalt. There are reports describ-
ing the use of small amount of noble metals along with cobalt oxide
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to enhance the reduction degree almost two-fold more than with-
out using promoter elements [2]. In addition, promoters also help
in controlling the particle size of the reduced metal clusters [3]. It
has been shown that the presence of Ru as a promoter enhances
the interaction between Co and Ru, thus the presence of noble
metal led to bimetallic crystallite formation which is an excellent
approach to decrease the reduction temperature [4,5]. Iglesia [6]
reported ruthenium as a structural promoter for Co-based catalysts
which also prevents the agglomeration of cobalt oxide particles
during calcination. Xiong et al. [7] studied the effect of Ru con-
tent on Co/SBA-15 catalyst for FT activity, where they used the
conventional synthesis procedure for the preparation of catalyst
by co-impregnation of an aqueous solution of cobalt nitrate and
ruthenium nitrosyl nitrate. Similar study have been performed by
Li et al. [8] who reported that the small amount of Ru offers an
excellent performance in lowering the reduction temperature of
cobalt oxide to cobalt metallic species.

There are many reports on the promoted cobalt catalysts for FT
synthesis, suggesting the preparation of catalyst using traditional
impregnation methods [1,5,7,10-14]. However the advantage of
controlled particles size may not be possible and the particles with
the broad range of crystal size may appear in the catalyst. In this
context Lee et al. [9] reported the preparation of size controlled
Co304 nanoparticles on alumina support and obtained high CO
conversion as compared to the catalysts prepared using conven-
tional impregnation and precipitation methods. The advantage of
controlled nanocrystal deposition can be enhanced by the addition
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of small amount of promoter which increase the dispersion and
reducibility of active metal and achieve improved conversion and
selectivity. Intimate contact between the promoter element and the
active metal is most essential to acquire the advantage of bimetal-
lic synergy. In this regards here we are reporting the preparation
of 5CoxRuAl catalysts by impregnation method of pre-synthesized
CoRuOx nanoparticles of controlled. The catalysts thus prepared,
show less-agglomerated spherical particles even after calcination.
By adopting the above methodology, it is expected that the dis-
persion of cobalt on the catalyst support will be better due to the
intimate contact between Co and Ru, and the presence of ruthe-
nium promoter will reduce cobalt oxide comparatively at lower
reduction temperature.

2. Experimental
2.1. Synthesis of CoRuOyx nanoparticles

CoRuOx nanoparticles with the different amount of ruthenium
were synthesized by solvothermal method [1] so as to obtain the
final catalyst with 5% cobalt and the ruthenium content from 0
to 0.1%. In brief, CoRuOx nanoparticles were prepared by using
CoRu-oleate precursor which was synthesized from cobalt chloride,
ruthenium chloride, oleic acid and NHs (30%) solution. CoRu-
oleate precursor was heated to 230°C for 3h in 1-octadecene.
After cooling to room temperature, the material was collected
by repeated washing with acetone and finally air-dried to obtain
CoRuOy nanoparticles. These pre-synthesized CoRuOy nanoparti-
cles were dispersed in hexane.

2.2. Catalyst preparation

v-Al,03 (surface area of 294.5m?/g) supported CoRuOy
nanoparticles with the weight ratio of Co:Ru:Al,03=5:0-0.1:100
were prepared by impregnation method using dispersed CoRuOy
nanoparticle solution in hexane from Section 2.1 and accord-
ing to the reported procedure [9]. The catalysts were designated
as 5CoxRuAl (where x varies from 0 to 0.1). For comparison,
5C00.05Ru/100Al,03 catalyst was also prepared by impregnation
of cobalt chloride and ruthenium chloride solutions over y-Al,03
and the sample was denoted as i-5C00.05RuAl. The prepared cata-
lysts were dried at 60 °C for 12 h, followed by calcination at 400°C
for 5h in static air.

2.3. Catalyst characterization

The CoRuOy nanoparticles and 5CoxRuAl catalysts were
characterized by X-ray diffraction (XRD) measurement on a
Rigaku D/MAX-2200V diffractometer using Cu/Ka radiations
(A=0.154056 nm). CoRuOx nanoparticles were studied for their
morphology by using the transmission electron microscopy (TEM;
TECNAI G20 instrument) operating at 200 kV, together with energy
dispersive X-ray (EDX) analysis. The prepared catalysts were sub-
jected to the temperature programmed reduction (TPR) studies and
the reduction profiles were obtained using a Micromeritics TPR
equipped with a thermal conductivity detector (TCD). The sam-
ples were pretreated in helium flow at 200 °C for 2 h to remove the
adsorbed water. The catalysts were passed over 5% H, /Ar reducing
gas at the flow rate of 30 cm3/min and heated from 100 to 1000°C
at the heating rate of 10°C/min and maintained at final temper-
ature for 30 min. The cobalt dispersion of 5CoxRuAl catalysts was
measured by H, chemisorption and O, titration using Micrometrics
ASAP 2020C instrument. The sample was reduced in situ at 350°C
for 10 h and then cooled to 100 °C. After the hydrogen chemisorp-
tion, the sample was re-oxidized at 400 °C by 10% O, in helium to
determine the extent of reduction. Percentage dispersion (D%) of
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Fig. 1. XRD patterns of the CoRuOx nanoparticles: (a) 5Co, (b) 5C00.025Ru, (c)
5C00.05Ruy, and (d) 5Co0.1Ru.

the cobalt metal was calculated according to the following equation
[4v6]v

1.179X
D% = ———
wf

where X (pumol/g) is the total H, uptake, Wis the weight percentage
of cobalt and f is the fraction of Co reduced to metal, determined
by O, titration. Average particle size (dp (nm)) was calculated from
D% assuming spherical metal crystallite of uniform diameter by the
equation, dp =96/D%.

2.4. Activity test

For FTS, 5CoxRuAl catalysts were tested in a tubular fixed bed
reactor and compared with the conventional i-5C00.05RuAl cat-
alyst. For the reaction, 0.5g of catalyst was reduced in flowing
5% H,/Ar (200 cm3/min) at 350°C for 10 h. The activity test was
conducted under the following reaction conditions; T=220 and
240°C; Pg=10kgf/cm?; SV (L/kgcat/h)=3600; feed compositions
(H3/CO/Ar; mol%)=63.0/31.5/5.5.

3. Results and discussion
3.1. Analysis of CoRuOy nanoparticles

As-synthesized CoRuOx nanoparticles with the different amount
of Ru are characterized by X-ray diffraction (XRD) in Fig. 1. XRD
shows similar pattern to that of pure Co304 with the peaks at
around 260 =31°, 37°, 38.5°, 45° and 59.5° which indicate the pres-
ence of face-centered cubic cobalt oxide. The sizes of CoRuOy
nanoparticles determined by Scherrer equation from the most
intense Co304 peak ataround 26 =37° are summarized in Table 1. In
the previous reports [11,15], when the catalyst was prepared by Ru
doping via impregnation of respective ions, prominent XRD peak
for RuO, was observed along with the reduction in the particle size
of cobalt oxide. Here we observe the decrease in the particle size of
cobalt oxide with the increase in the Ru content; however we do
not observe any peak for RuO, promoter in the XRD pattern. The
intensity of RuO, depends upon the amount of ruthenium as well
as its particle size, and peaks for crystallite below 5nm which is
lower than the X-ray detectable limit will not appear in the spectra
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Table 1
Physisorption data and particles size of 5CoxRuAl catalysts.

Sample Surface area (m?2/g) Average pore diameter (nm) Pore volume (cm3/g) Particle size by XRD (nm)

CoRuOy 5CoxRuAl catalyst
v-Al, 03 294.5 245 1.81 - -
5CoAl 264.2 25.5 1.68 14.2 219
5C00.025RuAl 279.4 24.7 1.73 13.7 18.3
5C00.05RuAl 280.5 241 1.69 13.6 17.7
5Co0.1RuAl 282.2 21.7 1.54 121 14.7

[15]. This shows that ruthenium is well dispersed on the catalyst
surface with the crystallite smaller than 5 nm. Due to the better dis-
persion, the number of ruthenium atoms in the vicinity of cobalt
are increased which is ultimately beneficial for the reducibility of
cobalt.

TEM images are used to illustrate the structural information
of CoRuO, nanoparticles as shown in Fig. 2. With the increase in
the ruthenium content, flowerlike shape of CoRuOx nanoparticles
become distinct with the slight reduction in the particles size. The
results for crystal size in TEM are similar to XRD data (Table 1) with
the variation of the cobalt nanoparticles size between 12 and 14 nm.

3.2. Analysis of cobalt catalysts

The textural properties of 5CoxRuAl catalysts prepared by
using pre-synthesized CoRuOy nanoparticles are shown in Table 1.
Surface area and pore volume of y-Al, O3 decrease with the impreg-
nation of cobalt oxide nanoparticles, which shows the deposition of
nanoparticles within the porous support. However, the pore diam-
eter of catalysts remain almost constant which indicate that the
pores are not blocked due to the impregnation. It is observed that
with the increase in the ruthenium content, surface area increases
which may be due to the decrease in the particle size of cobalt oxide.

Fig. 2. TEM images of the CoRuOy nanoparticles: (a) 5Co, (b) 5C00.025Ru, (c) 5C00.05Ru, and (d) 5C00.1Ru.
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Fig. 3. XRD patterns of (a) y-Al,0s, (b) i-5C00.05RuAl, (c) 5CoAl, (d) 5C00.025RuAl,
(e) 5C00.05RuAl, and (f) 5Co0.1RuAl

XRD profiles for all the 5CoxRuAl catalysts show diffraction
pattern for Co304 irrespective of the variation in the Ru content
(Fig. 3(c)-(f)). The major diffraction peaks at 26 =31°,37°,38.5° and
45° indicating the existence of Co304 spinal phase [8]. The differ-
ence between 5CoxRuAl catalysts and bare CoRuOy nanoparticles
in the XRD patterns is obvious in terms of reduction in the inten-
sities of all the reflections. Such reduction in the peak intensities
are due to the dispersion of metal particles within the amorphous
support with high surface area and porosity. XRD pattern for i-
5C00.05RuAl catalyst is very broad as shown in Fig. 3(b) which
indicates the smaller crystal size. However, these broad peaks of
cobalt oxide are overlapped with the peaks of y-alumina. Thus the
size of cobalt oxide is difficult to determine and not mentioned
in Table 1. Comparative study of the size of CoRuOx nanopar-
ticles using XRD, before and after impregnation on the support
showed that the crystal size increases after catalyst formation.
This shows some amount of agglomeration of metal during cata-
lyst preparation. When pre-synthesized cobalt oxide nanoparticles
are impregnated without the addition of promoter (5CoAl), the
effect of agglomeration is more pronounced. Interestingly, with the
addition of increasing amount of ruthenium promoter, agglomera-
tion decreases considerably due to the dispersion of cobalt and the
difference between the sizes of pre-synthesized and impregnated
nanoparticles reduces. Kogelbauer et al. [11] previously reported
the decrease in the particle size and increase in the dispersion of
cobalt with the addition of Ru promoter.

TEM images of 5CoxRuAl catalysts are shown in Fig. 4. The
images show the spherical-shaped CoRuOyx nanoparticles which
are dispersed on the rod- and plate-shaped alumina for all the
5CoxRuAl catalysts (Fig. 4(b)-(e)). The particles size of the CoRuOy
nanoparticles decreases from about 22 to 14 nm with the increase in
the Ru content in the catalysts. However 5CoxRuAl catalysts show
comparatively uniform CoRuOy nanoparticles, mono-dispersed on
alumina with respect to i-5C00.05RuAl catalyst which is shown in
Fig. 4(a).

The distribution of Ru particles alongside cobalt in the case of
nanoparticles impregnated catalysts i.e. 5CoxRuAl is confirmed by
energy-dispersive X-ray spectrometry (EDX). Fig. 5 shows the EDX
mapping of representative sample 5C00.05RuAl. EDX of one of the
particles site shows the presence of cobalt (0.7,6.9 and 7.7 keV) and
Ru particles (2.6 keV) in the close vicinity. The result gives the clear
evidence for the intimate contact between Co and Ru particles in the

catalyst. Similarly in the previous report Tsubaki et al. [16] showed
the formation of Co-Ru bimetallic particles using EDX analysis.

TPR was performed to determine the reduction behavior of
the catalysts (Fig. 6). TPR profile of unprompted 5CoAl catalyst
(Fig. 6(b)) shows two reduction peaks; first reduction peak at 360 °C
assigned to the reduction of Co304 to CoO, and CoO to cobalt
metal and the second peak at 590°C assigned to the reduction of
cobalt species interacting with the support [3,11]. It is appropriate
to propose that, since ruthenium oxide can be reduced at lower
temperatures than cobalt oxide, metallic ruthenium could act as
reduction nuclei via smooth spreading of hydrogen over the cobalt
species [17]. Hence for Ru promoted catalysts i.e. 5C00.025RuAl and
5C00.05RuAl, the reduction peaks shifted from 360 °C to 285 °C and
from 590°C to 500°C (Fig. 6(c) and (d)) as compared to 5CoAl due
to the presence of promoter which reduce the interaction of cobalt
oxide with the support and enhance the reducibility of cobalt oxide.
However, at the higher loading of the promoter up to 0.1% there
is no further shift in the reduction peak for 5Co0.1RuAl catalyst.
Instead, we observe peak at 170°C (Fig. 6(e)) due to the reduc-
tion of ruthenium oxide to ruthenium metal [15]. The increase in
the Ru loading up to 0.1 wt% results in the segregation of RuO,
from the surface of Co304 particle [12], hence reduction behav-
ior of 5C00.1RuAl catalyst does not change. These results show that
the addition of ruthenium leads to easy reduction of cobalt oxide to
metallic cobalt for 5CoxRuAl catalysts up to the ruthenium amount
of 0.05%. These results are consistent with the earlier reports which
showed that the promotion of noble metals resulted in the signifi-
cant decrease in catalyst reduction temperature [1,3-5,15-18]. TPR
profile for i-5C00.05RuAl catalyst shows little influence of promoter
on the reducibility of Co304 (Fig. 6(a)) compared to that of 5CoAl.
This is due to the random distribution of Ru with respect to cobalt
oxide and alumina support which resulted in the small influence
on the first reduction peak with no effect on the reduction tem-
perature of second peak. Compared to 5C00.05RuAl, the reduction
peaks of i-5C00.05RuAl is broader and shifted to higher tempera-
ture which is due to smaller crystal size by different preparation
method.

Hy chemisorption results show that the addition of ruthenium
causes more than four times higher H, uptake for 5Co0.1RuAl cat-
alyst as compared to unpromoted 5CoAl catalyst (Table 2). This is
due to the increase in the dispersion and decrease in the particles
size of cobalt metal with the increasing amount of promoter. It is
also observed that the values for O, uptake and percentage reduc-
tion increase with the increase in ruthenium content for 5CoxRuAl
catalysts. However, 5Co0.1RuAl catalyst exhibited lower O, uptake
and reduction degree as compared to 5C00.05RuAl catalyst which
is due to the segregation of RuO, from the surface of Co304 [12].
Based on the above discussion, it is determined that the addition of
ruthenium promoter improves the reducibility and H, adsorption
of cobalt oxide which is essential to enhance the catalytic activity.
In the case of i-5C00.05RuAl catalyst, the lower values for O, uptake
and H; chemisorption as compared to nanoparticles-impregnated
catalysts are due to the random distribution of promoter with
respect to cobalt and broad cobalt particle size distribution. This
gives rise to the lower Co-Ru bimetallic synergy. 5Co0.05RuAl
catalyst shows higher values for H, chemisorption, O, uptake
and ultimately reduction degree as compared to the other cata-
lysts. Ru-promoted cobalt catalyst with pre-synthesized CoRuOx
nanoparticles gives rise to higher degree of reducibility due to
the enhanced cobalt-ruthenium bimetallic influence and reduced
cobalt-support interaction. The particle size of Co metals in the
reduced catalysts is estimated by H, chemisorption. The values are
first calculated based on the total metal loading, but corrected by
subsequently taking the degree of reducibility into consideration.
The chemisorption data reveal the decrease in the Co particle size
with the addition of ruthenium which is in accordance with the
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Fig. 4. TEM images of (a) i-5C00.05RuAl, (b) 5CoAl, (c) 5C00.025RuAl, (d) 5C00.05RuAl, and (e) 5Co0.1RuAl.

XRD results. However in the case of i-5C00.05RuAl catalyst pre-
pared by conventional method, difference is observed in the cobalt
crystal size estimated by XRD and H, chemisorption method. i-
5C00.05RuAl catalyst may have broad range of cobalt crystal size
distribution with majority of small crystals which is due to the

lower amount of cobalt loading as seen from XRD pattern. The
smaller cobalt oxide particles can give stronger interaction with the
support due to its higher contact area with support which gives rise
to difficultly reducible cobalt oxide species as verified from TPR pro-
file. Furthermore the random distribution of Ru promoter on both
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Fig. 5. EDX spectrum of 5C00.05RuAl catalyst.
Table 2
H, chemisorption and O, titration result for CoRu/Al,O5 catalysts.
Sample H, uptake Uncorrected Uncorrected Co O, uptake Reduction Corrected Corrected Co
(mol/g) dispersion (%)? diameter (nm)® (pmol/g) degree (%)° dispersion (%)d diameter (nm)®
i-5C00.05RuAl 6.8 1.7 56.1 187 353 4.8 19.8
5CoAl 5.4 1.4 70.6 165 31.2 4.4 22.0
5C00.025RuAl 12.8 3.2 29.8 294 55.5 5.8 16.5
5C00.05RuAl 19.1 4.8 20.2 421 79.5 6.0 15.9
5Co0.1RuAl 229 5.8 16.7 409 77.2 7.5 129

2 Dispersion (D) =surface Co® atom/total Co atom x 100, assumed stoichiometric adsorption ratio of Hy/Co=1/2.

Co particle size calculated from H, chemisorptions using d (Co)=96/D.

b
¢ Calculated from O, uptake.
d
e

Corrected Co diameter = uncorrected Co diameter x reduced Co fraction.

cobalt oxide and support in the i-5C00.05RuAl catalyst may not
help the reduction of cobalt oxide. Thus only few big crystals exist-
ing in i-5C00.05RuAl catalyst are reducible and show large value
of cobalt crystal size in the chemisorption data as compared to the
XRD results.
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Fig. 6. TPR profiles of (a) i-5C00.05RuAl, (b) 5CoAl, (c) 5C00.025RuAl, (d)
5C00.05RuAl, and (e) 5Co0.1RuAl.

Corrected dispersion (D) =surface Co® atom/total reduced Co® atom x 100 =surface Co® atom/(total Co atom x reduced fraction) x 100.

3.3. FT activity test

The activities of 5CoxRuAl catalysts along with i-5C00.05RuAl,
after reduction at 350°C/10 h, are measured in a fixed bed reactor
at 220 and 240°C and summarized in Tables 3 and 4, respectively.
The trends of activities of the 5CoxRuAl catalysts at 220 °C are simi-
lar to the results obtained at 240 °C, although all the catalysts show
higher conversion and selectivity at 240°C as compared to their
respective values at 220°C. CO, formation is absent for all the cat-
alysts at 220°C and is negligible at 240 °C. This is due to the low
water gas shift (WGS) activity on cobalt based catalysts. At the reac-
tion temperature of 220°C, 5C00.05RuAl catalyst shows higher CO
conversion of 22.1% as compared to other catalysts (Table 3). As
discussed before, 5C00.05RuAl catalyst shows better dispersion of
metal with nearly uniform cobalt particles and higher degree of
reducibility at lower temperature which is responsible for higher
activity. At the temperature of 240°C, similar trends of activities
are observed (Table 4) and the most active 5Co0.05RuAl catalyst
has showed the CO conversion of 57%. In the case of 5C00.1RuAl
catalyst even though the amount of promoter is higher i.e. 0.1%,
the activity decreases. The addition of increasing amount of Ru pro-
moter in the case of 5CoxRuAl catalysts gives rise to the decrease in
the cobalt particle size and increase in the dispersion as shown in
Table 2. Hence we observed the higher H, uptake value in the case
of 5Co00.1RuAl catalyst. However there is no difference in the TPR
profile and reducibility results in the case of 5Co0.1RuAl as com-
pared to 5Co0.05RuAl catalyst. This is mainly due to the segregation
of RuO, from the surface of Co304 particle above certain optimum
concentration of ruthenium promoter. The influence of Ru segre-
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Table 3
CO conversion and products distribution result for CoRu/Al, O3 catalysts.

Sample no. Conversion (%) Hydrocarbon selectivity (%) 0/(0+P) x 100 in C;—C4
co To CO, CH4 C-Cy Css

i-5C00.05RuAl 2.2 0 10.6 121 773 68.9

5CoAl 1.5 0 13.6 11.2 75.2 70.3

5C00.025RuAl 14.6 0 109 105 78.6 67.8

5C00.05RuAl 22.1 0 10.3 9.6 79.1 60.0

5C00.1RuAl 17.2 0 10.1 8.4 81.5 58.0

Reaction conditions: T=220°C; Pg=10kgf/cm?; SV (L/kgcy/h)=3600; feed compositions (H2/CO/Ar=63.0/31.5/5.5; mol%); TOS=30h.

gation on TPR profile in the case of 5C00.1RuAl catalyst is already
discussed in the manuscript. Song et al. [12] previously reported the
effect of Ru segregation on the alumina supported cobalt catalyst
for FT reaction. Similarly, catalytic activity in FTS depends upon the
two factors, cobalt dispersion and reduction degree. Higher disper-
sion decreases the cobalt particles size and the particles size below
certain optimum value of 8 nm cause sharp decrease in the catalyst
activity [19]. However in the case of 5Co0.1RuAl catalyst, parti-
cle size of cobalt is more than 12 nm which is controlled by using
appropriate capping agent. Hence the effect of higher dispersion is
expected to play an important role in the catalyst activity. In spite
of this, the effect of lower reducibility of 5Co0.1RuAl catalyst due
to the segregation of promoter overcomes the influence of disper-
sion, hence shows decrease in the conversion (41%) as compared to
5C00.05RuAl catalyst.

The rate of CH4 formation is higher in the case of 5CoAl cat-
alyst due to the lower reducibility of cobalt oxide particles. The
addition of increasing amount of promoter increases the reducibil-
ity and decreases CH4 formation in 5CoxRuAl catalysts for both
the reaction temperatures. However there is not much difference
in the methane selectivity for i-5C00.05RuAl and 5CoxRuAl cata-
lysts. In the case of i-5C00.05RuAl catalyst, possibility of uneven
particle size distribution is very high as compared to the size con-
trolled cobalt particles in the case of 5CoxRuAl catalysts. Difficultly
reducible small cobalt crystals in the case of i-5C00.05RuAl cata-
lyst are mostly exists in oxide phase during FTS. Hence product
selectivity is governed by the bigger crystals within broad range of
size distributed cobalt particles. Thus we observed that methane
selectivity is almost similar for all the catalysts even though over-
all activity of 5CoxRuAl catalysts is very high due to the uniform
cobalt particles distribution and there intimate interaction with the
promoter.

It is observed that, Cs. selectivity increases at the expenses of
C,-C4 hydrocarbons with increase in the ruthenium concentration
in the catalysts from O to 0.1 wt%. There are many reports about
the increase in Cs. selectivity with the increase in the particles size
of cobalt which is due to the easier dissociation of CO, leading to
the possible secondary reaction of olefins through chain growth
mechanism [20,21]. However in the case of Ru promoted catalysts,
the bimetallic interaction influences the dispersion and reducibil-
ity of supported metals which is reflected here in the results of
XRD, TPR, H, chemisorption, etc. The cleansing effect of Ru during

Table 4
CO conversion and products distribution result for CoRu/Al, O3 catalysts.

CO hydrogenation due to its high hydrogenation ability prevents
the formation of carbon deposits on the catalyst surface. This phe-
nomenon increases the site density of cobalt[22] which encourages
the re-adsorption of a-olefins and increases the chain growth prob-
ability. In effect, Ru-promoted samples promote chain propagation
by predominantly re-adsorbing lighter olefins and produce Cs.
hydrocarbons more. Iglesia [23] previously reported the higher rate
of Cs;+ hydrocarbons and paraffin in the FT synthesis is due to the
promotional effect of Ru on Co/TiO, and Co/SiO, catalysts. There
the bimetallic effect is obtained by the intimate contact between
Co and Ru components which is induced by the high temperature
calcination of Co-Ru precursors. Here, pre-synthesized nanoparti-
cles formation causes highly organized bimetallic synergy and the
synergy effect increases with the increase in the Ru content. More-
over, these changes occurred without increase in the concentration
of Co. We also observe the decrease in the percentage selectivity for
0/(0+P) in the range of C,-C4 hydrocarbons with the addition of
increasing amount promoter from 0 to 0.1% for both the reaction
temperatures. This is due to the increase in the hydrogen uptake
with the increasing amount of promoter. This gives rise to more
number of active sites to catalyze hydrogenation which converts
olefins to paraffins.

Comparative study of the activities for 5C00.05RuAl and con-
ventionally prepared i-5C00.05RuAl catalyst shows superior results
in the case of former catalyst even though the amounts of ruthe-
nium and cobalt are the same for both the catalysts. CO conversion
for 5C00.05RuAl catalyst is ~10 times higher at 220°C and ~6
times higher at 240°C as compared to i-5C00.05RuAl catalyst
(Tables 3 and 4). This considerable difference in the activity is due
to the homogeneous distribution of cobalt with ruthenium in the
case of 5C00.05RuAl catalyst. We previously reported the higher
metal dispersion and reducibility for cobalt based catalyst using
pre-synthesized cobalt nanoparticles [9]. To improve the metal dis-
persion in the case of ruthenium promoted cobalt catalyst, it is
essential to synthesize nearly mono-dispersed CoRuOx nanopar-
ticles. As shown in Fig. 7(a), the conventional process normally
generates the different particle sizes of Co and Ru with the ran-
dom distribution on the support. The ruthenium particles which
are not in the vicinity of cobalt show no influence on the reducibil-
ity of cobalt oxide. According to the present method (Fig. 7(b)),
the two-step approach is (i) preparation of CoRuOy nanoparticles
with the controlled size using appropriate capping agent and (ii)

Sample no. Conversion (%) Hydrocarbon selectivity (%) 0/(0+P) x 100 in C;—C4
co To CO, CH4 C-Cy Css+

i-5C00.05RuAl 9.6 0 14.5 15.8 69.7 58.1

5CoAl 3.1 0 17.9 14.5 67.6 68.2

5C00.025RuAl 36.9 0.4 15.8 134 70.8 471

5C00.05RuAl 57.0 1.1 14.7 129 72.4 44.0

5C00.1RuAl 41.0 0.8 13.2 10.6 76.2 42.0

Reaction conditions: T=240°C; Pg=10kgf/cm?; SV (L/kgcyh)=3600; feed compositions (H2/CO/Ar=63.0/31.5/5.5; mol%); TOS =50 h.
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Fig. 7. Schemes for formation of CoORuO, nanoparticles and their dispersion on the support (a) conventional method and (b) present method.

homogenous distribution of the CoRuOy throughout the support
maintaining uniformity as well as minimizing the possibility of
separation of Ru and Co particles. Hence the impregnation of pre-
synthesized CoRuOy nanoparticles in the case of 5CoxRuAl catalysts
enhances synergistic effects by the formation of bimetallic Co-Ru
particles with better dispersion as discussed in the EDX results.
Present approach was proved by the results of TPR, H, chemisorp-
tion, O, titration and finally the activity and selectivity of 5CoxRuAl
catalysts as compared to conventional catalyst.

4. Conclusions

The series of 5CoxRuAl catalysts are synthesized by using
CoRuOy nanoparticles, with the ruthenium content varying from
0 to 0.1%. The Ru promoted Co catalysts show increase in the activ-
ity as compared to unpromoted 5CoAl catalyst. The activity of the
catalyst improves with the amount of promoter and 5Co0.05RuAl
catalyst with 0.05% promoter show excellent results. However,
further increase in the Ru loading (0.1%) results in the segrega-
tion of RuO, from the surface of Co304 which shows detrimental
effect on the conversion. Interestingly 5Co0.05RuAl catalyst shows
higher activity and selectivity as compared to the conventionally
prepared i-5C00.05RuAl catalyst with the equal amounts of cobalt
and ruthenium. The pre-synthesized CoRuOy nanoparticles in the
case of 5CoxRuAl catalysts increase the intimate contact between
cobalt and ruthenium. The synergistic effects of the catalyst by the
formation of more number of bimetallic Co-Ru particles with the
controlled particles size influence the FT activity and Cs. selectivity
for 5CoxRuAl catalysts.
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