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Abstract—The influence of cobalt particle size on catalyst performance in Fischer-Tropsch synthesis (FTS) has been
investigated using functionalized carbon nanotube (CNT)-supported nano catalyst. The catalysts were synthesized by
wet impregnation and special sol-gel technique. The catalysts were characterized by BET, XRD, H, chemisorption,
TPR, and TEM. According to TEM analysis, small Co particles (3-8 nm) synthesized by sol-gel technique have very
narrow particle size distributions and are mostly confined inside the CNT. The deposition of cobalt nanoparticles syn-
thesized by sol-gel technique on the functionalized CNT shifted the reduction peaks to a low temperature, indicating
higher reducibility for uniform cobalt particles. The proposed sol-gel technique increased the FTS rate from 0.62 to
0.71 g HC/gcat./h, C; selectivity increased 7% and CH, selectivity decreased 4%, compared to that prepared by incipient
wetness impregnation. This new catalyst preparation method may offer an attractive alternative for nanoparticles syn-

thesis with uniform, and various size distributions.
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INTRODUCTION

There is a renewed interest in Fischer-Tropsch synthesis (FTS)
in both academia and industry, largely as a result of the demand for
clean and renewable transportation [1]. In the FTS reaction, syngas
(a mixture of CO and H,), is converted into liquid fuel via catalytic
surface polymerization, which leads to a large variety of products
such as paraffins, olefins, alcohols and aldehydes [1-3]. Supported
cobalt catalysts are well-known for their activity and selectivity to-
wards FTS. High chain growth probability, lower deactivation rates,
low water-gas shift activity, and low costs make cobalt catalysts
the best candidates for converting syngas to clean liquid fuels [4,5].

Many investigations have been carried out to study the influence
of catalyst properties on FTS, including the influence of catalyst
preparation techniques, to have better understanding of the struc-
ture sensitive effects in FTS catalysis [1,6-10]. A sub-category of
structure-sensitive reactions regards the dependence of both cata-
lytic activity and selectivity on catalytic metal particle size [11,12].
It is well documented that the metal particle size of the catalyst is a
parameter of importance for the CO hydrogenation mechanism [1,
11,12]. Sol-gel technique for catalyst preparation enables the con-
trol of metal particle size [8,13-18]. However, it has been also shown
that cobalt nanoparticles obtained by different techniques interact
strongly with oxygen-carrying ceramic supports (such as ALO;,
SiO, and TiO,). Such interactions lead to a decrease of the catalyst
reduction efficiency [6,19,20]. Therefore, oxidic carriers impose
serious limitations on the investigation of structure-sensitive effects
in FTS catalysis because of the co-existence of incompletely reduced
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cobalt phase, caused by strong interaction with the oxidic carrier
[2,6,19,21]. Specifically, nanoparticles are known to be more diffi-
cult to reduce on oxidic carriers. Although, it has been shown that
with modifying the catalyst carrier, high reducibility can be obtained
[2,6]. Moreover, previous work has shown that carbon nanotubes
(CNT), when used as a cobalt catalyst support, allow a better metal
dispersion control and minimize the metal phase interaction (for-
mation of mixed compounds) with the support [2,10,22-24]. Chen
et al. observed that the confinement of the Fe particles within the
CNT enables a better reducibility and leads to higher rates of the
CO dissociative adsorption on the metal surface [25]. Since the chemi-
sorption of reactants is the rate determining step on FTS reaction, a
cobalt particle located inside the tubes must be more active than
one on the outer surface of the CNT [21-25]. Although, it is not clear
until now if this phenomenon is due only because of the metal-CNT
walls particular interactions.

According to previous works, the purpose of functionalization of
CNT support is to increase the BET surface area and the cobalt dis-
persion on catalyst surface by allowing cobalt particles to go inside
the CNT [22-24,26]. On the other hand by functionalization of CNT
the polarity of the surface significantly increased due to the intro-
duction of oxygen containing surface groups. Due to oxidation of
defect-rich regions, the inner tubes are further opened. Furthermore,
the surface groups act as sites of interaction with metal precursor
[27].

It is considered that the formation of functional group on CNT
surface in functionalization step not only obstructed the sintering
of cobalt, but also promoted activating hydrogen or accelerated the
hydrogen spill-over effect under the reduction process, contributing
to realizing higher dispersion and reduction degree of these catalysts
simultaneously [28].
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Table 1. The composition and properties of the catalysts

Catalyst Co (Wt%) Preparation method XRD dg,,o, (nm) BET (m?%g) Pore volume (cm’/g) Pore radius (nm)
CNT - e e 255 0.73 5.82
C, 15 Sol-gel 42 215 0.57 4.81
C, 15 Sol-gel 6.4 200 0.56 5.09
G, 15 Sol-gel 8.6 195 0.54 5.18
C, 15 Incipient 11.1 221 0.61 6.19

This research compares the sol-gel technique and common incip-
ient wetness impregnation method in order to control of cobalt metal
particle size using functionalized CNT as a catalyst support. For-
mation of functional groups on CNT surface causes a higher disper-
sion and reduction degree, which causes the reduction peaks to shift
to lower temperature. At the end of this research, the influences of
cobalt particle size on the FTS Co/CNT catalysts activity and selec-
tivity as well as the reducibility are evaluated and reported.

EXPERIMENTAL

1. Preparation and Oxidation of CNT

CNT was synthesized through methane decomposition at 900 °C
over cobalt-molybdenum nanoparticles supported nanoporous mag-
nesium oxide (Co-Mo/MgO) by a chemical vapor deposition (CVD)
process [26]. The reaction of methane decomposition was conducted
at atmospheric pressure with a holding time of 20-50 min. The purifi-
cation procedure was as follows: A pristine CNT sample was added
to an 18% HCI solution and mixed for about 16 h at ambient tem-
perature. The resulting mixture was filtered and washed several times
with distilled water until the pH of the filtrate was neutral. To achieve
extra-purification, the prepared materials were dissolved in 6 M nitric
acid for 3 h at 70 °C. After that, the washing step was repeated as
mentioned above for the HNO; treatment process. The resulting
cake was dried at 120 °C for 8 h, and to eliminate the amorphous
carbons the temperature was increased to 400 °C for 30 min [26,
29]. The purity of the CNT was about 95%, with their diameters
and lengths ranging between 10-20 nm and 5-15 pm, respectively.
Functional groups such as C-OH and -COOH on CNT are com-
monly made by treating them in strong oxidants such as sulfuric
acid (H,SO,) and nitric acid (HNO;). One gram of CNT was sus-
pended in 40 mL of a mixture of concentrated nitric acid and sulfuric
acid (1 :3 v/v) and dispersed with the aid of an ultrasonic water
bath for 60 min at 60 °C. CNT was filtered from acid solution and
washed with deionized water until the pH level of CNT attained to
around 7. The soaked CNT was then dried in vacuum oven at 120 °C
for 12 h.
2. Catalyst Preparation

The C,-C, catalysts were prepared using functionalized CNT and
cobalt nitrate (Co (NO,),"6H,0 99.0%, Merck), as raw materials
and citric acid as complexing agent by sol-gel process from excess
solution, with loadings of 15 wt% cobalt, according to the following
procedure. Citric acid as complexing agent at three molar ratios of
metal ion to citric acid (1, 5 and 10) was added to an aqueous solution
of cobalt nitrate under vigorous stirring and heated to 83 °C in a water
bath. After two minutes functionalized CNT was added to this solu-
tion. A brown gas which was NOx released from mixture due to

decomposition of nitric acid present in the shurry media. This step
caused the pH of solution to rise, which facilitated formation of small
particle size. This procedure was followed by slow evaporating of
solvent in a rotary evaporator at 83 °C, till formation of viscous gel
inside the pores of CNT (it took several hours). Upon solvent evapo-
ration a steep increase in viscosity was apparent, which inhibited
redistribution of impregnated solution upon drying of the support
bodies. Furthermore, a gel-like phase was formed that favored high
dispersions of the active phase after full drying [16].

The control catalyst (C,) with loadings of 15 wt% cobalt was pre-
pared using the incipient wetness impregnation of cobalt nitrate on
CNT, followed by evaporating of solvent in a rotary evaporator.

Catalysts were dried at 105 °C and the CNT supported catalysts
were calcined at 450 °C for 3 h with a heating rate of 1 °C/min under
argon (Ar) flow and slowly exposed to an oxygen atmosphere during
the cooling step. The cobalt loading was verified by an inductively
coupled plasma (ICP) AES system. The catalysts’ nomenclature,
compositions and propetties are listed in Table 1.

3. Catalyst Characterization

The morphology of CNT support and C,-C, catalyst was char-
acterized by transmission electron microscopy (TEM). Sample spec-
imens for TEM studies were prepared by ultrasonic dispersion of the
catalysts in ethanol, and the suspensions were dropped onto a car-
bon-coated copper grid. TEM investigations were carried out using a
Philips CM120 (100 kV) transmission electron microscope equipped
with a NARON energy-dispersive spectrometer with a germanium
detector.

The surface area, pore volume, and average pore radius of the
CNT and C,-C, catalysts were measured by an ASAP-2010 sys-
tem from Micromeritics. The samples were degassed at 200 °C for
4 hunder 50 mTorr vacuum and their BET area, pore volume, and
average pore radius were determined.

XRD measurements of the CNT and calcined C,-C, catalysts were
conducted with a Philips PW1840 X-ray diffractometer with mono-
chromatized CwK ¢ radiation. Using the Scherrer equation, the aver-
age size of the Co,0, crystallites in the calcined catalysts was esti-
mated from the line broadening of a Co,0O, at 26 of 36.88°. A K
factor of 0.89 was used in the Scherrer formula. The Co,0O, particle
size was converted to the corresponding cobalt metal particle size
according to the relative molar volumes of metallic cobalt and Co,0,.
The resulting conversion factor for the diameter of a given Co,0O,
particle d,,, being reduced to metallic cobalt is [11]:

desr (nm):O.75 x dC0104 ( 1 )

Temperature programmed reduction (TPR) spectra of the C,-C, cata-
lysts were recorded using a Micromeritics TPD-TPR 2900 system,
equipped with a thermal conductivity detector. The catalyst sam-
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Fig. 1. Experimental setup.

ples were first purged in a flow of argon at 400 °C to remove traces
of water and then cooled to 40 °C. The TPR of 50 mg of each sample
was performed using 5% hydrogen in argon gas mixture with a flow
rate of 40 cm*/min. The samples were heated from 40 to 900 °C
with a heating rate of 10 °C/min.

The amount of chemisorbed hydrogen (H,) on the catalysts was
measured using the Micromeritics TPD-TPR 2900 system. 0.25 g
of the calcined catalyst was reduced under H, flow at 400 °C for
20 h and then cooled to 70 °C, always under H, flow. Then the flow
was switched to Ar at the same temperature; this step, used to re-
move the physisorbed H,, lasted for about 30 minutes. The subse-
quent temperature programmed desorption (TPD) of the samples
was obtained by increasing the temperature of the samples, at a ramp
rate of 20 °C/min, to 400 °C under Ar flow. The resulting TPD spectra
were used to determine the cobalt dispersion and its surface aver-
age crystallite size. The % dispersion and particle diameter are cal-
culated by the equations below [21].

Calibration value (1 gas/area unit)
_ Loop volume x % analytical gas

2
mean calibration areax 100 @
H, uptake(moles/g,,,)

_ analytical area from TPD xmole of H, from calibration 3)

B mean calibration area
% Dispersion= H, uptake x atomic weight x stoichiometry

% metal
_ number of Co atoms on surface <100 )
number of Co atoms in sample

Diameter= 6000 Q)]

- - - —x 10
density x maximum areax dispersion

4. Catalyst Activity Test
The catalysts were evaluated in terms of their FTS activity (g
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HC produced/g cat./h) and selectivity (the percentage of the con-
verted CO that appears as a hydrocarbon product) in a continuous
stirred tank reactor (CSTR) as shown in Fig. 1. The volume of the
CSTR was totally 1 liter. Prior to the activity tests, the catalyst activa-
tion was conducted according to the following procedure. The cata-
lyst (10 g) with 4-6 pm size was placed in the CSTR and pure hy-
drogen was introduced at a flow rate of 60 NL/h. The reactor tem-
perature was increased from room temperature to 400 °C at a rate
of 1°C/min, maintained at this activation condition for 24 h, and
the catalyst was reduced in situ. After the activation period, the reactor
temperature was decreased to 120 °C. Pure melted C,; paraffin wax
was used as start-up media. C,; paraffin wax was degassed at degas-
ser vessel with nitrogen at 120 °C for 1 h and transferred to the CSTR
to mix with catalyst. Then the reactor temperature was increased to
180 °C under flowing hydrogen. Separate Brooks 5850 mass flow
controllers were used to add H, and CO at the desired rate to a mixing
vessel that was preceded by a lead oxide-alumina containing ves-
sel to remove carbonyls before entering the reactor.

The mixed gases entered through a dip tube to the bottom of the
CSTR below the stirrer. The CSTR was operated at 750 rpm. The
temperature of the reactor was controlled via a PID temperature
controller. Synthesis gas with a flow rate of 90 NL/h (H,/CO ratio
of 2) was introduced and the reactor pressure was increased to 2.5
MPa. The reactor temperature was then increased to 220 °C at a
rate of 1 °C/min. Products were continuously removed from the vapor
and passed through two traps, one maintained at 100 °C (hot trap)
and the other at 0 °C (cold trap). The uncondensed vapor stream
was reduced to atmospheric pressure through a pressure letdown
valve. The flow was measured with a bubble-meter and composi-
tion of outlet gas quantified using a gas chromatograph (Varian CP-
3800) equipped with TCD and FID detectors. The CO, CO,, N,,
and O, were analyzed through two packed column in series (Molecu-
lar sieve13x CP 81025 with 2 m length, and 3 mm OD, and Hayesep
Q CP1069 with 4 m length, and 3 mm OD) connected to TCD de-
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tector. The C,-C; hydrocarbons were analyzed via a capillary col-
umn (CP fused silica with 25 mx0.25 mmx0.2 pm film thickness)
connected to FID detector. Hydrogen was analyzed through Shi-
madzu, GC PTF 4C, equipped with TCD detector and two column
in series (Propack-Q with 2 m length, and 3 mm OD for CO,, C,H,
and C,H; separation and molecular sieve-5SA with 2 m length, and
3mmOD for CO, N,, CH, and O, separation), which were con-
nected to each other via a three-way valve.

The accumulated reactor liquid wax products were removed every
12 h by passing through a 2 um sintered metal filter located above
the liquid level in the CSTR. Also, the contents of hot and cold traps
were removed every 12 h, the hydrocarbon and water fractions sepa-
rated, and the collected liquid (Including hydrocarbons and oxy-
genates) were analyzed offline with Varian CP-3800 gas chroma-
tograph equipped with capillary column (TM DH fused silica capil-
lary column, PETRO COL 100 m*0.25 mmx0.5 pm film thick-
ness) connected to FID detector. Both total mass and atomic material
balances were performed with the consideration that a run could be
accepted for further analysis if the carbon material balance closed
between 97 and 103%. This criterion was adopted since compounds
containing carbon and hydrogen may accumulate in the reactor, in
the form of high molecular weight hydrocarbons.

The conversion percentage of CO based on the fraction of CO
forming carbon-containing products per weight of catalyst (g) was
calculated according to below equation:

F,,x M(,‘(),m —Foux MCO*"”/ x 100 (6)

CO conversion=
FiyxMco,in

Where F,,, M, and F,,,, M, are the molar flow, the mole per-
centage of CO in the syngas feed and product gas, respectively.

FTS rate (g HC/gcat./h) is equal to weight of hydrocarbons (g)
produced in the reaction and defined as:

FTS rate=) F,,,xM,x MW,/g of catalyst @)

Where M, and MW, are the mole percentage and molecular weight
of product i, respectively.

The selectivity of product i (the percentage of the converted CO
that appears as a given product 1) is based on the total number of
carbon atoms in the product and therefore is defined as:

n,xM;
n;x

i

Selectivity of product i= x 100 ®)

n, is the the number of carbon atoms in product i
The C: selectivity is the total selectivity of Cs and higher molecu-

Fig. 2. (A) SEM image of CNT, (B) TEM image of CNT.

lar weight of hydrocarbons.
According to chromatogram of GC analysis, the olefin/paraffin
ratio of hydrocarbons, defined as:

Olefin/Paraffinratioof producti (i>2)

__Molar sum of olefin isomers of product i
Molar sum of paraffin isomers of product i

©

RESULTS AND DISCUSSION

1. CNT Characterization

The produced CNT was purified by acid washing and drying steps,
characterized by different methods. Fig. 2 shows the SEM and TEM
configuration of the as-grown CNT prepared by CVD method [24,
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Fig. 3. TEM images of the calcined C,-C, catalysts.
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26].
2. Catalysts Characterization

The TEM images of the catalysts made by the sol-gel technique
are shown in Fig. 3. TEM images demonstrate the uniformity of
the particles made by sol-gel technique and show the particles that
are inside and outside the CNT. Due to functionalization of CNT
support, BET surface area and the cobalt dispersion on catalyst sur-
face increased and cobalt particles interacted with inner walls of
the CNT [22-24,26]. The C, and C, catalyst particles were both dis-
persed mostly inside the tube walls. For the C, (8-9 nm) catalyst,
the percentage of the particles lying at the outer surface of the CNT
walls is higher compared to the other catalysts prepared by sol-gel
technique. Indeed, the narrow inner diameter of the CNT channels
(9-10 nm) restricted the insertion of particles in sizes close to the
channel diameter. Similar to previous works and as shown the TEM
images of the C, catalyst made by the incipient wetness impregnation
route, the smaller cobalt particles are lying inside the CNT chan-
nels and the larger particles on the outside. CNT channels have re-
stricted the growth of the particles inside the tubes from 4 to 8 nm.
Almost all particles of sizes 10 nm and over are lying on the outer
surface of the CNT walls.

Also, Fig. 3 shows the cobalt particle size distribution, which is
determined using the population of the total cobalt particles of each
C,, C,, C; and C, catalysts based on data taken from different TEM
images. This figure shows that sol-gel technique enables to control
a narrow nanoparticle size distribution on functionalized CNT as
nano catalyst support, with different molar ratio of metal ion to citric
acid as a complexing agent. Indeed, these data and TPR results, which
will come in the following paragraph of this article, confirm each
other. According to Fig. 3, C; catalyst is showing narrow and uni-
form particle size distribution compared to C, and C, catalysts. Also,
it can be seen that the average particle size for the catalyst prepared
by incipient wetness impregnation method (C,) is 6-11 nm and over.
This result is in accordance with previous work [21-23].

Results of the surface area measurements in Table 1 show that
the BET surface area of C,, C,, and C; catalysts decreases from 215
to 200 and 195 m*/g, respectively. The pore volumes of different
catalysts prepared by sol-gel technique remain at 0.54-0.57 cm’/g.
The lower BET surface area and pore volume of the C,, C,, and C,
catalysts are comparable to the values obtained for pure CNT (255
m’/g, 0.73 cm’/g), indicating some pore blockage due to cobalt load-
ing on the support. The pore volume of the C, is higher than the
catalyst prepared by sol-gel technique (0.61 cm’/g), indicating less
pore blockage. According to the TEM pictures of the catalysts pre-
pared by sol-gel technique, most of the small cobalt particles (<9
nm) are inside the tubes, especially for the C, catalyst, which in turn
leads to a better interaction with the intern electron deficient walls
of the CNT, but in C, the cobalt particles extensively interact with

Table 2. TPR and TPD results
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Fig. 4. XRD patterns of CNT and calcined C,-C, catalysts.

outer wall of CNT, an exterior electron enriched surface.

XRD patterns of the calcined catalysts are shown in Fig. 4. In
the XRD spectra the peaks at 28 values of 25° and 43° correspond
to the CNT support, while the other peaks in the spectra of the catalysts
are related to different crystal planes of Co,O, [27]. The peak at 26
value of 36.8° is the most intense one of Co,0, in XRD spectra of
all catalysts. Minor peaks were also observed at 44°, and 52° for
the catalysts, which correlates with a cubic cobalt structure [5]. This
structure has no influence on the product selectivity [5]. Table 1
shows the average Co,0, particle size of the catalysts calculated
from XRD spectra using the Scherrer equation at 26 value of 36.8°
[30]. The average Co,0, cluster size was determined after calcina-
tions for the C,, C,, C; and C, as approximately 4.2, 6.4, 8.6 and
11.1 nm, corresponding to 3.2, 4.8, 6.4 and 8.3 nm when reduced
to metal, respectively. This agrees reasonably well with the cobalt
particle diameter obtained with the H, chemisorption results (Table 2).
As shown in Table 1, the average particle sizes of Co;0, are linearly
correlated with the molar ratio of metal ion to citric acid as com-
plexing agent, used during the sol-gel catalyst preparation route;
the latter is also confirmed by TEM pictures of the C,, C,, and C,
(Fig. 3). Increasing complexing agent concentration prevents the
agglomeration of particles; the dispersion of cobalt particles increases
and the smaller particles form [14].

The reducibility of the catalysts in H, atmosphere was determined
by TPR experiments. The TPR spectra of the calcined C,, C,, C,
and C, are shown in Fig. 5, and the specific reduction temperatures
are presented in Table 2. The low temperature peak (300-380 °C) is
typically assigned to reduction of Co,0, to CoO, although a frac-
tion of the peak likely comprises the reduction of the larger, bulk-like
CoO species to Co” [11,31,32]. The second broad peak is assigned
to reduction of small CoO to Co” species, which also includes the

Catalyst  First TPR peak (°C) Second TPR peak (°C) Reducibility ratio p mole H, desorbed/g cat. % Dispersion d,. (nm)
Cl 295 430 1.10 893.66 27.63 34
C2 305 425 1.17 586.40 18.13 42
C3 312 408 1.44 436.32 13.49 5.6
Cc4 370 450 1 341.23 11.98 7.2

November, 2012
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Fig. 5. TPR patterns of the calcined C,-C, catalysts from 40 to
900 °C.

reduction of cobalt species that interact with the support.

According to Fig, 5, the deposition of cobalt nanoparticles synthe-
sized by sol-gel technique on the functionalized CNT shifts the reduc-
tion peaks to a lower temperature compared to the catalyst prepared
by common impregnation method on CNT, indicating higher reduc-
ibility for uniform cobalt particles produced in this special method.
Interestingly, the reduction temperature of the first peak also decreases
with decreasing cobalt particle size from 9 to 3 nm.

According to the TEM pictures of the catalysts prepared by sol-
gel technique, most of the small particles (<9 nm) are inside the
tubes, especially for the C, catalyst, which in turn leads to a better
interaction with the intern electron deficient walls of the function-
alized CNT and favors the reduction of Co,O, species [24,25,28].
As shown in Fig. 5, for the C,, C,, and C, catalysts, by decreasing
the cobalt particle size the second reduction peak shifts to higher
temperatures and the broad shoulder of the second TPR peak be-
comes larger, suggesting more difficult reduction process for CoO
species with 3-4 nm cobalt particles. Indeed, the degree of interaction
with the metal phase and the support varies with the cobalt particles
size, as larger CoO particles are reduced more easily than smaller
CoO particles [1,20,23].

Table 2 also shows the reducibility ratio of all catalysts. The reduc-
ibility ratio was correlated with the amount of H, consumed (area
under the peaks) for each part of the reduction steps (Co,O, to CoO
and CoO to Co’). Thus, to have a better understanding of the com-
pared reducibility of the catalysts, the areas under the TPR peaks
were divided into two parts and were calculated by integration. The
areas of the peaks are proportional to the amount of H, consump-
tion. The first part is defined from 25 to 450 °C, and the second part
is defined from 450 to 800 °C. The results show for C,, C,, C; cata-
lysts, that with increasing the cobalt particle size the ratio of H, con-
sumption of part one (25 to 450 °C) to the H, consumption of part
two (450 to 800 °C) increased. This confirms that by increasing the
cobalt particle size, the reduction temperature for the species that
need to be reduced at high temperatures, decreases and suggests an
easier reduction for larger cobalt particles. Also, the reducibility
ratios of catalysts prepared by sol-gel technique are higher than the
catalyst C,, prepared by common impregnation method, which shows
higher reducibility for uniform cobalt particles. These TPR results
confirm the data taken from TEM images.

To conclude, uniformity of nanoparticles synthesized by sol-gel,
as well as confined inside the functionalized CNT improved the
reduction steps of the catalysts. Thus, particles within the function-
alized CNT are easily reduced because of the confinement phe-
nomenon for the first reduction step, but the reducibility is still more
influenced by the particle size for the second step of reduction. There-
fore, the confinement of Co particles in the functionalized CNT chan-
nels allowed high catalyst reducibility, which does not normally
occur with nanoparticles supported on other common carriers [6,18,
25,33].

As shown in Fig, 5, there is no significant evidence of formation of
metal-support compounds on the catalyst surface due to the absence
of significant reduction peaks above 500 °C. Tavasoli et al., as well
as Martinez et al., have noted that reduction peak present at tem-
peratures above 530 °C with oxidic carrier shows formation of cobalt
species that are difficult to reduce (oxide compounds). CNT as an
inert support for cobalt catalyst do not show any peak related to for-
mation of metal-support compounds as compared to Co/AlO;,
catalysts, suggesting an easier reduction process with CNT than
with oxidic carriers [2,21,24].

The results of the temperature programmed desorption (TPD) of
the C,, C,, C, and C, catalysts are also given in Table 2. This table
shows that in case of C,, C,, C; catalysts, the hydrogen chemisorp-
tion (H, uptake) decreases with increasing the cobalt particle sizes
up to 9nm in accordance with the % dispersion of the cobalt parti-
cles. Thus, increasing the cobalt particle size decreases the % dis-
persion from 27.63 to 13.49% (see Table 2).

The H, uptake of the C, catalyst is higher than the C, catalyst. It
has been shown that narrow particle size distributions are more effi-
cient for H, chemisorption than particle size distributions obtained
with the impregnation method [6]. Moreover, Bezemer et al. observed
that H, uptake is directly related to particle size for particles less
than 10 nm, a trend which levels-off for bigger particles [1].

3. Activity and Product Selectivity for FTS

The catalytic activity and product selectivity data have been cal-
culated for runs showing catalyst stability within the first 120 h of
operation and have been reproduced twice to confirm the results’
reproducibility. Fig. 6 shows the influence of cobalt particles size
on FTS rate (g HC produced/gcat./h) and CO conversion. In case
of C,, C, and C,; catalysts the particles are mostly inside the CNT
walls, and preliminary results show that the FTS activity decreases
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Fig. 6. CO conversion FTS rate of the calcined C,-C, catalysts.
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as the size of the CNT supported cobalt particles is decreased. It
appears that the particles located inside the CNT and the particle
size itself influences the FTS activity [1,20,25].

The comparative results of %CO conversion, FTS rate (g HC
produced/geat./h) for C; and C, catalysts are presented in Fig. 6.
The proposed sol-gel technique increased the FTS rate and %CO
conversion from 0.62 to 0.71 g HC/gcat./h and %45 to %52, respec-
tively, C; selectivity increased 7% and CH, selectivity decreased
4%, compared to that prepared by common incipient wetness im-
pregnation. C, catalyst is characterized by different particle size distri-
bution, compared to C; catalyst, showing narrow and uniform parti-
cle size distribution, which particles are mostly inside the tubes.
Because of uniformity, the cobalt sites produced inside the func-
tionalized CNT (here by sol-gel technique) are more stable, and
more catalytically active than the ones produced by incipient wet-
ness impregnation [24,25,28]. Chen et al. observed that particle size
is not the only property to have an effect on the FTS activity [25].
Martinez et al. observed that a narrow particle size distribution en-
hances the turn over frequency (TOF) of the FTS catalysts, which
in turn leads to a better conversion of the reactants as well as an
increase in the FTS rate [6]. Thus, improvement of the uniformity
of the catalyst particles supported on functionalized CNT leads to a
better CO conversion, stability of the products and the FTS activity
and selectivity. These results reveal that FTS activity of the cata-
lysts is strongly dependent on the size distribution of the cobalt cluster,
and the particle’s confinement within functionalized CNT may be
more important than the particle size effect for the FTS activity.

Fig. 7 clearly shows that the CH, selectivity is reduced with in-
creasing cobalt cluster size. Compared to C, and C, catalysts, the
C, catalyst showed lower selectivity to methane. The lower pro-
duction rate of CH, for the cobalt catalyst could be due to the ef-
fective participation of olefins in the carbon-carbon chain propaga-
tion. Thus, on the C;catalyst, a~olefins of the type R-CH=CH, can
compete with carbon monoxide and heavier olefins for re-adsorp-
tion and chain initiation [10]. Moving upward with average parti-
cle sizes from 3 to 11 nm resulted in 5% improvement in the C{
selectivity of the catalyst. According to Fig. 7, at the range of 3-
4 nm the C; selectivity is already 84%. This result reveals that the
dissociative adsorption of CO and chain growth probability (c~olefins
re-adsorption) on the propagation step is efficient even with 3-4 nm
particles due to beneficial electronic properties of the internal CNT
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Fig. 7. C; and CH selectivity of the calcined C,-C, catalysts.
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walls [10]. The selectivity for C; products on the functionalized
CNT supported cobalt catalyst, synthesized by sol-gel method, is
still higher for larger particles (8-9 nm). According to Chen et al.
the particle sintering is effectively prevented inside CNT due to spatial
restriction of the CNT channels which stabilized the activity and
selectivity of the cobalt particles [24].

The comparative C; selectivity and CH, selectivity for the C,,
C,, C,, and C, catalysts show that the catalyst prepared by the sol-
gel technique has higher C7 selectivity and lower CH, selectivity
than the C, catalysts. The uniformity of the particle size improved
the hydrogenation of carbon monoxide, and also it can be related
to wall electron deficiency inside the CNT, which enhances the CO
chemisorption, enlarges the residence time of the reactants, thus
allowing more probability of longer carbon chains to be formed,
which in turn increased the selectivity for C; products [21-25]. The
decrease in the selectivity of CH, can be explained by the effective
participation of olefins in the carbon-carbon chain propagation for
the uniform cobalt clusters produced by sol-gel technique.

The chain length distribution of Fischer-Tropsch products formed
on CNT supported cobalt catalysts can be well characterized by two
ASF distributions. In all cases, a double-a~ASF distribution was
required to fit data. Chain length distributions on C,, C,, C; and C,
catalysts were calculated according to method presented by Nakhaei
Pour et al. [34] and presented in Fig. 8. The trend lines are plotted
for C; products to determine the chain growth probability, o. The
chain growth probability was 0.81, 0.82, 0.84 and 0.86 for C,, C,,
C, and C, catalysts, respectively. These results show that with in-
creasing the cobalt cluster size, there is a shift in hydrocarbons to
higher molecular weights. It seems that the steric hindrance for dis-
sociative adsorption of CO and -CH2- monomer and addition of this
monomer to the growing chain is better in the larger cobalt clusters
[10]. According to Fig. 8, the catalyst prepared by the impregnation
method (C,) showed better selectivity for heavier hydrocarbon mol-
ecules (C,y), which can be explained by the presence of larger cobalt
particle sizes (10" nm) than the catalyst prepared by sol-gel method.
Large particles (10" nm) have high potential of re-adsorption and
polymer chain initiation on the catalyst’s surface [10,35].

According to Fig. 9 the olefin/paraffin mass ratio for the calcined
C,-C,; catalysts decreases from 0.67 to 0.55 with increasing the parti-
cle size. Therefore, the slight decreasing might be related to the ef-
fective participation of olefins in the carbon-carbon chain propaga-
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Fig. 8. Chain length distribution over C,-C, catalysts, T=220 °C,

H,/CO=2, P=2.5 MPa, X; mole fraction of component i.
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tion for larger cobalt cluster size, which enhanced the C; selectivity
as mentioned above.

The olefin/paraffin ratio is higher for the C, catalyst compare to
C,-C; catalysts. It can be explained by the effective participation of
olefins in the carbon-carbon chain propagation for the uniform cobalt
clusters produced by sol-gel technique. On C,-C; catalysts, c~ole-
fins of the type R-CH=CH, can compete with carbon monoxide
and heavier olefins for readsorption and chain initiation up to chain
lengths C,,. The higher H, chemisorption on the C,-C; catalysts means
higher probability of CHx+H reactions, which consequently leads
to a higher termination rate after C,, hydrocarbon chains (as shown
in Fig. 8). So it should be mentioned that the measurements for o~
olefin/n-paraffin ratios were taken for C.,-C,, hydrocarbons in this
work. The shift towards olefin production over C, could also indi-
cate lower hydrogenation activities for particles outside the CNT
tubes (larger particles) than the particles inside the tubes [10].

In comparing our results with Bezemer et al. [1], compatibility
is found between those results and our results in trend followed by
catalysts C, and C; with respect to particle size, but mostly it must
be attributed to lower hydrogenation activities for particles outside
the CNT than the particles inside the tubes [10]. Catalysts sup-
ported with carbon nanofiber, morphologically differ from catalysts
supported on CNT, which active phase positions mostly inside the
tube according to our preparation procedure. In comparative study
of olefin/paraffin ratio in catalyst supported CNT with particle size
<9 nm and trend were followed by catalysts C,-C,, we must con-
sider two parameters: first the particle size, and the second the con-
finement of active phase inside the tube, because it is more impor-
tant the particle size effect for olefin/paraffin ratio and consequently
on the FTS activity [10].

With above description we can conclude that our results are in
good agreement with results published by Dalai et al. [10].

CONCLUSIONS

This research has been carried out using functionalized CNT sup-
ported cobalt catalysts to compare the effects of sol-gel technique
for catalyst preparation with the common incipient wetness impreg-
nation method at relatively high cobalt loadings (15 wt%). Accord-
ing to TEM analysis, cobalt nanoparticles produced with this special
sol-gel technique show a narrow particle size distribution. As shown
in TEM images, small Co particles (2-8 nm) are mostly confined

mnside the functionalized CNT, which in turn leads to a better interac-
tion with the intern electron deficient walls of the CNT and favors
the reduction of Co,0O, species. TPR results show the deposition of
cobalt nanoparticles (synthesized by sol-gel technique) on the func-
tionalized CNT, shifting the reduction steps to a lower temperature
compared to the catalyst prepared by common impregnation method.
Also, these results show that the metal-support interaction increases
as the particle size decreases.

Functionalized CNT as a catalyst support of Co nanoparticles
maintains high dispersion and reducibility of Co, which can be attrib-
uted to hydrogen spill-over effect of functional groups on CNT sur-
face. This event will not normally occur in catalyst prepared by com-
mon impregnation method or with small particles supported on oxidic
carriers. It was also found that FTS activity and selectivity of the
catalysts is strongly dependent on the size distribution of the cobalt
cluster. However, the particle’s confinement within functionalized
CNT may be more important than the particle size effect for the
CO conversion and FTS activity and selectivity. Thus, improvement
of the uniformity of the catalyst particles supported on functional-
ized CNT by proposed sol-gel technique leads to a better CO conver-
sion, FTS activity, C selectivity, stability of the products, and lower
CH, selectivity, compared to that prepared by common incipient
wetness impregnation. This new catalyst preparation method may
offer an attractive alternative for nanoparticle synthesis with uniform
and various sized distributions for findamental catalytic studies, espe-
cially such for structure-sensitive FT catalysis.
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