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Abstract

Fischer-Tropsch synthesis (FTS) reaction for the direct production of gasoline range hydrocarbons
(Cs-Co) from syngas was investigated on Ru, Pt, and La promoted Co/ZSM-5 (Si/Al = 25) catalysts.
The hybrid catalysts were characterized by BET surface area, XRD, H,-TPR, NH3;-TPD and XPS ana-
lyses. These physico-chemical properties were correlated with activity and selectivity of the cata-
lysts. The promoted Co/ZSM-5 hybrid catalysts were found to be superior to the unpromoted
Co/ZSM-5 catalyst in terms of better Cs-Co selectivity. Pt-Co/ZSM-5 exhibited the highest catalytic
activity because of the small cobalt particle size.
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1. Introduction

The production of olefins by Fischer-Tropsch synthesis (FTS), using syngas derived from coal, natural gas or
other carbon-containing materials, has recently received considerable attention for obtaining clean fuels and
chemicals as a consequence of fast depletion of crude oil. Thus, FTS has emerged as one of the most promising
routes to solve the energy crisis [1]. However, the polymerization mechanism (known as Anderson-Schulz-Flory
(ASF) distribution) of FTS reaction is inherently found to yield a wide-range of hydrocarbon distribution from
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methane to heavy waxy products as the distribution is governed by the chain growth probability. In general, the
selectivity towards gasoline range products is known to be limited to a maximum of 48 mol% [2]. To obtain
branched hydrocarbon selectively through FTS reaction directly without any upgradation, especially for high-
octane gasoline production, many intensive efforts have been made by modifying cobalt-based catalysts with the
addition of acidic components. Some researchers have investigated the hybrid or composite systems consisting
of cobalt-based FTS catalysts and acidic zeolites as cracking catalysts by using the following preparation me-
thods: 1) cobalt-based FTS catalyst physically mixed with zeolites (It is prepared easily; but molding is difficult);
2) zeolite supported cobalt-based hybrid catalyst prepared by wet-impregnation method (the large quantities
production is possible, but the concentration of cobalt is limited and zeolite can be changed to amorphous phase
by metal precursor solution of a strong acid); and 3) zeolite membrane-coated Co/SiO, catalyst (It has excellent
performance of the catalyst, but it is difficult to get large quantities production) [3]-[8]. However, marginal suc-
cess has been achieved leaving scope for further improvement.

In the present investigation, we studied the promoted Co/ZSM-5 catalytic systems for the direct production of
gasoline range hydrocarbons from syngas by using the promoted Co/ZSM-5 hybrid catalysts. The presence of
weak acid sites on Co/ZSM-5 catalyst with large pore size and small cobalt particle size are mainly responsible
for showing a high catalytic performance due to the high reducibility of cobalt particles with the presence of
large amount of acid sites on Co/ZSM-5 catalyst possessing a low Si/Al ratio of 15 [3]. The objective of the
present investigation is to find the effect of the addition of promoter on the performance of the hybrid catalyst
during FTS reaction. The catalysts were characterized by surface area, pore size distribution, temperature-pro-
grammed reduction (TPR), XRD, acidity (TPD of ammonia) and XPS measurements. An attempt is made to
correlate the properties with activity and selectivity of the catalysts.

2. Experiments
2.1. Catalyst Preparation

The Co/ZSM-5 catalyst was prepared by the conventional wet-impregnation method using the proton-type ZSM-
5 (supplied by Zeolyst having Si/Al ratios of 25) with a cobalt nitrate precursor of required composition in deio-
nized water solvent. The impregnation on ZSM-5 was carried out by stirring the slurry containing the zeolite
continuously for 12 h at room temperature. The sample was subsequently dried in a rotary evaporator and then
subjected to calcination at 500°C in air for 5 h. The promoted catalysts were prepared by co-impregnation of the
chloride or nitrate (Ru-nitrate, Pt-nitrate, Pt-chloride and La-nitrate) precursors of the promoter and cobalt ni-
trate of required concentrations. Drying and activation procedures were the same as described above. The ratio
of cobalt to zeolite and the promoter metal component to that of ZSM-5 in the finished catalyst was fixed at
20/100 and 0.3/100 by weight.

2.2. Catalyst Characterization

The BET surface area was estimated from nitrogen adsorption isotherm data obtained at —196°C on a Microme-
ritics, ASAP-2400 equipment. The calcined sample was degassed at 300°C in a He flow for 4 h before the mea-
surement. The pore volume and pore size distribution of the sample was determined by the BJH (Ba-
rett-Joyner-Halenda) model from the data of desorption branch of nitrogen isotherm. The powder X-ray diffrac-
tion (XRD) patterns of fresh and used catalysts were obtained with a Rigaku diffractometer using Cu-Ka radia-
tion to identify the various phases of supported cobalt catalysts.

The temperature-programmed desorption of ammonia (NH;-TPD) experiments were performed to determine
the surface acidity of various fresh FTS catalysts. Typically about 0.1 g of catalyst was flushed in a He flow at
250°C for 2 h, cooled to 100°C and saturated with NH;. After NH; adsorption, the sample was purged with a He
flow until equilibrium and the TPD run was carried out from 100°C to 800°C at a heating rate of 10°C/min.

Temperature programmed reduction with hydrogen (H,-TPR) was performed to determine the reducibility of
the supported metal oxides. Prior to the H,-TPR experiment, the sample was pretreated in helium flow up to 400
°C and kept for 2 h to remove the adsorbed water and other contaminants followed by cooling to 50°C. The re-
ducing gas containing 5% H,/Ar mixture was passed over the sample at a flow rate of 30 ml/min, with the heat-
ing rate of 10°C/min, up to 850°C.

The surface metal species and the carbon species with their electronic states after FTS reaction were characte-
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rized by using X-ray photoelectron spectroscopy (XPS; ESCALAB MK-II) analysis. During the experiment, the
Al K,, monochromatized line (1486.6 eV) was adopted and the vacuum level was kept around 10 ' Pa. The XPS
analysis was carried out with a step size of 0.02 eV and scanned twice. The powder samples after FTS reaction
were previously passivated with 1% O,/He mixed gas and pressed in air atmosphere to thin pellet before cha-
racterization. The binding energy (BE) was corrected with the reference BE of C1s (284.4 eV).

2.3. Catalytic Activity Measurement

Catalytic activity test was carried out in a tubular fixed bed reactor (O.D. = 12.7 mm) with a catalyst of 0.3 g.
Prior to the reaction, the catalyst was reduced at 450°C for 12 h in a flow of 5% H, balanced with nitrogen. After
reduction, the synthesis gas (H,/CO = 2) was fed into the reactor. The FTS reaction was carried out subsequently
under the following reaction conditions; T = 240°C, P = 2.0 MPa and SV = 3000 ml/g.,/h. The effluent gas from
the reactor was analyzed by an online gas chromatograph (Young Lin Acme 6000 GC) employing GS-GASPRO
capillary column connected with flame ionized detector (FID) for the analysis of hydrocarbons and a Porapak
Q/molecular sieve (5A) packed column connected with TCD for the analysis of carbon oxides, hydrogen, me-
thane and internal standard gas of Ar.

3. Results and Discussion

In previous studies, we highlighted the influence of Si/Al ratio on the activity of impregnated Co/ZSM-5 hybrid
catalysts. At higher Si/Al ratio (greater than 25), the reducibility of cobalt species and the density of weak acid
sites were observed to be lower, thus reducing the CO conversion and Cs-Cg selectivity [3]. In this study, there-
fore, we used ZSM-5 with Si/Al ratio of 25 as a support.

3.1. Textural Properties of Co/ZSM-5 Hybrid Catalysts

The BET surface area and BJH pore size distribution results are summarized in Figure 1 and Table 1. As shown
in Figure 1, the pores in all catalysts are the mesopores falling in the region of 2 - 5 nm. The intensity of
dV/dlog(D) is almost similar for all catalysts. However, surface area of the promoted catalysts slightly increased
compared to that of Co/ZSM-5 catalyst. Large specific surface area and pore volume of the catalyst affects its
reducibility and the catalytic performance during FTS reaction.

3.2. Surface Acidity Measurement by NH3-TPD

The promoted Co/ZSM-5 hybrid catalysts were examined by NH;-TPD to elucidate the surface acidity. The ef-
fects of addition of promoters on surface acidity are possibly responsible for different catalyst performance, es-
pecially the product distribution. The desorption patterns of NH; are shown in Figure 2 and the quantitative
values of acidic sites (mmol NH./g) are presented in Table 2. The desorption peaks could be separated into three
peaks, even though the resolution of peaks is not significant. The low temperature desorption peak (below
250°C) is assigned to weak acidic sites and the high temperature desorption peak to strong acidic sites. The high
temperature desorption peak is not responsible for FTS reaction and product distribution; it mainly contributes to
water evolution by dehydration of hydroxyl groups on surfaces [9]. Therefore, by considering the first peak only
(weak acid sites), it can be observed that the number of weak acid sites is higher on CoPt(N)/ZSM-5 hybrid cat-
alyst. Further, the total number of acid sites also varied in order of Pt(N) > La(N) > Ru(N) > Pt(Cl), and the var-
iation of acidity can be further related to the hydrocarbon selectivity of promoted Co/ZSM-5 hybrid catalysts.

3.3. Reducibility of Active Metals Measured by TPR

TPR experiments were carried out to understand the reduction behavior of cobalt oxides as the metallic cobalt
surface sites are responsible for FTS activity. Figure 3 shows the H,-TPR profiles of the Co/ZSM-5 hybrid cat-
alysts with different promoters. The TPR profiles of promoted Co/ZSM-5 hybrid catalysts exhibit two or three
distinct peaks. In most of the promoted hybrid catalysts, the reduction process in H, occurs in two distinct stages.
The first stage is attributed to the reduction of Co;0,4 to CoO and the second stage is assigned to the reduction of
CoO to metallic cobalt.

In the case of Co/ZSM-5 hybrid catalysts with promoted Ru(N) and Pt(N), the TPR profiles show the first low
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Figure 1. Pore size distribution of fresh Co/ZSM-5 hybrid catalysts.
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Figure 2. Results of NH3-TPD of fresh Co/ZSM-5 hybrid catalysts.

Table 1. Physical properties of Co-based hybrid catalysts with respect to promoters.

Notation® BET surface area (m%g) Pore volume (cm*/g) Average pore diameter (nm)
Co/ZSM-5 (Si/Al = 25) 305.6 0.073 6.3
Co-Ru(N)/ZSM-5 328.8 0.089 55
Co-Pt(N)/ZSM-5 3295 0.096 6.3
Co-Pt(Cl)/ZSM-5 3241 0.099 5.9
Co-La(N)/ZSM-5 325.0 0.099 6.2

temperature peak around 120°C. However, TPR profile of the Co-La(N)/ZSM-5 hybrid catalyst shows a distinc-
tive shoulder peak around 270°C and broad second peak with T.x in the range of 316°C - 359°C. The small
peak intensity at high temperature region (above 600°C) suggests the facile reduction of cobalt oxide with
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Figure 3. H,-TPR profiles of fresh Co/ZSM-5 hybrid catalysts.

Table 2. Summary of surface acidity of Co-based hybrid catalysts measured by NH3-TPD.

Acidic site (mmol NHa/g)

Notation 8 8
First (weak) Second and third (strong) Total
Co/ZSM-5 (Si/Al = 25) 0.170 0.392 0.562
Co-Ru(N)/ZSM-5 0.498 0.757 1.179
Co-Pt(N)/ZSM-5 0.625 0.027 1.383
Co-Pt(Cl)/ZSM-5 0.447 0.884 1.331
Co-La(N)/ZSM-5 0.573 0.815 1.388

The surface acidity of fresh Co-based hybrid catalyst was displayed in two separate regions according to the desorption temperature of NH.

Table 3. Hydrogen consumption of Co-based hybrid catalysts measured by H,-TPR.

H, consumption, mmol H/g (Percentage of each peak, %)

Notation
Peak | (<300°C) Peak I (>300°C) Total
Co/ZSM-5 (Si/Al = 25) 0.269 (7.0) 3.605 (97.0) 3.874
Co-Ru(N)/ZSM-5 1.748 (85.7) 0.291 (14.3) 2.039
Co-Pt(N)/ZSM-5 3.039 (100.0) 0.0 (0.0) 3.039
Co-Pt(Cl)/ZSM-5 2.088 (77.0) 0.623 (23.0) 2,711
Co-La(N)/ZSM-5 0.958 (32.4) 1.997 (67.6) 2.955

a little formation of inactive cobalt aluminates or silicates. The two reduction degrees were separately calculated
based on total hydrogen consumption and the theoretical value (Cos04 + 4H, = 3CO + 4H,0; 3.68 mmol H,/gcy)
by considering the actual Co content. Peak | (%) was expressed as the ratio of the amount of hydrogen con-
sumption below 300°C to the theoretical hydrogen consumption on the fresh promoted Co/ZSM-5 hybrid cata-
lysts. The difference between two reduction degrees suggests the possible formation of inactive cobalt species
such as cobalt aluminate or silicate on Co/ZSM-5 catalysts [10]. As can be seen in Table 3, the total H, uptakes
from TPR experiments are estimated as 2.039, 0.760, 2.711 and 2.955 mmol H,/g. on Co/ZSM-5 catalyst hav-
ing promoters of Ru(N), Pt(N), Pt(CI) and La(N), respectively. Although, the variation in the reduction degree of
the Co-Pt(N)/ZSM-5 catalysts measured by TPR runs below 300°C is not considerable, Co/ZSM-5 catalyst hav-
ing Pt(N) as a promoter shows higher value for the reduction degree up to 300°C.
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3.4. Measurement of Cobalt Particle Size by XRD

In order to understand the dependence of activity for the promoted Co/ZSM-5 hybrid catalysts on their physico-
chemical properties, XRD study was also carried out and Figure 4 displays the diffraction patterns of fresh
promoted hybrid Co/ZSM-5 catalysts. All hybrid catalysts before the reaction show the characteristic reflection
peak at 20 = 36.8° due to the presence of Co;0, phase. The particle size of Cos0, is calculated by using the
X-ray line broadening method with the help of Scherrer’s equation. The crystallite size of Co;0, for the hybrid
catalysts promoted by -Ru(N), -Pt(N), -Pt(CI) and -La(N) is 32.4, 25.2, 29.6 and 27.2 nm, respectively. In gen-
eral, the cobalt particle size of promoted Co/ZSM-5 catalysts is higher than 16.8 mm of Co/ZSM-5 catalyst. The
smaller particle size of the easily reducible cobalt species uniformly distributed inside the relatively larger pores
are reported to be responsible for the higher activity of promoted Co/ZSM-5 hybrid catalysts [3].

3.5. The Activity and Selectivity of Co/ZSM-5 Catalysts

The catalytic performance of promoted Co/ZSM-5 hybrid catalysts was measured at 240°C and 260°C, 2.0 MPa,
3000 ml/ge-h and H,/CO = 2. The activity of the catalysts was tested for over 40 h. CO conversion and the
product distribution data obtained on hybrid catalysts are presented in Table 4 as steady state average values
obtained after 30 h. CO conversion proportionately decreases with the crystallite size of cobalt oxides and its
reducibility as shown in Table 1. As is well known, the catalyst having a large surface area with a large pore
diameter is beneficial for obtaining a small cobalt crystallite size and for the facile transport of heavy hydrocar-
bons formed during FTS reaction. Also, the large pores on FTS catalysts have been suggested to be linked to
less coke or wax deposition [11]. In Table 4, the difference in CO conversion can be possibly attributed to the
difference in metallic surface area of cobalt and its reducibility (low reduction temperature from H,-TPR) be-
cause of the presence of larger cobalt particles of size above 20 nm on all hybrid catalysts. At a reaction temper-
ature of 260°C, Co-Pt(N)/ZSM-5 hybrid catalyst possessing a smaller cobalt particle size (high metallic surface
area) and facile reducibility shows higher catalytic activity, as confirmed by the XRD data [12].

As reported in our previous work different product distribution was obtained on promoted Co/ZSM-5 hybrid
catalysts. Co-Pt(N)/ZSM-5 and Co-La(N)/ZSM-5 hybrid catalysts showed higher values of CO conversion than
that of Co/ZSM-5 catalyst taken as a reference in the FTS reaction at temperature of 240°C. This can be ex-
plained by the presence of acidic sites of different strength on the catalyst leading to hydrocracking of olefins.
The high content of weak acidic sites is also responsible for high yields of Cs-Cgy hydrocarbons, due to the possi-
ble catalytic cracking of higher molecular-weight olefins on acidic sites of zeolites [3] [10].

The selectivity data of the catalysts are also presented in Table 4. Increase of FTS temperature increased CO
conversion and Cs-Cgq selectivity, however, with lower Cyo+ selectivity. Co-Pt(N)/SiO, catalyst showed higher
values for conversion and yield of Cs-Cq at 260°C than that of Co/ZSM-5 catalysts and the other hybrid catalysts.
However, CO conversion to CO, by the water gas shift (WGS) reaction on the promoted hybrid catalysts ap-
peared to be much lower (below 1.9) than that of Co/ZSM-5 catalyst. In the present work, CO conversion to hy-
drocarbons showed more than 98.1% for all promoted Co/ZSM-5 catalysts.

The Co-Pt(N)/ZSM-5 hybrid catalyst shows the highest selectivity towards C,-C, (15.74%) and Cs-Cqg
(26.28%) in the hydrocarbon products and also the yield of Cs-Cq (14.1%) at temperature of 260°C. The olefin
selectivity is also found to be lower (7.8%) on that catalyst at 260°C. Whereas the Co-Pt(CI)/ZSM-5 hybrid cat-
alyst has exhibited the lowest selectivity of C,-C, (10.82%) and Cs-Cq (15.63%). This reduced selectivity to-
wards lower hydrocarbons could be correlated with the suppressed olefin cracking properties of heavy olefinic
products due to the presence of less number of acidic sites [13]. Also, the presence more humber of weak acidic
sites (assigned to first peak in NH;-TPD experiments) on Co-Pt(N)/ZSM-5 hybrid catalyst seems to be responsi-
ble for obtaining high selectivity to C,-Cq hydrocarbons.

Figure 5 shows the variation of hydrocarbon selectivity with increasing density of weak acid sites in the
promoted and un-promoted Co/ZSM-5 catalyst. The high content of weak acidic sites is also responsible for
high yields to Cs-Cy hydrocarbons, due to the possible catalytic cracking of higher molecular-weight olefins on
acidic sites of zeolites [11]. As can be seen from the figure, the increase of the weak acidic site density for the
promoted four catalysts is responsible for increasing C,-C4 and Cs-Cgy selectivity, and a simultaneous decrease in
Cyot selectivity. Thus, the promotion of Co/ZSM-5 catalyst with Pt, Ru and La improved the selectivity and
yield of the gasoline range hydrocarbons due to higher concentration of weak acid sites.
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Table 4. Catalytic activity and hydrocarbon distribution over the Co/ZSM-5 hyhbrid catalysts®.

Promoters Co/ZSM-5 b (Si/Al = 25) Ru(N) Pt(N) Pt(CI) La(N)
Temp. (°C)
Items 240 240 260 240 260 240 260 240 260
CO Conv. (%) 50.6 15.6 235 31.2 55.2 42.1 53.1 25.4 54.1
Selectivity (C mol %)
CO;, 29 05 0.3 0.0 1.7 0.2 0.4 0.1 1.9
-HC-? 97.1 99.45  99.69 100 98.3 99.8 99.6 99.9 98.1

Hydrocarbon distribution (C mol%)

C1 243 10.58 17.95 10.22 17.83 891 10.69 10.7 18.75
C-Cy 30.8 10.64 12.49 11.74 15.74 9.48 10.82 11.34 15.26
Cs-Cq 19.2 21.76 21.37 24.59 26.28 13.89 15.63 23.59 24.16
Cio> 25.7 57.02 48.19 53.45 40.15 67.72 62.86 54.37 41.83
Olefins in (C,-C4) (C mol%)
Selectivity: O/(O + P)° 25.1 215 9.4 17.9 7.8 141 13.8 17.4 8.9
Yield (%) of Cs-Co’ 9.4 33 5.0 7.7 14.1 5.8 8.2 6.0 12.6

“Catalytic performance was measured at the following fixed reaction conditions; Ho/CO = 2, SV = 3000 ml/g-h and P = 2.0 MPa. "HC stands for the
total hydrocarbon selectivity. °0/(O + P) stands for the olefin-to-paraffin ratio in the range of C,-C4 hydrocarbons. ®Yield of Cs-Cq stands for the con-

verted CO moles to the Cs-Cq hydrocarbon products.
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4. Conclusion

The activity and Cs-Cy selectivity during FTS reaction of the hybrid catalysts were obtained to the different re-
sults according to the promoters. The Co-Pt(N)/ZSM-5 hybrid catalyst offers higher CO conversion and Cs-Cq
selectivity. The reducibility of cobalt particles and the concentration of weak acid sites are higher, thus conse-
quently increasing CO conversion and Cs-Cy selectivity. The presence of weak acid sites on Co-Pt(N)/ZSM-5
hybrid catalyst with large pore size and pore volume, and small cobalt particle size are mainly responsible for
showing a high catalytic performance due to the high reducibility of cobalt particles.
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