
Journal of Materials Science and Chemical Engineering, 2014, 2, 19-27 
Published Online December 2014 in SciRes. http://www.scirp.org/journal/msce 
http://dx.doi.org/10.4236/msce.2014.212004  

How to cite this paper: Liu, Y., Guo, H.Q., Jia, L.T., Ma, Z.C., Xiao, Y., Chen, C.B., Xia, M., Hou, B. and Li, D.B. (2014) Fisch-
er-Tropsch Synthesis over Alumina-Supported Cobalt-Based Catalysts: Effect of Support Variables. Journal of Materials 
Science and Chemical Engineering, 2, 19-27. http://dx.doi.org/10.4236/msce.2014.212004 

 
 

Fischer-Tropsch Synthesis over Alumina- 
Supported Cobalt-Based Catalysts: Effect  
of Support Variables 
Yan Liu, Heqin Guo, Litao Jia, Zhancheng Ma, Yong Xiao, Congbiao Chen, Ming Xia,  
Bo Hou, Debao Li* 
Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan, China 
Email: liuyan@sxicc.ac.cn, *dbli@sxicc.ac.cn 
 
Received November 2014 

 
 

 
Abstract 
Different kinds of aluminum precursors were obtained from precipitating ammonium bicarbonate, 
ammonium carbonate, and saturated ammonium bicarbonate, then, boehmite (AlO(OH)), ammo-
nium alumina carbonate hydroxide (AACH) and their mixture were obtained, and then, different 
kinds of alumina were obtained after calcination. Three catalysts supported on the different alu-
mina were obtained via impregnating cobalt and ruthenium by incipient wetness. The effects of 
different precipitants on composition of precursors were studied by XRD, FTIR, and TGA. The 
property and structure of alumina were studied by XRD and BET. The supported catalysts were 
studied by characterizations of XRD and H2-TPR, and the catalytic performance for Fischer-Tropsch 
synthesis (FTS) were evaluated at a fix-bed reactor. The relations among the composition of pre-
cursors, the property of alumina and the catalytic performance of supported catalysts were re-
searched thoroughly. 
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1. Introduction 
The Fischer-Tropsch synthesis (FTS) has received much attention as a possible route in the synthesis of clean 
fuel and chemicals from synthetic gas. Cobalt-based catalysts are often the preferred choice for the production of 
high molecular weight hydrocarbons [1]. In generally, the Co0 is generally recognized as the active species. In 
order to obtain high density active Co0 species, the cobalt is often supported on a porous inorganic carrier, such 
as SiO2, Al2O3, and TiO2 [2]-[4]. And the final density of Co0 sites is determined by the cobalt loading, cobalt 
dispersion, cobalt reduction, and interaction of cobalt-support [5]. So the choice of support is important for the 
final Fischer-Tropsch catalyst.  
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Alumina is one of the most common commercial carriers applied in FTS for its excellent thermal stability, 
high mechanical resistance, large surface area and pore size [6]. However, it was widely reported that the 
physical-chemical properties and catalytic performance of the alumina supported cobalt catalysts was strongly 
influenced by the properties of alumina. For instance, Xiong et al. [7] reported that the γ-Al2O3 with large pore 
sizes enhance the formation of large Co3O4 crystallites. And Bechara et al. found that the porous alumina mod-
ified the catalytic properties through their effects on the reducibility of the active phase [8]. However, most of 
the previously described alumina only have a unimodal pore size distribution. Porous alumina with a bimodal 
pore size distribution are sometimes more desirable from industrial application point of view. Moreover, the 
theoretical calculations have shown that catalysts with a bimodal pore size distribution consisting of both large 
and small pores allow a faster diffusion rate and a larger supported metal area at the same time [9]. The influ-
ence of pore size distribution of alumina on the activity and selectivity of Co/Al2O3 FTS catalysts is still not 
fully understood due to the complicated reaction on the catalysts. Thus, in order to obtain the optimum perfor-
mance of the alumina supported cobalt catalyst, it is necessary to systemically study the relationships among the 
physical-chemical properties and pore size distribution of alumina and the catalytic properties for FTS of the 
alumina supported catalysts.  

To achieve the above goal, the alumina with different textural and surface properties have to be obtained. 
There are several methods to prepare alumina such as precipitation, sol-gel, hydrothermal, gas phase and 
combustion ways [10]-[12]. Among them, the precipitation is the most widely used and cost-effective process 
for preparing alumina. For this methaod, the chemical composition of precursors have dramatic effects on the 
properties of the resultant alumina, which was strongly affected by the precipitants.  

Some other research showed that the property of obtained alumina were very different with different precipi-
tants [12] [13]. However, the reports on the Fischer Tropsch synthesis cobalt catalysts supported on aluminum 
obtained by precipitating different precipitants were very few. 

Based on the above analysis, three kinds of alumina were obtained by using different precipitants, the effect 
of precipitants on phase of precursor was studied, the relations hip between physical property of alumina and 
chemical were illuminated by characterizations of XRD, FTIR, TGA, and BET. The Co-Ru/Al2O3 catalysts were 
obtained by impregnating cobalt and ruthenium on the alumina.The catalytic performance wasevaluated on the 
fix-bed reactor. and characterized by XRD and H2-TPR. It indicated that the composition of precursors, property 
of alumina, and catalytic performance of the catalysts were greatly affected by the precipitants. The relationships 
among composition of precursors, property of alumina, and catalytic performance of the catalysts and were 
investigated simultaneously. 

2. Experimental 
2.1. Catalyst Preparation 
The alumina oxide were prepared by precipitation. The typical process was as following: A certain amount of 
Al(NO3)3·9H2O was dissolved into deionized water to obtain 1.0 mol/L solution, marked as solution A. A certain 
amount of ammonium bicarbonate was dissolved into deionized water to obtain the 3.0 mol/L solution, marked 
as solution B1; Excess ammonium bicarbonate was dissolved into deionized water to form saturated solution, 
marked as solution B2. A certain amount of ammonium carbonate was dissolved into deionized water to form 2.0 
mol/L solution, marked as solution B3. 

Solution A and B1, B2, B3 were co-precipitated at a water bath of 50˚C under a stirring speed of 400 r/min, re-
spectively. The slurry was aged for 1 h at 70˚C, when the precipitation terminated. Then, the precipitate was 
washed and filtrated three times by using three fold water of original solution. The filter mass was dried at 
110˚C for 12 h, the obtained precursor was marked as PAB, PSAB, and PAC, The PAB, PSAB, and PAC were 
calcined at 400˚C for 4 h under ambient atmosphere, the abtained alumina oxide were marked as AAB, ASAB, 
and AAC, respectively . solution of Al(NO3)3·9H2O as aluminium salt, adopt 3.0 mol/L aqueous solution of, sa-
turated aqueous solution of ammonium bicarbonate, and 2.0 mol/L aqueous solution of ammonium carbonate as 
alkaline precipitants, respectively. The precipitation was conducted. 

The 20% Co - 0.1% Ru/Al2O3 catalysts were obtained by loading Co(NO3)2·6H2O and ruthenium (III) nitrosyl 
nitrate solution on alumina by incipient wetness. The final catalysts were named as CAB, CSAB, and CAC, re-
spectively. 
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2.2. Characterization Techniques 
The BET surface areas of the prepared catalysts were measured with a Micromeritics model ASAP 2020 using 
nitrogen at −196˚C. Prior to measurements, all catalysts were outgassed at 423 K under 1 × 10−5 Torr residual 
pressure. X-ray diffraction (XRD) patterns were recorded on a DX-2700 diffractometer using a Cu Ka radiation 
(λ = 1.5404 Å). The spectra were scanned at a rate of 8°/min in the range 2θ = 5˚ - 80˚. Scanning electronic mi-
crograph images were obtained using a LEO 1530 VP. Hydrogen temperature-programmed reduction (H2-TPR) 
was carried out with a mixture of 5% H2/N2 as the reductive gas. The sample (0.025 g) was reduced in a flow of 
H2/N2 at a rate of 10 K·min−1. The effluent gas was detected by thermal conductivity detector after removing the 
product water. FTIR (KBr-IR spectroscopy) spectra were recorded in a Shimadzu FT25 spectrometer. Thermo-
gravimetric analyses (TGA) were carried out on a TGA-92 under an air flow of 50 mL·min−1. The temperature 
increased from 50˚C to 800˚C at a rate of 10˚C·min−1. 

2.3. Catalyst Tests 
The as-prepared catalysts were crushed and sieved in a size of 60 - 80 mesh. Catalysts (2 ml) were evaluated in a 
stainless-steel fixed-bed reactor (I.D. = 10 mm). After reducing at 400˚C for 6 h and cooling to room tempera-
ture, syngas with a H2/CO mole ratio of 2.0 was switched. Wax and liquid products were collected by hot and 
cold traps, respectively. The exhaust gases were analyzed using a Carbosieve-packed column with TCD and Po-
rapack-Q column with flame ionization detector (FID). Oil and wax were analyzed on a GC-920 chromatograph 
equipped with a 35 m OV-101 capillary column and FID. N2 with a volume ratio of 4% was blended in the syn-
thetic gas as an internal standard. The results were not collected until the time on stream was 48 h and the nitro-
gen balance was 100% ± 5% to ensure reliability of the data. 

3. Results and Discussion 
3.1. Phase and Structure of Precursors 
The XRD patterns of precursors precipitated by using different precipitants were shown in Figure 1. As shown, 
different diffraction patterns were obtained when using different precipitants. The typical diffraction peaks of 
Boehmite (AlO(OH) 2θ = 14.4˚, 28.2˚, 38.3˚, 49.2˚, 55.2˚, 64˚, 71.9˚ [11]) was obtained in PAB, the retailed 
reaction process can be seen in Equation (1). While, both diffraction peaks of AlO(OH) and ammonium alumi-
num carbonate hydroxide (AACH, 2θ = 15.2˚, 21.8˚, 26.9˚, 30.7˚, 34.9˚, 41˚, 52.8˚, 55.3˚ [14]) were observed on 
PSAB. The PAC showed the typical diffraction peaks of the AACH .The different diffraction peaks on the three 
type of the alumina can be explained by the different Equations (1)-(3) the retailed reaction process should fol-
low Equations (1) and (2) simultaneously. AACH were obtained when using ammonia carbonate as precipitant, 
the retailed reaction process can be seen in Equation (3).  

In order to demonstrate the composition of precursors, the precursors was characterized by TGD/TG/DTA, 
and the result is shown in Figure 2. As it can be seen, the PAB exhibit obvious weight loss in the range of 200˚C 
- 300˚C, which is attributed to the decomposition of AlO(OH) [15] [16]. TGD/TG/DTA curves shown in to T. 
The maximum rate of water removal occurred at 250˚C, which was consistent with Kong’s research result [15]. 
PAC exhibited sharp endothermic peak at 200˚C, which is attributed to the removal of the volatile species such 
as carbonates, hydroxides, ammonia and water vapors [16]. PAB exhibited two weight loss peaks, the corres-
ponding decomposition temperature were consistent with the ones of PAB and PAC, respectively, which con-
firmed the XRD analysis result.  

The TG, DTG, and DTA curves performance agreed and reveal the same massages about the decomposition 
of precursors. From the DTG and DTA curves in Figure 2, there was no weight loss for all the three precursors, 
while endothermic peaks emerged in the three samples, when the decomposition temperature was over 400˚C. It 
indicated that the crystal phase changed when the decomposition temperature was over 400˚C, although there 
was no weight loss, it also indicated that 400˚C was the optimal calcination temperature for calcining precursor. 

In order to illustrate the crystal structure of the precursors, the FTIR characterization was carried out and the 
result was shown in Figure 3. The PAB，PSAB and PAC exhibited broad absorption bands around 3300 - 3500 
cm−1, which are assigned to stretching mode of adsorbed water [17]. For PAB, the bands at 3306, 3094, and 
1070 cm−1 were observed, which are belong to the νas(Al)O-H, νs(Al)O-H, and δsAl-O-H vibrations of 
AlO(OH), respectively emerge in PAB [11] [12], which claim that completed crystal of AlO(OH) formed in  
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Figure 1. XRD patterns of different precursors. 

 

 

 
Figure 2. TGD/TG/DTA curves of different precursors. 
 
PAB. There are obvious bond vibrations of OH-(νOH at 3443 cm−1, δOH at 988 cm−1) [16], 4NH+  (νNH at 
3178, 2898, and 2846 cm−1, δNH at 1832 and 1724 cm−1) [18], and 2

3CO −  (ν3 at 1560, 1458 cm−1, and ν1 at 
1106 cm−1, ν2 at 854 cm−1, and ν4 at 750 cm−1) [19], which indicated clearly that AACH formed in the PAC. For 
PSAB, δsAl-O-H vibrations of AlO(OH) at 1070 cm−1 occurred in its pattern, meanwhile, ν3 vibrations of  



Y. Liu et al. 
 

 
23 

 
Figure 3. FTIR patterns of different precursors. 

 
2
3CO −  at 1560 and 1452 cm−1 also occurred, indicating that both AlO(OH) and AACH existed in PSAB, which 

was consistent with the XRD and TGA results. The rest of bands at 621, 739 and 756 cm−1 are ascribed to the 
vibrational modes of Al-O [20].  

3.2. Structure and Pore Size Distribution of Alumina 
Figure 4 shows the XRD patterns of alumina obtained by calcining the precursors at 400˚C for 4 h in air. Dif-
fraction peaks at 2θ = 37.60˚, 39.49˚, 45.80˚, 60.90˚, 67.03˚ appeared in all of three alumina [21]. However, the 
diffraction intensity were different from each other, the intensity of AAC was the strongest, and ASAB was the 
weakest. The texture property of different alumina were listed in Table 1. ASAB possessed the biggest surface 
area as 279 m2/g, combining the weak diffraction peak in Figure 4, it indicated that the alumina crystals were 
even and dispersive, the synergy existed in the two kinds of alumina crystals was strong. Effective integration 
occurred in the two kinds of alumina during the process of calcining the two kinds of precursors. AAC possessed 
big specific surface area for releasing CO2, NH3, and H2O during the calcination process, AAC also possessed 
big average pore diameter and pore volume for the same reason. AAB possessed smaller surface area, pore di-
ameter, and pore volume.  

The pore size distribution curves of different alumina are displayed in Figure 6. As shown, AAB displayed 
unimodal pore size distribution, the major pore size was in the range of 4 - 6 nm. AAC also displayed unimodal 
pore size distribution with some scare pore of 5 nm, the major pore size was 20 nm about. However, ASAB dis-
played bimodal pore distribution, of which the small pore was attributed to calcining AlO(OH) in PSAB, while 
the big one was attributed to calcining AACH in PSAB, this pore size distribution was accordance with Bai’s 
research result [9]. 

3.3. Structure and Property of Supported Catalysts 
The 20% Co - 0.1% Ru/Al2O3 catalysts were obtained by incipient wetness impregnating cobalt and ruthenium 
in the three alumina, the corresponding XRD patterns were shown in Figure 6. Diffraction peaks of Co3O4 at the 
same 2θ of 18.2˚, 31.3˚, 37˚, 45˚, 55.8˚, 59.4˚, 65.2˚ appeared in the three XRD patterns of catalysts [22]. How-
ever, the intensity of the three catalysts were not identical, the intensity of CAC was stronger than the other two, 
the intensity of CSAB was the weakest. The crystal size of supported Co3O4 particles were calculated by 
Scherrer equation at 2θ = 37˚. Catalyst CSAB possessed the smallest crystal size of 8.2 nm, and the crystal size 
of CAB and CAC were 10.5 nm and 12.9 nm, respectively. Based on the analysis of pore size distribution of 
different alumina, the pores of AAB were narrow, the supported Co2+ overflowed and accumulated on the mouth 
of the pores during calcination; the pores of AAC were so big that the supported Co2+ gathered and accumulated 
due to lacking of confinement in the big pores. The pore size distribution of ASAB were bimodal pore, the syn-
ergy between small pores and big pores avoided the disadvantages of unimodal pore. 
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Table 1. The texture property of different alumina. 

Sample BET surface area (m2/g) Average pore diameter (nm) Pore volume (m3/g) 

AAB 218 5.2 0.53 

ASAB 279 8.6 0.88 

AAC 256 14.7 0.91 

 

 
Figure 4. XRD patterns of different precursors. 

 

 
Figure 5. Pore size distribution of different alumina. 

 
The TPR curves of the three Co-Ru/Al2O3 catalysts were shown in Figure 7. The reduction peaks for Co3O4 

can be assigned to two-step reduction in this work, the reduction peaks emerged in two major temperature 
ranges: 180˚C - 250˚C and 260˚C - 460˚C. According to the reported literature [23], the first peak is assigned as 
the reduction process of Co3O4 to CoO, the second peak is assigned as the reduction process of CoO to Co. As 
shown in Figure 7, both of the first reduction peak and the second one of CSAB were the lowest temperature 
among the three catalysts. This is because the cobalt particle size was small and was easy to reduce. In another 
aspect, cobalt particles of CSAB were more dispersive than the others for its proper pore structure and big spe-
cific surface area. The second-step reduction temperature of CAB was much lower than that of CAC for its 
smaller cobalt crystal. There existed a weak reduction peak at 550˚C around, which is associated with surface 
cobalt aluminate difficult to be reduced [24] [25]. It is assumed to be highly dispersed and interact strongly with 
alumina.  



Y. Liu et al. 
 

 
25 

 
Figure 6. XRD patterns of different catalysts. 

 

 
Figure 7. H2-TPR curves of different catalysts. 

3.4. Catalytic Performance of Catalysts 
The FTS catalytic performance of different catalysts were summarized in Table 2. Catalyst CSAB reached a 
much higher CO conversion than the other two catalysts, under the same reaction temperature its CO conversion 
was 51.4%. The order of CO conversion was CSAB > CAB > CAC. This was because CSAB possessed proper 
cobalt particle size, big specific surface area, and lower reduction temperature, which benefited to improve the 
catalytic performance for FTS.  

The order of methane selectivity was CSAB < CAB < CAC, this order was just right opposite to the order of 
CO conversion. As shown in Figure 5, the pores of AAB were narrow, the supported catalyst possessed much 
narrower pores, which restricted the mass transfer, thus, the CO conversion was low. The cobalt crystals were 
aggregated for lacking of restriction in the large pores, the exposure active sites were scarce, thus, the CO con-
version was also low. The pore structure of ASAB was bimodal pore distribution, the active sites dispersed on 
both small and big pores, thus, little molecule product produced in narrow pore entered big pores and grew up 
further, the big pores and the small pores were in an effective synergy. 

4. Conclusion 
Pure AlO(OH) can be prepared by using ammonium bicarbonate as precipitant, and pure AACH can be prepared 
by using ammonium carbonate as precipitant, while a mixture of AlO(OH) and AACH can be obtained by using 
saturated ammonium bicarbonate as precipitant. The alumina obtained by calcining mixture of AlO(OH) and  
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Table 2. Catalytic performance of Co-Ru/Al2O3 catalysts for Fischer-Tropsch synthesis. 

Catalystsa CO 
Conversion/% 

Hydrocarbon distribution/wt% CO2 selectivity 
/wt% CH4 C2 - C4 C5

+ 

CAB 45.5 6.6 6.9 86.5 0.7 

CSAB 51.4 6.0 6.3 87.7 0.8 

CAC 38.9 8.1 8.7 83.2 0.6 

aReaction conditions: 200˚C, 2 MPa, GHSV=1000 h−1, CO/H2 = 2. 
 
AACH possessed bimodal pore size distribution, the biggest specific surface area of 279 m2/g, the smallest co-
balt particle size of 8.2 nm, and the lowest reduction temperature of 213˚C, which benefited to acquire the high-
est CO conversion of 51.4% and the lowest CH4 selectivity of 6.0% for Fischer-Tropsch synthesis at the same 
conditions. The performance was much more excellent than that supported on alumina via calcining pure 
AlO(OH) or AACH. In conclusion, alumina obtained from calcining a mixture of AlO(OH) and AACH obtained 
by co-precipitation would be expected to be a prospective alumina carrier for the FTS cobalt-based catalysts. 
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