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Abstract: Nickel supported on SBA-15 doped with CeO2 catalysts (Ni-CeO2/SBA-15) was 

prepared, and used for steam reforming of toluene which was selected as a model 

compound of biomass gasification tar. A fixed-bed lab-scale set was designed and 

employed to evaluate the catalytic performances of the Ni-CeO2/SBA-15 catalysts. 

Experiments were performed to reveal the effects of several factors on the toluene 

conversion and product gas composition, including the reaction temperature, steam/carbon 

(S/C) ratio, and CeO2 loading content. Moreover, the catalysts were subjected to analysis 

of their carbon contents after the steam reforming experiments, as well as to test the 

catalytic stability over a long experimental period. The results indicated that the  

Ni-CeO2/SBA-15 catalysts exhibited promising capabilities on the toluene conversion, 

anti-coke deposition and catalytic stability. The toluene conversion reached as high as 

98.9% at steam reforming temperature of 850 °C and S/C ratio of 3 using the  

Ni-CeO2(3wt%)/SBA-15 catalyst. Negligible coke formation was detected on the used 

catalyst. The gaseous products mainly consisted of H2 and CO, together with a little CO2 

and CH4. 
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1. Introduction 

The utilization of lignocellulosic biomass has gained attention in recent years [1–3]. Among the 

various conversion technologies, gasification is a promising one to convert solid biomass mainly into a 

gaseous product rich in H2 and CO which can be used as a gaseous fuel or a raw material for  

Fischer-Tropsch synthesis [4–6]. A major problem involved in the gasification process is the formation 

of tar which is a complex mixture of various organic compounds, especially aromatic compounds. Tars 

would bring many negative effects to the operation of the gasification equipment as well as the 

downstream gas utilization engines or turbines. Therefore, it is very essential to remove tars for the 

commercialization of the biomass gasification technique. 

There are several methods to remove tars. One of them is catalytic steam reforming which can 

convert tar compounds in the presence of steam to permanent gases, with high energy recovery and 

minimal environmental pollution [7,8]. The key problem for catalytic steam reforming is the selection 

of the proper catalyst. Till now, various catalysts have been prepared and tested, mainly including the 

olivine and dolomite [9–11], Ni-based catalysts [12–14] and noble metal catalysts [15]. Among these 

catalysts, Ni-based catalysts were confirmed to be effective for tar reduction, due to the promising 

cracking capability of the NiO/Ni [8,16–18]. For instance, Zhao et al. [19] prepared Ni/cordierite 

catalysts for steam reforming of toluene which was selected as a model tar compound. The results 

indicated that the toluene conversion would be enhanced with the increase of reforming temperature, 

reaching as high as 94.1% at 900 °C. Zhang et al. [20] prepared Ni/olivine catalysts doped with CeO2 

for steam reforming of model tar compounds (benzene and toluene), and found that the catalysts were 

effective in terms of both catalytic activity and anti-coke deposition performances. 

However, during the catalytic process, the Ni-based catalysts would deactivate very rapidly, mainly 

resulting from the coke deposition. Hence, it is essential to improve the anti-coke deposition 

performances of the Ni-based catalysts. In this study, nickel supported on SBA-15 doped with CeO2 

(Ni-CeO2/SBA-15) catalysts were prepared for steam reforming of biomass gasification tars. The CeO2 

was selected as the catalyst promoter, because it is preliminarily confirmed to be effective to prevent 

coke deposition and stabilize the catalysts, due to the strong metal support interaction of the Ni-CeO2 

system [20]. The CeO2 can accelerate the reaction of steam and absorbed species on nickel surface 

near the boundary area, so that carbon deposited on the surface can be quickly converted to gaseous 

products, preventing its accumulation. Moreover, SBA-15 was selected as the catalyst support, because 

it is a highly ordered mesoporous material which has much larger pore size (3–30 nm) than those of 

traditional microporous catalysts (<2 nm) [21–23]. The large pore size makes the mesoporous SBA-15 

very promising to convert large molecule compounds, since the traditional microporous catalysts are 

unable to treat the large molecules (including tars). The SBA-15 also has good thermal and 

hydrothermal stability, further making it a promising support for various catalysts [24,25]. 

In this study, a lab-scale setup was designed and established for steam reforming experiments  

using the Ni-CeO2/SBA-15 catalysts. To better understand the catalytic performances of the  
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Ni-CeO2/SBA-15 catalysts, toluene was selected as the model tar compound for experiments, because 

it is a major and stable tar compound formed in the high temperature gasification process. Experiments 

were performed to reveal the effects of the reaction temperature, S/C ratio, and CeO2 loading content 

on the toluene conversion and product distribution. 

2. Experimental 

2.1. Catalyst Preparation 

The SBA-15 was synthesized by the sol-gel method [21]. Typically, a homogeneous mixture 

composed of block copolymer surfactant (Pluronic P123; PEO20PPO70PEO20) and tetraethyl orthosilicate 

(TEOS) in hydrochloric acid was stirred at 40 °C for 24 h and then crystallized in a Teflon-lined 

autoclave at 100 °C for 2 days. The resultant solid was filtered, washed and dried. After calcination in 

air at 550 °C for 4 h, the white SBA-15 powders were obtained and used as the catalyst supports for 

the preparation of the Ni/SBA-15 and Ni-CeO2/SBA-15 catalysts. 

The Ni/SBA-15 and Ni-CeO2/SBA-15 catalysts were prepared by one step incipient wetness 

impregnation method [26]. To prepare the Ni-SBA-15 catalyst, 1.5 g nickel nitrate hexahydrate was 

firstly dissolved in 53 mL deionized water. Afterwards, 9.7 g SBA-15 was added to the above solution 

with ultrasonic treatment for 12 h. The mixture was then dried at 105 °C in air for 12 h. To prepare the 

Ni-CeO2/SBA-15 catalysts, 1.5 g nickel nitrate hexahydrate and certain amount of cerium nitrate 

hexahydrate (0.3 g or 0.8 g) were dissolved in certain amount of de-ionized water (53 mL or 52 mL), 

followed with the addition of certain amount of SBA-15 (9.6 g or 9.4 g) with ultrasonic treatment for 

12 h. The mixture was then dried at 105 °C in air for 12 h. The above resultant solids after drying were 

not calcined in air, but directly calcined in the mixture of nitrogen and hydrogen before catalytic 

activity tests, because calcination in air prior to the reduction step would be detrimental to obtain high 

reducibility, metal surface area, and metal dispersion of the Ni-based catalysts [27]. The nickel loading 

for all the catalysts was fixed at 3 wt% and the CeO2 loading was 0 wt%, 1wt% and 3 wt%, respectively. 

2.2. Catalyst Characterization 

Nitrogen adsorption and desorption isotherms of the catalysts were obtained at 77 K on the 

Quantachrome Autosorb-iQ physical adsorption instrument. Specific surface area and pore volume 

were calculated using Brunauer–Emmett–Teller (BET) equation and Barrett–Joyner–Halenda (BJH) 

method, respectively. The crystalline structures of the catalysts were assessed on a Rigaku Rotaflex 

diffractometer, using the Cu Kα radiation (λ = 0.15406 nm). Small-angle and wide-angle XRD  

patterns were measured over the 2θ range of 0.9~6° and 10~80°. Moreover, after catalytic steam 

reforming experiments, the carbon contents of the catalysts were determined by a Vario Macro Cube 

Elemental Analyzer. 

2.3. Catalytic Steam Reforming Experiments 

A lab-scale experimental setup was designed and used for steam reforming of toluene, as shown in 

Figure 1. The setup mainly consisted of a syringe pump, a peristaltic pump, an upper quartz reactor, a 

bottom quartz reactor, an ice-cooled condenser, and an on-line gas analyzer (INFICON 3000 Micro 
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gas chromatograph; INFICON, East Syracuse, NY, USA). The syringe pump and peristaltic pump 

were used to inject the liquid toluene and water which were then heated and evaporated in the upper 

quartz reactor (i.d. 15 mm). The bottom reactor (i.d. 15 mm) was used for steam reforming of the 

toluene, and 0.5 g uncalcined catalyst was filled in it and placed above some quartz wool at the 

uniform temperature zone. The upper and bottom quartz reactors were vertically positioned in two 

separate heating furnaces which were used to heat the two reactors. The temperatures of the two 

reactors were monitored by thermocouples. 

Figure 1. Schematic of the toluene steam reforming set. 

 

During the experiments, before the injection of the toluene and water, the catalyst was firstly 

calcined in the mixture of 50 vol% H2 and 50 vol% N2 with the flow rate of 120 mL/min. The 

calcination was programmed from room temperature to 850 °C at the heating rate of 2 °C/min, and 

then held at 850 °C for 6 h, to obtain the Ni/SBA-15 or Ni-CeO2/SBA-15 catalyst. After the 

calcination, only N2 was used as the carrier gas for the steam reforming experiments. Toluene and 

water were injected to the upper quartz reactor which was heated to 300 °C. The feeding rates of the 

N2 (g), H2O (g) and toluene (g), corresponding to the gaseous state at 25 °C, were 29.7–40.8 mL/min, 

7.4–18.5 mL/min and 0.53 mL/min, respectively. The concentration of the toluene in the gas flow was 

fixed at 45 g/Nm3 (1.1 vol.%), in order to perform catalytic steam reforming experiments under severe 

conditions [28]. The S/C ratio was in the range of 2–5. The space time (wcat/Ftoluene) at 25 °C, defined 
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in terms of the catalyst weight divided to the volumetric flow rate of the toluene vapor, was  

16 kgcath/m3 [29]. The nitrogen flow was controlled by a mass flowmeter and adjusted according to the 

H2O (g) content in the feeding mixture to keep the constant space time. The catalytic temperature was 

ranged from 700 °C to 850 °C, similar as the practical gasifier. The effluent gases from the reactor 

were condensed in the ice-cooled condenser to collect the un-reacted toluene and water. The  

non-condensable gases were then dried by the CaCl2 column, and analyzed by the INFICON  

3000 Micro gas chromatograph which was equipped with four detection modules, to measure the H2, 

CO, CO2, N2 and C1–C3 hydrocarbons. Each gas analysis was completed in 2.8 min. Each steam 

reforming experiment lasted for 4 h, resulting in around 85 measurements for each test. After the 4 h 

experiment, the injection of toluene and water was firstly stopped while nitrogen was still fed to cool 

down the catalyst to room temperature, preventing the catalyst being oxidized by the oxygen in air. 

Finally, the used catalyst was collected and subjected to further characterization. 

2.4. Data Analysis 

The H2, CO, CO2, CH4 and N2 were detected in each gas analysis, and their contents were determined, 

while the C2-C3 hydrocarbons were not detected. For each steam reforming test, the average values of 

the H2, CO, CO2 and CH4 contents from the 85 measurements were calculated. It is note that the 

nitrogen flow rate was fixed during each steam reforming test, and thus, based on the calculated 

average N2 content, it is able to calculate the yields of the H2, CO, CO2 and CH4 in each experiment.  

Based on the gaseous products, the toluene conversion (XC7H8) could be calculated according to 

Equation (1), which was defined in terms of the carbon in the gas products (CO, CO2, CH4) divided to 

the carbon in the toluene. The hydrogen content (V%(H2)) was calculated according to Equation (2), 

and the contents of the other gases were calculated in the same way: 

CO,out CO2,out CH4,out
C7H8

C7H8,in

F +F +F
X (mol%) 100

7F
= ×  (1) 

2
2

2 2 4

H
V%(H )= 100

H +CO+CO +CH
×  (2) 

3. Results and Discussion  

3.1. Catalyst Characterization  

The N2 adsorption/desorption isotherms of the SBA-15, Ni/SBA-15 and Ni-CeO2/SBA-15 catalysts 

are shown in Figure 2. The SBA-15 exhibited a typical irreversible type IV adsorption isotherm with a 

standard H1 hysteresis loop, and a sharp inflection at the relative pressure (p/p0) of 0.58, implying this 

material had regular mesoporous channels. The Ni/SBA-15 and Ni-CeO2/SBA-15 catalysts showed 

similar isotherms as the SBA-15, indicating that they retained the regular mesoporous structure of the 

parent SBA-15. 

The textural properties of the catalysts are listed in Table 1. The Ni/SBA-15 and Ni-CeO2/SBA-15 

catalysts had lower surface areas, smaller pore volumes and average pore diameters than the SBA-15, 

which should be due to the occupation of the Ni and CeO2 particles in the pore channels. Nevertheless, 
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the two Ni-CeO2/SBA-15 catalysts possessed better textural properties than the Ni/SBA-15 catalyst, 

which might be due to the better nickel dispersion and smaller nickel particle sizes in the presence of 

the CeO2, as has been previously reported [30]. 

Figure 2. N2 adsorption/desorption isotherms with BJH pore size distribution analysis.  

(a) SBA-15; (b) Ni/SBA-15; (c) Ni-CeO2 (1 wt%)/SBA-15; and (d) Ni-CeO2 (3 wt%)/SBA-15. 

 

Table 1. Textural properties of the catalysts. 

Sample BET Surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm) 

SBA-15 476.4 0.76 5.63 
Ni/SBA-15 261.1 0.43 4.31 

Ni-CeO2(1wt%)/SBA-15 301.6 0.48 4.32 
Ni-CeO2(3wt%)/SBA-15 307.7 0.51 4.89 

Figure 3 gives the small-angle XRD patterns of the catalysts. The SBA-15 displayed an intense 

peak and two weak peaks for the mesoporous silica (100), (110) and (200) planes, respectively. This 

pattern indicated a 2D hexagonal mesostructure with space group p6 mm, matched well with the 

pattern reported for SBA-15 [21]. Similar diffraction peaks were observed for the Ni/SBA-15 and  

Ni-CeO2/SBA-15 catalysts, but these peaks were shifted to higher 2θ values, which might be due to the 

incorporation of the Ni and CeO2 on the SBA-15 [31]. Moreover, the intensities of the diffraction 

peaks were decreased, which might be attributed to the partial degradation of the hexagonal 

arrangement of SBA-15 pores [32] or the dilution of the silica by the nickel which has a higher 

absorption factor of X-rays than the silicon [33]. 

Figure 4 gives the wide-angle XRD patterns of the catalysts. The broad diffraction peak at about  

2θ = 23° was attributed to the amorphous SiO2 [22]. The diffraction peaks at 2θ of 44.5° and 51.8° 

were assigned as the characteristic peaks of metallic nickel, JCPDS database (No. 01-1258) [30]. It is 

seen that in the presence of the CeO2, these peaks were broadened and their intensities were decreased, 

indicating the improved dispersion of the metallic phase. The crystalline size of the Ni0 phase, 

calculated according to the Scherrer equation from the characteristic peak at 44.5°, was reduced from 

8.4 nm for the Ni/SBA-15 catalyst to 4.9 nm for the Ni-CeO2(3wt%)/SBA-15 catalyst. The above 

results confirmed that the CeO2 could promote the dispersion of the Ni particles, agreed with previous 

studies [25,30]. This fact should be at least partly responsible for the better textural properties of the 

Ni-CeO2/SBA-15 catalysts than the Ni/SBA-15 catalyst. 
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Figure 3. Small-angle XRD patterns of the catalysts. (a) SBA-15; (b) Ni/SBA-15;  

(c) Ni-CeO2(1wt%)/SBA-15; and (d) Ni-CeO2(3wt%)/SBA-15.  

 

Figure 4. Wide-angle XRD patterns of the catalysts. (a) SBA-15; (b) Ni/SBA-15;  

(c) Ni-CeO2 (1 wt%)/SBA-15; and (d) Ni-CeO2 (3 wt%)/SBA-15. 

 

3.2. Effects of Catalytic Temperature and CeO2 Loading Content on the Steam Reforming of Toluene  

Figure 5 illustrates the effects of catalytic temperatures on the steam reforming of toluene over 

different catalysts in the temperature range of 700–850 °C with the S/C ratio of 3. No catalyst 

deactivation was observed during the 4 h test for either catalyst. According to Figure 5, the toluene 

conversion was enhanced with an increase in the temperature and the CeO2 loading content. The 

highest toluene conversion reached as high as 98.9% at 850 °C using the Ni-CeO2 (3 wt%)/SBA-15 

catalyst. The results clearly indicated the Ni-CeO2/SBA-15 catalyst had promising catalytic capability 

to convert the toluene, and the CeO2 loading was capable to promote the catalytic activity. 
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Figure 5. Effects of reaction temperatures on the toluene conversion and the gas 

composition. (a) Ni/SBA-15; (b) Ni-CeO2 (1 wt%)/SBA-15; and (c) Ni-CeO2 (3 wt%)/SBA-15. 

(□) toluene conversion; (●) H2 content; (▲) CO content; (▼) CO2 content; and  

(♦) CH4 content. 

 

The steam reforming of toluene generated the H2 and CO as the major products, together with CO2 

and CH4 as the minor products. According to Figure 5, the contents of these gas products were 

remarkably affected by the catalytic temperature, but not greatly influenced by the CeO2 loading 

content. The CO content was increased monotonically along with the catalytic temperature, from 

19.8% at 700 °C to 25.5% at 850 °C using the Ni-CeO2 (3 wt%)/SBA-15 catalyst. The H2 and CO2 

contents were changed oppositely, decreased from 72.9% and 7.3% at 700 °C to 68.8% and 5.0% at 

850 °C, respectively. This might be attributed to the temperature improved reverse water gas shift 

reaction (CO + H2O ↔ H2 + CO2). Due to the exothermal nature of the water gas shift reaction, the 

increase of temperature would favor the formation of CO on the expense of H2 and CO2 [19]. The CH4 

content was below 1.0%, and almost kept constant under different catalytic temperatures. 

The catalysts after 4 h catalytic steam reforming tests were analyzed to measure their carbon 

contents, and the results are shown in Table 2. It is seen that the carbon content was gradually 

decreased along with the catalytic temperature and the CeO2 loading content. The least carbon content 

was observed for the Ni-CeO2 (3 wt%)/SBA-15 catalyst under the catalytic temperature of 850 °C, 

with the value of only 0.01 wt%, which was negligible. The above results clearly indicated that the 

presence of the CeO2 could improve the anti-coke deposition performances of the catalysts. 

Table 2. Carbon contents of the three used catalysts under different reaction temperatures. 

Sample 
Carbon content under different temperatures (wt%) 

700 °C 750 °C 800 °C 850 °C 

Ni/SBA-15 0.31 0.28 0.25 0.21 
Ni-CeO2(1wt%)/SBA-15 0.12 0.11 0.05 0.02 
Ni-CeO2(3wt%)/SBA-15 0.09 0.08 0.05 0.01 

It was previously reported that an active catalyst for steam reforming of tar compounds should be 

effective to cleavage the C-C bond and also promote the water gas shift reaction [34]. Although the 

metal Ni was able to catalyze the C-C bond cleavage, it was not very capable to promote the water gas 
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shift reaction and to resist coke deposition. The CeO2 was known for its oxygen storage and release 

ability [35], and thus, could be used as the catalytic promoter to enhance the anti-coke deposition 

performances of the catalysts. Therefore, the Ni-CeO2/SBA-15 catalysts had more promising effects 

than the Ni/SBA-15 catalyst to convert toluene and to resist coke deposition. 

3.3. Effects of the S/C Ratio on the Steam Reforming of Toluene 

Figure 6 shows the effects of S/C ratios on the steam reforming of toluene using the three catalysts 

at 850 °C. The S/C ratio had profound effects on the toluene conversion and the gas composition. 

According to Figure 6, with the increase of the S/C ratio from 2 to 5, the toluene conversion was firstly 

increased and then decreased, and the maximal toluene conversion was obtained at the S/C ratio of 3. 

In regard to the gas products, the H2 and CO2 contents were steadily increased along with the S/C ratio, 

while the CO and CH4 contents were monotonically decreased. This phenomenon might be explained 

by the toluene steam reforming reaction (C7H8 + 14H2O → 7CO2 + 18H2) and water gas shift reaction. 

During the steam reforming process, the toluene and water molecules were absorbed on the catalyst 

surface, reacting to form CO or CO2. At the high S/C ratio, most of the active sites of the catalyst 

surface would be occupied by the H2O molecules [34], resulting in the decreased adsorption and 

conversion of the toluene. Nevertheless, the high water concentration would promote the water gas 

shift reaction towards the formation of the H2 and CO2. Based on Figure 6, the S/C ratio of 3 was the 

optimal condition for the toluene conversion and product gas composition. 

Figure 6. Effects of S/C rations on the toluene conversion and the gas composition.  

(a) Ni/SBA-15; (b) Ni-CeO2 (1 wt%)/SBA-15; and (c) Ni-CeO2 (3 wt%)/SBA-15.  

(□) toluene conversion; (●) H2 content; (▲) CO content; (▼) CO2 content; and (♦) CH4 content. 

 

Various catalysts have been prepared for steam reforming of toluene in previous studies. The 

catalytic performances of those previously reported catalysts (No.1-7) and our Ni-CeO2 (3 wt%)/SBA-15 

catalyst (No.8) are given in Table 3. It is clear that the Ni-CeO2/SBA-15 is an effective catalyst with 

promising toluene conversion capability. 
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Table 3. Comparison of the catalytic performances of previously reported catalysts and the 

Ni-CeO2(3wt%)/SBA-15 catalyst. 

No. Catalyst Temperature (°C) S/C Space time Toluene conversion (%) Ref. 

1 Fe/MgO 850 18:7 20 kgcath/m3 [a] 77 [36] 
2 NiO-CeO2/Olivine 830 5:1 862 h−1 [b] 77.9 [20] 
3 Fe/Olivine 850 15:7 16.7 kgcath/m3 [a] 85 [29] 
4 Ni/cordierite 900 2:1 - 94.1 [19] 
5 Ni/Al/La 650 5.7:1 1326 h−1 [c] 94.53 [37] 
6 Cordierite 900 1.5:1 1031 h−1 [b] 95 [38] 
7 Ni/Olivine 650 2.3:1 9 kgcath/m3 [a] 100 [39] 
8 Ni-CeO2/SBA-15 850 3:1 16 kgcath/m3 [a] 98.9 - 

[a] Defined in terms of the catalyst weight divided to the volumetric flow rate of toluene vapor; [b] Defined in 

terms of the catalyst bed volume divided to the volumetric flow rate of the total vapor; [c] Defined in terms of 

the catalyst weight divided to the mass flow rate of toluene. 

3.4. Catalytic Stability Test 

Experiments were also conducted to evaluate the catalytic stability of the Ni-CeO2 (3 wt%)/SBA-15 

catalyst at the S/C ratio of 3 and catalytic temperature of 850 °C, which were the best catalyst and 

reaction condition for toluene conversion. The catalytic stability test lasted for 29 h, and the results are 

shown in Figure 7. It is seen that the Ni-CeO2(3wt%)/SBA-15 catalyst almost maintained its excellent 

catalytic activity, and the toluene conversion was only slightly reduced during the whole test. This 

might be due to the small amount of coke deposition on the quartz reactor (not on the catalyst), which 

was observed after the stability test. Meanwhile, the contents of H2 and CO2 were increased very 

slightly, while the contents of CO and CH4 dropped only a little. The carbon content of the used 

catalyst was only 0.01 wt%, which was negligible. The above results clearly indicated that the  

Ni-CeO2(3wt%)/SBA-15 catalyst possessed promising anti-coke deposition performance and  

catalytic stability. 

Figure 7. Catalytic stability test for steam reforming of toluene using  

Ni-CeO2 (3 wt%)/SBA-15 catalyst. (□) toluene conversion; (○) H2 content; (∆) CO content; 

(∇) CO2 content; and (◊)CH4 content. 
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4. Conclusions 

In this study, Ni-CeO2/SBA-15 catalysts were prepared for steam reforming of toluene, and  

they exhibited promising capabilities on the toluene conversion, anti-coke deposition as well as 

catalytic stability. During the catalytic steam reforming process, the toluene conversion was steadily 

enhanced with the increase of the catalytic temperature and the CeO2 loading content. Moreover, the 

toluene conversion was firstly increased and then decreased along with the S/C ratio, with the maximal 

value obtained at the S/C ratio of 3. The Ni-CeO2 (3 wt%)/SBA-15 catalyst possessed the best catalytic 

activity, with the maximal toluene conversion as high as 98.9% at the catalytic temperature of 850 °C 

and S/C ratio of 3. Moreover, this catalyst also showed promising catalytic stability during the long 

period stability test, and negligible coke formation was detected on the used catalyst. The gas products 

from the steam reforming process were mainly H2 and CO, together with a little of CO2 and CH4. The 

H2 content in the gas products would be gradually decreased with the increase of the catalytic 

temperature, while the CO content would be gradually increased. 
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