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ABSTRACT 

 

A rice husk-derived SBA-16 was dispersed with V2O5, CeO2, and CuO, and the CO oxidation activities of these 

systems were examined. X-ray diffraction, scanning electron microscopy, transmission electron microscopy, 

temperature-programmed reduction, and diffuse reflectance ultraviolet spectroscopy were used to characterize 

the catalysts. CuO doped mesoporous silica has been identified as a promising catalyst. Over the system, more 

than 98% of CO was converted. 
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INTRODUCTION 
 

The catalytic oxidation of CO has attracted great attention because of its extensive applications in various fields 

including automotive emission control, CO preferential oxidation for proton exchange membrane fuel cells, exhaust 

abatement for CO2 lasers and trace CO removal. Most of the catalysts explored to this effect include supported 

precious metals such as Pt, Pd and Au on various oxides [1–7]. However, these catalysts have the drawback of high 

cost. Hence ongoing search is there for more economic solid oxide materials that effectively catalyse CO oxidation. 

However, pure metal oxides are not attractive because of their poor thermal stability, which necessitates the presence of 

suitable supports for fine dispersion. The presence of a support enhances the stability and effective surface access of the 

reactants. Mesoporous metal oxides are promising sup- port materials because of their high surface area and porosity 

characteristics. Among these, mesoporous SiO2 has been exten- sively used as a support in various reactions of     

industrial and environmental significance. 

 

This study provides the first account of a rice husk derived SBA-16 supported metal oxide (V2O5, CeO2, or CuO) 

catalysts for CO oxidation. Mesoporous silica materials of the SBA type (Santa Barbara acid) exhibit large pore sizes 

(2–30 nm), thick pore walls and high stability. Among the SBA materials, SBA-16 has attracted much attention 

because the 3D cubic arrange- ment of mesopores allows a favourable mass transfer of bulky reactants. Usually, 

strong acidic conditions are widely used for the synthesis of SBA-16. But the use of strong acid in the syn- thesis 

causes problems such as high cost of reagents, complex post-treatment process and waste disposition. In the present 

study, SBA-16 is achieved from rice husk derived silica under mild reaction conditions. The objective of this study is 

to use the tailored pore size of SBA-16, which will positively tune the activity of dispersed oxidation catalysts 

towards CO conver- sion. The catalysts are characterised using low- and wide-angle X-ray diffraction (XRD), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), temperature-pro- grammed 

reduction (TPR), surface area analysis and porosity studies. 

 

Experimental 

Synthesis and characterisation of catalysts 

Rice husk derived SBA-16 was prepared as follows. Rice husk was washed to remove the impurities, followed by diges- 

tion with 10% HCl for 3 h. The residue was washed thoroughly and dried at 110 °C for 12 h. Calcination of the solid at 600 

°C for 6 h yielded silica, which served as the precursor for SBA-16. To achieve SBA-16, the silica was added to NaOH (E-

Merck, Darmstadt, Germany) solution and stirred for 3 h, followed by the addition of an aqueous solution of cetrimonium 

bromide (CTAB; Sigma-Aldrich, St. Louis, MO, USA). Molar ratio of SiO2:NaOH:CTAB:H2O was maintained as 

4:2:1:277, and the final pH of the solution was adjusted to ~11. Stirring for 48 h under room temperature led to the 

precipitation of the final material, which was washed thoroughly with an ethanol and water mixture. The solid was filtered 
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and calcined at 600 °C for 5 h. The active metal oxide loading was fixed as 10 wt% of the silica in the supported system. 

Wet impregnation procedure using ammonium metavanadate was used to yield the V2O5/SBA-16 catalyst. CeO2- and 

CuO-loaded silica catalysts were synthesised via deposition precipitation using ammonia from their respective nitrate 

solutions. 

The microstructure of the samples was investigated using a Philips CM200 TEM (Amsterdam, The Netherlands) and a 

JEOL JSM-848 SEM instrument (Tokyo, Japan). Powder XRD patterns of the samples were recorded on a Rigaku D/MAX 

diffractome- ter (Tokyo, Japan) using Cu Kα radiation. Low angle XRD was achieved using a Bruker Nanostar instrument 

(Karlsruhe, Ger- many). Porosity and BET surface area were obtained on a Mi- cromeritics Gemini surface area analyser 

(Norcross, GA, USA). Diffuse reflectance ultravoilet (UV) spectra were taken using a Jasco V-550 spectrophotometer 

(Tokyo, Japan). The TPR stud- ies were performed using H2 on a Micromeritics Pulse Chemi- sorb-2705 fitted with a 

thermal conductivity detector. 

 

Catalyst testing 

CO oxidation activity was monitored as follows. The catalyst samples were activated at 300 °C for 1 h prior to the reaction 

studies. Activated catalyst samples (0.3 g) were supported be-tween porcelain beads in the middle of a quartz reactor. The 

inlet gas was a calibrated mixture gas of 6% (v/v) of O2, 1% (v/v) CO and the rest of N2. The gas flow was adjusted to a 

space velocity of 28800 h−1. CO and CO2 in the outlet gas were separated using ―Pouropack‖ packed column followed by 

con- version to methane by the ―methanator‖, detected separately, and analysed using gas chromatography. 

 

RESULTS AND DISCUSSION 

 

Characterisation of the support material 

Rice husk was extracted with acid and yielded 20% SiO2, which corresponded to a silica conversion of 91% in the ash. Rice 

husk derived silica particles were ~10 nm in size, as indi- cated by the TEM image (Fig. 1(a)). The powder XRD data indi- 

cated an amorphous material (Fig. 1(b)). This result was sup- ported by the selected area electron diffraction pattern associ- 

ated with the TEM image. 

 

The physical characteristic features of SBA-16 derived from rice husk are displayed in Fig. 2. The mesoporous system also 

showed a significant amorphous nature as indicated by the wide-angle XRD pattern. The TEM image showed well-ordered 

hexagonal mesopores, which were separated from each other by thick amorphous walls of silica, as is expected for the 

SBA-16 material. Pores of diameter ~4 nm are visible in the image. The SEM image of SBA-16 shows interconnected 

wheat-like species of length ~200 nm and width ~70 nm. Fur- ther confirmation of the mesoporous nature was achieved via 

N2 adsorption and low angle XRD analysis. The low-angle XRD pattern of mesoporous silica showed diffraction peaks at d 

spacings 10.77, 7.61, and 6.01 nm (corresponding to 2 = 0.82°, 

 

1.17°, and 1.47°) signifying (110), (200), and (211) planes, re- spectively, showing the cubic body centred space group 

struc- ture of SBA-16 (Im3m space group). The lattice parameter de- rived from the diffraction pattern was 15.14 nm. 

Presence of ink-bottle-type pores, which are characteristic of SBA-16, were indicated in the N2 adsorption profile, which 

showed type IV isotherm with H1 type broad hysteresis loop closing around a p/p0 of 4.5 [8]. The average mesopore size of 

the material was 

 

4.2 nm, which agrees with that of TEM analysis. Presence of intra-wall microporosity, another characteristic feature of 

SBA-16, was also shown in the pore distribution profile, and the micropore volume calculated from the s-plot was 0.17 

cm3/g. BET surface area and total pore volume were 226 m2/g and 

 
 

Fig. 1. TEM image (a) and powder XRD pattern (b) of rice husk derived silica. 
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Fig. 2. Wide-angle XRD pattern (a), TEM image (b), SEM image (c), low-angle XRD pattern (d), N2 hysteresis 

loop (e), and pore distribution (f) of rice husk derived SBA-16. 

 

 0.37 cm3/g, respectively. Pore wall thickness (8.9 nm) was cal- culated using the formula, wall thickness t = ((√3a0/2) 

− d), with the help of spacing (d) and lattice parameter (a0). 

 

Characterisation of the supported catalysts 

Figure 3 depicts the wide-angle XRD patterns of the catalyst samples. No significant change was noticed in the XRD 

patterns of V2O5/SBA-16 and CuO/SBA-16 when compared with that of mesoporous silica, indicating that the metal 

oxides are finely dispersed on the support or the crystallites of the metal oxides are too small to be detected by XRD. 

However, there was a no-table difference in the pattern of the CeO2-based system, where additional peaks appeared, 

concomitant with an increase of crystallinity. Reflections observed at 2 = 28.88°, 33.32°, 47.84°, 56.6°, and 76.9°, 

corresponding to d spacings 0.31, 0.27, 0.19, 0.16, and 0.12 nm, signify (111), (200), (220), (311), and (331) planes of 

CeO2 crystallites (JCPDS 34-0394), respectively. The cubic fluorite-type lattice of ceria is clearly shown by this. The 

SEM and TEM images (data not shown) of the supported systems differed little from those of pure SBA-16, showing 

that the impregnation did not affect the morphology of the support. However, a reduction in surface area and other pore 

character- istics was observed as a result of pore filling because of metal oxide addition (Table 1). 

 

The diffuse reflectance UV spectra of the samples were rec- orded in the range 200–800 nm (Fig. 4(a)). The pure SBA-

16 support showed no signal in the above-mentioned wavelength range. CeO2/SBA-16, in which crystallite cerium 

oxide existed, showed three peaks, two prominent peaks at ~250 and 350 nm, and a comparatively small one at 280 nm. 

The first peak corresponded to Ce3+ present in the sample arising from Ce3+O2−, although the XRD results ruled 

out the possibility of crystalline Ce2O3. The second peak was an inter-band transi- 

 

 
 

Fig.3.XRD patterns of metal oxides loaded on SBA-16. 
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Table 1: Physical characteristics of catalysts. 

 

Catalyst 
Bandgap(

eV) 

Surfacearea(m
2/g) 

Porevolume(c

m3/g) 

Averageporewi

dth(nm) 

SBA-16 — 226 0.37 4.2 

CuO/SBA-16 1.77 114 0.25 3.6 

V2O5/SBA-16 2.36 126 0.28 3.7 

 

 

    

 

 
 

Fig. 4. Diffuse reflectance UV spectra (a) and Kubelka-Munk plots (b) of the catalysts. 

 

tion, and the weak band at 280 nm was assigned to Ce4+O2− charge transfer transitions [9]. The spectrum of 

CuO/SBA-16 exhibited strong absorption bands at 210–270 and 357 nm, signifying the ligand-to-metal charge transfer 

transition of Cu2+ cations, and an intense band at 600–800 nm because of (Cu–O–Cu)2+ clusters in a highly dispersed 

state. Mendes et al. 

 

[10] have observed that the broad band between 600 and 900 nm and the band at ~350 nm indicate the formation of 

copper clusters different from bulk CuO. Therefore, the predicted ab- sence of active oxide crystallites as per the XRD 

study is sup- ported by this observation. However, a discrepancy was noted for the V2O5/SBA-16 sample, in which the 

XRD data suggested no crystalline V2O5 in the system. The band between 400 and 600 nm indicates the presence of 

crystalline vanadia [11]. The small size of the crystallites may be the reason for this dis- crepancy between 

experiments. The data achieved through the diffuse reflectance UV spectra were used to measure the band gap energy 

(Table 1), using the Kubelka-Munk plots (Fig. 4(b)). 

 

Reducibility of the catalyst is an important aspect when we consider its efficiency as an oxidation catalyst. Pure 

mesopo- rous silica did not show any thermal conductivity detector sig- nal corresponding to H2 consumption, 

confirming that the sup- port was not reducible under the selected temperature range. The profiles obtained for the 

supported catalysts are shown in Fig. 5, which marked gas consumption in the temperature range 200–800 °C. The 

supported catalysts showed a signal in the reduction profile indicating the reduction of metal oxide 

  

species in the catalysts. The Tmax positions (temperature cor- responding to the maxima of the curve) of the Cu, V, and 

Ce mesoporous silica samples were 340, 490, and 547 °C, respec- tively. Copper-loaded silica is easily reducible 

because the peak was noticed at the lowest temperature among the three cata- lysts. The reducibility followed the order 

CuO/SBA-16 > V2O5/SBA-16 > CeO2/SBA-16, which agrees with the order of reducibility of the active metal ions in 

the supported catalysts. 

 

CO oxidation activity of the supported catalysts 

The catalytic activity of the support and the impregnated systems is shown in Fig. 6. The CO oxidation activity of all 

the systems increased with increases in reaction temperature. SBA-16 catalysed ~15% conversion of CO under the 

given ex- perimental conditions. It is noteworthy that there is a large increase of oxidation activity when the silica was 

loaded with oxidation catalysts. The observed increase in activity was the highest for CuO/SBA-16 and the lowest for 

CeO2/SBA-16. The activity was measured in terms of T50 (temperature corre- sponding to 50% conversion of CO) 

value, and the T50 was 224 

 

°C for CuO/SBA-16. As the other two systems exhibited com- paratively low activities, a comparison was made in 
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terms of T10, which were observed at 154, 181, and 265 °C for Cu, V, and Ce samples, respectively. We conclude that 

the trend in the activity depends solely on the reducibility of impregnated met- al ions in the support. This fact has been 

reported by other re- 

 

 
 

Fig. 5. H2-TPR profiles of the catalysts. Fig. 6. Light-off curves for CO oxidation of various catalytic systems. 

 

 
 

searchers also. Thus, this study supports the importance of the reducibility of the metal ion species, which renders the 

system effective as the oxidising agent, in deciding the activity of CO oxidation catalysts. In summary, we suggest that 

the CuO-in- corporated system serves as an efficient catalyst for CO remov- al. To understand the effect of ordered 

mesoporous nature of the support (SBA-16) chosen in the study, CuO was supported in ordinary silica, in which the 

pore size was not uniform and the pore distribution covered the range 10–150 nm. This sys- tem exhibited a T50 value 

~300 °C. The result indicates the ad- vantage of ordered mesoporous SBA-16 over disordered po- rous silica, in 

deciding the activity of the supported catalysts. 

 

CONCLUSIONS 

 

SBA-16 synthesised from rice husk ash silica via a surfactant assisted route showed pore size of 4 nm and pore wall 

thick- ness of 8.9 nm. The material served as a good support to fabri- cate active catalysts for CO oxidation. Among the 

three active oxidation catalysts chosen for this study (V2O5, CeO2, and CuO), the CuO-based system showed the 

highest activity under the given set of reaction conditions. The role of the reducibility of the catalyst in deciding the 

oxidation efficiency was affirmed by this study. 
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