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The catalytic activities of nickel-based catalysts were estimated for oxidizing acetaldehyde of VOCs exhausted

from industrial facilities. The catalysts were prepared by sol-gel methods of SiO2 and SiO2-TiO2 as a xerogel

followed by impregnating Al2O3 powder with the nickel nitrate precursor. The crystalline structure and

catalytic properties for the catalysts were investigated by use of BET surface area, X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS) and temperature programmed reduction (TPR) techniques. These results

show that nickel oxide is transformed to NiAl2O4 spinel structure at the calcination temperature of 400 °C in

response to the steps with after- and co-impregnation of Al2O3 powder in sol-gel process. The NiAl2O4 could

suppress the oxidation reaction of acetaldehyde by catalysts. The NiO is better dispersed on SiO2-TiO2/Al2O3

support than SiO2/Al2O3 and SiO2-TiO2-Al2O3 supports. From the testing results of catalytic activities for

oxidation of acetaldehyde, Catalysts showed a big difference in conversion efficiencies with the way of the

preparation of catalysts and the loading weight of nickel. The catalyst of 8 wt.% Ni/TiO2-SiO2/Al2O3 showed

the best conversion efficiency on acetaldehyde oxidation with 100% conversion efficiency at 350 °C. 
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Introduction

Catalytic converter offers an effective and economic alter-

native for purifying harmful gas exhausted by vehicles using

petroleum as a main fuel. 

The honeycomb ceramic support of catalytic converter

assembly is coated with material of high surface area which

acts as a host for the noble metal catalysts and additives.

Besides the high surface area, other desirable washcoat

properties are thermal, chemical, mechanical stability and

appropriate pore size distribution. A material combining

these properties and thus most widely used in this kind of

application is γ-alumina.1 The washcoat phase usually con-

tains some quantities of other phases which have a particular

function. For example, ceria and lanthania are frequently

added to γ-alumina in order to increase oxygen storage

capacity and thermal stability, respectively.2-4 

Recently, Tightening emission standards for automobile

give an impulse to improve the natures of properties and to

adopt the new technologies in catalytic converter. In case of

washcoat, a performance is limited due to the uncontrolled

porosity, the deactivation by coke formation and plugging in

the micropore which hinders the diffusion of reactants and

products. Thus oxide material supports with a narrow pore

size distribution, uniform pore structure, and high pore

volume are required for practical application.

Solid catalysts with high specific surface area, high homo-

geneity, and controlled redox properties are important in

catalytic converters. Chemical and physical properties of

solid catalysts depend mainly on the procedures and condi-

tions of preparation. There are several methods to prepare

oxide mixture, which are conventional solid-state mixing,

coprecipitation, and sol-gel process.5

Binary solids of silica and titania are of great importance

as glasses with low thermal expansion coefficient, catalyst

supports, and catalysts. Preparation procedure of atomically

mixed titania-silica as a mesoporous support has gained

marked commercial and academic interest due to its potential

as oxidation catalysts. A versatile method for achieving

intimate mixing is the solution-sol-gel (SSG) technique,

which represents a highly controllable preparation route to

prepare active materials with high specific surface areas and

homogeneity as well as tailored properties. This route pro-

vides a means for uniformly distributing different con-

stituents at the atomic scale and forming materials with high

specific areas.6

The sol-gel process involves two major reactions: hydro-

lysis (Eqs. (1a) and (1b)) and condensation (Eqs. 2(a) and

(2b)).6,7

Hydrolysis

partially hydrolyzed
M(OR)z + xH2O ⎯⎯⎯⎯⎯⎯→ (HO)x − M(OR)z-x (1a)

+ xROH; o < x < z

 completely hydrolyzed

M(OR)z + zH2O ⎯⎯⎯⎯⎯⎯⎯→ M(OH)z + zROH (1b)

Condensation

(RO)z−1M − OH + HO − M(OR)z−1
→ (RO)z−1M − OM(OR)z−1 + H2O (2a)
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(RO)z−1M − OR + HO − M(OR)z−1
→ (RO)z−1M − OM(OR)z−1 + ROH (2b)

where R is typically an alkyl group, M the required metallic

cations, and z the valance of cations. The above reactions

can be controlled by adjusting the process parameters such

as molar ratios of H2O/M(OR)x, pH, reaction temperatures,

acid, basic catalysts used, and the form and composition of

raw materials. In preparing homogeneous multicomponent

gels, comparable rates of hydrolysis and condensation are

required during reaction.

With high thermal stability, superior adsorption capability

with active components and good redox properties, mixed

TiO2-SiO2 systems have attracted considerable attention as

advanced materials to supersede single-oxide systems for

catalytic supports. 

In this study, catalytic activity of acetaldehyde among

VOCs is estimated to confirm the oxidation catalyst sup-

ported on gel-derived TiO2-SiO2 support which plays a

decisive role of a host for transition metals. Methodologies

are also considered in synthesis to prepare the oxidation

catalyst impregnated with gel-derived TiO2-SiO2 support.

TiO2-SiO2 support plays a decisive role of a host for transi-

tion metal catalyst. Thus the catalytic activity is estimated in

accordance with the prepared catalysts by variable methodo-

logies in which the stages of impregnating with transition

metal through sol-gel route deriving from the starting

material, titanium chloride (TiCl4) and tetraethyl orthosili-

cate (TEOS). Ni based metal catalyst as an oxidation catalyst

is used, and acetaldehyde among VOCs is used as a target

material to test catalytic activity.

The effects of different Ni impregnation stage during the

preparation of catalyst derived TiO2-SiO2 xerogel were

studied using BET experiments, X-ray diffraction analysis,

X-ray photoelectron spectroscopy, scanning electron micro-

scopy(SEM) and catalytic activity test.

Experimental

Catalyst preparation. Four kinds of Ni-based catalysts

were prepared by different methods, where variables were

introduced in the stage of Ni impregnation during synthesis

of catalysts derived xerogel.

Figure 1 shows the experimental procedure used to pre-

pare TiO2-SiO2 particles. A typical synthesis, adopted from

one step hydrolysis, of SiO2 or TiO2-SiO2 composite xerogel

samples was proceded with the following precursors: tetra-

ethyloxysilane (TEOS), TiCl4, acetic acid. distilled water.

Ethanol was used as a mutual solvent, and the hydrolysant

consisted of doubly distilled water and acetic acid.

The experimental parameters of molar ratios of H2O/

alkoxides or H2O/chlorides and pH of the starting solutions

on the resultant particles were considered from previous

studies. The molar value of 0.051 TEOS to TiCl4 resulted in

60 wt.% SiO2 and 40 wt.% TiO2, and also the molar ratios

corresponding to the solution of starting material was TEOS:

TiCl4:EtOH:H2O:CH3COOH = x:y:7(x+y):10(x+y):2(x+y).

Firstly, EtOH, TEOS, H2O and CH3CHOOH were mixed

by stirring and then TiCl4 alcoholic solution was added at 0
oC under vigorous stirring. The pH value of metal alcoholic

solution was maintained as 2. The resulting sol was stirred

for 20 minutes and sonicated for 270 minutes in ultra-

sonication bath followed by gelling at room temperature for

24 h. After that it was treated with ammonia to change pH up

to 9, and then gel was neutralized by distilled water. Finally,

gel was evaporated by rotary evaporator followed by drying

for 12 h at 120 oC and calcining for 4 h at 400 oC.

To prepare the oxidation catalyst, support consists of TiO2-

SiO2 xerogel and γ-alumina is impregnated with Ni. Nickel

(II) nitrate hexahydrate was used as Ni starting material and

commercial γ-alumina of 150 mesh was used. The samples

were variable with the stage of Ni impregnation during

synthesis of sol-gel or after xerogel powder.

Catalyst characterization. The BET method was used to

analyze nitrogen adsorption-desorption data at 77 K. Surface

areas, pore volumes, and pore size distributions of tested

samples were measured.

The XRD diagrams, which were used to determine chemical

phases of the resultant samples, were recorded with Cu-Kα

radiation over a 2θ range of 20-80o. The particles and

crystallite morphologies of the obtained samples were

observed from their SEM photomicrographs.

X-ray photoelectron spectra (XPS, Physical Electronics

Quantum 2000 Scanning ESCA Probe) were recorded on a

Al Kα (λ = 1.5406) radiation for exciting photoelectrons. All

binding energies were referenced to the adventitious C 1s

line at 284.7 eV.

Temperature-programmed reduction (TPR) was carried

out by 10% H2/Ar, at a flow rate of 25 mL/min, after 100 mg

of the sample was oxidized at 500 oC. A linear increase of

temperature to 900 oC at a rate of 15 oC/min was adopted.

The consumption of H2 was measured with TCD.

Figure 1. Experimental procedures for preparing the TiO2-SiO2

xerogel and cases of catalysts classified.
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Catalytic reaction. The catalytic activity test was con-

ducted in a fixed-bed reactor of a quartz tube (6 mm, i.d.)

under atmospheric pressure. One hundred milligrams of

catalyst was loaded for each test. The catalysts were flushed

under N2 flow at 500 oC for 2 h before reaction.

The reaction gases contained 500 ppm acetaldehyde and

10% air in total gas flow of 100 mL/min. The reactant and

product composition were analyzed on-line with a HP-6890

gas chromatograph equipped with a flame ionization detector

(FID).

Results and Discussion

Characteristics of catalysts. The specific BET surface

area of the oxidation catalysts was dependent on the sup-

ports including TiO2-SiO2 xerogel and commercial γ-

alumina as listed in Table 1. Surface area of SiO2 xerogel

decreased with forming into composite powder with TiO2

and γ-alumina. However, the specific surface area showed a

wide difference between xerogel powder and commercial γ-

alumina. This is continued to the sample impregnated with

transition metal Ni. 

The pore properties especially specific BET surface area

(m2/g) were affected by supports. Figure 2 shows the typical

patterns of N2 adsorption-desorption isotherm curves. The

isothermal adsorption curves for gel-derived TiO2-SiO2

xerogel composites was between type II and III of the

IUPAC classifications, indicating that the obtained TiO2-

SiO2 xerogel composites contained both mesopores and

macropores. Pore size distributions are presented in Figure 3

corresponding to BJH pore sizes obtained from the desorp-

tion isotherms. Mesoporous property of the samples impreg-

nated with Ni on mixed powder of TiO2-SiO2 xerogel and

Al2O3, SiO2/Al2O3-Ni and 

TiO2-SiO2/Al2O3-Ni, are well developed with large pore

volume (from Table 1, BJH adsorption pore volume, 1.7-300

nm diameter) than that of the samples impregnated simul-

taneously with Ni and/or Al2O3 during sol-gel process for

resultants TiO2-SiO2 xerogel powder, TiO2-SiO2-Al2O3/Ni

and TiO2-SiO2-Al2O3-Ni.

Figure 4 shows the SEM photomicrographs of the gel-

derived TiO2-SiO2 xerogel composites. By examining these

SEM photomicrographs, it is clear that all of the samples

were composed of secondary particles with submicron size

which were formed from the agglomeration of nano scaled

Table 1. Acronyms and Physicochemical properties of the samples

Sample
Compositiona (wt.%)

Ni: TiO2:SiO2:Al2O3

BET surface area

(m2/g)

Pore volumeb

(cm3/g)

Pore diameterc

(nm)

Al2O3 0:0:0:100 131.66 0.27 6.39

SiO2 0:0:100:0 652.30 0.86 4.96

TiO2-SiO2 0:40:60:0 411.83 0.82 7.40

TiO2-SiO2-Al2O3 0:20:30:50 334.24 0.41 4.49

SiO2-Al2O3-Ni 8:0:5:42 319.29 0.50 5.55
*TiO2-SiO2-Al2O3-Ni 8:20:30:42 231.75 0.48 7.47
**TiO2-SiO2-Al2O3-Ni 8:20:30:42 242.26 0.33 4.99
***TiO2-SiO2-Al2O3-Ni 8:20:30:42 279.96 0.35 4.51

asynthetic methods are different for each sample. *Case 1. bBJH adsorption pore volume (1.7-300 nm diameter). **Case 2. cBJH adsorption average pore
diameter (4V/A). ***Case 3

Figure 2. N2 adsorption-desorption isotherms of mesoporous
powders.

Figure 3. Pore size distribution of the gel-derived TiO2-SiO2

xerogel composites.
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primary particles. The size distribution of secondary parti-

cles of TiO2-SiO2/Al2O3-Ni was more uniform than that of

TiO2-SiO2-Al2O3-Ni and the agglomeration tends to spheroi-

dize. These suggests that the different methods to prepare

TiO2-SiO2 composites affect the gelation procedure via

micelle stage by γ-alumina powder, which squeezes itself in

ionic metals during condensation procedure after hydrolysis.

The results of XPS analysis of the gel-derived TiO2-SiO2

xerogel composites, TiO2-SiO2/Al2O3-Ni and TiO2-SiO2-

Al2O3-Ni, are shown in Figure 5 and are also listed in Table

2. The binding energy of Ni 2p3/2 measured for Ni-based

catalysts supported by gel derived TiO2-SiO2 xerogel is well

defined at 852-857 eV. In this binding energy, nickel is

mainly in oxidation state of Ni+1-Ni+3, and few metallic

states. The binding energy of Ni 2p3/2 measured for TiO2-

SiO2/Al2O3, which Ni (855.57 eV) is slightly lower than the

value of TiO2-SiO2-Al2O3-Ni (856.45 eV). This result

suggested that the binding energy of Ni 2p3/2 is lower for the

highly dispersed Ni which corresponds to the coverage of

the support below monolayer than for bulk. 

The width and area of binding energy for Ni 2p3/2 from

TiO2-SiO2/Al2O3-Ni are bigger than those of TiO2-SiO2-

Al2O3-Ni, which represents the oxidation potential of Ni. By

the process of peak deconvolution, higher binding energy of

Ni 2p3/2 in TiO2-SiO2-Al2O3-Ni is observed than that of

TiO2-SiO2/Al2O3-Ni. This result is considered to occur due

to the enhancement of the interaction between oxidized Ni

and supports, which is related to form the spinel structure.

From the results of XRD in Figure 6, gel-derived xerogel

composites are identified with Al2O3 as γ-alumina and TiO2

as anatase, respectively. Nickel oxides are well defined on

gel-derived TiO2-SiO2 xerogel composites and also the

identification of nickel oxide turns out to be nickel compo-

site such as NiAl2O4 and Ni2TiO4 as a spinel structure. 

TiO2-SiO2-Al2O3-Ni is distinct from crystalline phase of

nickel cation. The interaction between the nickel and sup-

ports is stronger in TiO2-SiO2-Al2O3-Ni than others. These

interactions between nickel oxides and supports produce

nickel composite such as nickel silicate (Ni2SiO4), nickel

titanium oxide (NixTiyO4) and nickel aluminate (NiAl2O4).

Figure 4. SEM photomicrographs of the gel derived TiO2-SiO2

xerogel composites, TiO2-SiO2/Al2O3-Ni and TiO2-SiO2-Al2O3-Ni.

Table 2. Results of XPS measurement for the gel-derived TiO2-
SiO2 xerogel composites

Xc (NI2p3) Width Area

SiO2/Al2O3-Ni 856.08 4.247 2738.3

TiO2-SiO2/Al2O3-Ni 855.57 5.30 2187.3

TiO2-SiO2/Al2O3/Ni 855.51 5.24 1720.8

TiO2-SiO2/Al2O3-Ni 856.45 4.23 1544.0

Figure 5. XPS spectra of the gel-derived TiO2-SiO2 xerogel com-
posites.

Figure 6. XRD spectra of the gel-derived TiO2-SiO2 xerogel
composites.
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Catalytic activity. The catalytic activities of acetaldehyde

oxidation over Ni-based catalysts are shown in Figure 7. It is

clear from Figure 7 that the light-off temperature of TiO2-

SiO2-Al2O3-Ni catalyst is obviously lower than that of TiO2-

SiO2/Al2O3-Ni catalyst. The catalytic activity is initiated

around 220 oC with the exception of TiO2-SiO2-Al2O3-Ni

catalyst. The light-off temperature for 50% CH3COOH

conversion (LOT50) of TiO2-SiO2-Al2O3-Ni catalyst was

found to be around 360 oC. The LOT50 of TiO2-SiO2/Al2O3-

Ni catalyst was observed to be 300 oC and that of full

conversion of this catalyst was found to be 350 

oC. From the

case of TiO2-SiO2-Al2O3-Ni, it was found that Ni oxides

were attracted to the supports with strong interaction which

result in decrease in catalytic activity. Consequently, Oxides

in lattice of spinel structure composites such as NiAl2O4 and

Ni2TiO4 decrease the oxidation potential of transition metal.

Conclusion

The following conclusions can be drawn from the results

of present study:

1. Surface characteristics of xerogel supports are control-

led by nano-scale with 411 m2/g of BET surface area and

pore diameter of 7.4 nm on TiO2-SiO2 xerogel.

2. Based on the results of XPS, Nickel is defined as Ni 2p3/2

at 852-857 eV binding energy. Ni 2p3/2 of TiO2-SiO2-Al2O3-

Ni is distributed at higher binding energy than other species.

3. From the results of XRD, Nickel oxides are identified

with the nickel composite such as NiAl2O3 and Ni2TiO4

resulted from the interaction between the nickel and sup-

ports.

4. TiO2-SiO2/Al2O3-Ni with 80% of conversion at 320 oC

is superior to others. TiO2-SiO2-Al2O3-Ni shows the poorest

performance. It is supposed that the nickel composites such

as NiAl2O3 and Ni2TiO4 suppress the oxidation reaction on

catalyst.
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Figure 7. Catalytic activity of Ni-based catalyst supported on gel-
derived TiO2-SiO2 xerogel composites for oxidation of acetalde-
hyde.


