
INTRODUCTION

Photocatalytic oxidation has grown to be very impressive

technique in dealing with environmental pollutions1-3. A number

of published literatures have reported the satisfactory future

both on fundamental theory and applicable research in this

field. The development of new photocatalytic materials with

high activity is always the research focus in this field. There

are two ways to improve the photocatalytic activity of TiO2

based materials. One is doping with other elements, such as

noble metals4,5, heavy metals6,7 and rare earth elements8,9.

Another way is to prepare TiO2 based composite photocatalytic

materials, such as TiO2-SiO2
10 and SnO2/TiO2

11.

The preparation of TiO2-Al2O3 composite was not reported

in the previously published literatures. In our recent work, the

combination of TiO2 and HZSM-5 zeolite showed much

improved photocatalytic activity on methyl orange degradation12.

Here came the idea that combination of TiO2 with SiO2 and

Al2O3 might have satisfactory results since the HZSM-5 is

composed of SiO2 and Al2O3. The functions of SiO2 to the

influences on TiO2 were discussed in other paper13.

In this article, a novel porous TiO2-Al2O3 composite nano-

material was prepared by sol-gel preparation method. Pre-

cursors were composed of tetrabutyl titanate and aluminum

isopropoxide. The composite materials were produced

after calcination at 500 ºC for different time. The samples were

characterized by XRD, SEM and specific surface areas and
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pore size distribution. The influences of calcination time on

photocatalytic degradation of methyl orange on the TiO2-Al2O3

composite were investigated.

EXPERIMENTAL

Sol-gel preparation: A given mass of tetrabutyl titanate,

aluminum isopropoxide [n(Ti)/n(Al) = 12], polyethylene

glycol (PEG1000) and concentrated hydrochloric acid were

added into absolute ethanol under magnetic stirring. Another

mixture of deionized water and absolute ethanol was dropped

into the former solution at a constant speed. The volume ratio

of constituents in the final solution was V[Ti(OC4H9)4]:

V(C2H5OH):V(HCl): V(H2O) = 1:5:0.05:0.5. The solution was

kept under stirring until the sol and gel formed. The gel was

left for 12 h at ambient temperature and dried at 80 ºC for 8 h.

After that, the samples were grinded and calcinated at 500 ºC

for different time. The prepared materials were grinded again

before use.

Characterization: Scanning electron microscope (SEM)

images were taken on a HTACHI S-3400N scanning electron

microanalyzer. The samples for SEM imaging were coated

with a thin layer of gold film to avoid charging. The crystalline

phases of the photocatalysts were measured by X-ray diffraction

(XRD) with D/max-rB diffractometer using a CuKα radiation.

The N2-adsorption and desorption of the sample was measured

by F-Sorb 3400 specific surface area and pore size distribution

analytical instrument. Specific surface areas and pore size
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distribution were calculated from the N2 desorption isotherms,

according to Brunauer-Emmett-Teller (BET) equation and

Barrett-Joyner-Halenda (BJH) method, respectively.

Photocatalytic activity: The photocatalytic activity of

TiO2-Al2O3 composite was evaluated by degradation of methyl

orange solution under UV light irradiation. The adsorption

and photocatalytic activity of the samples were investigated

by measuring the decoloration rate of methyl orange (MO) in

a lab-scale photocatalytic reactor. The reactor consisted of a

250 mL beaker and a UV lamp hanging over the beaker. The

20 W UV-light lamp with main irradiation wavelength at 253.7

nm was used as a light source to trigger the photocatalytic

reaction and the average light intensity was about 1100 µW/

cm2. The concentration of methyl orange was calculated by

Lambert-Beer law using 721E spectrophotometer. The absor-

bency of methyl orange was measured at 468 nm corresponding

to the maximum absorption wavelength.

The mixed solution of methyl orange and photocatalyst

(V = 50 mL, CMO = 10 mg/L) was put into a beaker. Before

photocatalytic reaction, the adsorption of methyl orange on

photocatalyst was measured in the suspension. The solution

was allowed to reach an adsorption-desorption equilibrium

under 0.5 h of magnetic stirring in the dark. After that, 5 mL

of suspension was taken out of the reactor and was filtered

through a Millipore filter (pore size 0.45 µm) to remove the

catalyst. The filtrated solution was measured for its absorbency.

After that, the remaining methyl orange and photocatalyst

suspension was put under UV light irradiation. After a distinct

time, 5 mL of suspension solution was removed and filtrated

to measure the change of methyl orange concentration. If not

indicated, the irradiation time in the subsequent experiments

was set to 0.5 h.

RESULTS AND DISCUSSION

Sol-gel is a widely applied method used for preparation

of nano-sized TiO2 photocatalyst. In order to improve the

properties of the photocatalyst, some kinds of techniques such

as transition metal doping and composite photocatalyst have

been used to enhance the activity of the materials. Porous

materials are regarded as one of the promising choice in

improving performance on pollutant treatment. Mesoporous

and macroporous materials accompanied with large specific

surface area are considered to have advanced photocatalytic

oxidation efficiency. In order to prepare suitable porous material

for the above mentioned purpose, template is always needed

in the preparation process as pore formation director. In this

paper, polyethylene glycol (PEG1000) was chosen as the

template to prepare porous TiO2-Al2O3 composite.

Fig. 1 shows the XRD patterns of porous TiO2-Al2O3

composite materials calcinated at 500 ºC for different times.

It can be seen from the patterns that, all the samples presented

anatase TiO2 crystalline structure. In the current preparation

conditions, there was no rutile TiO2 phase appearing in the

patterns. Meanwhile, there were no noticeable diffraction peaks

of any of crystalline phases of Al2O3. It indicates that Al2O3

was in amorphous phase in the materials. The materials

prepared under different calcination times were all composed

of anatase TiO2 and amorphous Al2O3. Since n(Ti)/n(Al) ratio
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Fig. 1. XRD patterns of porous TiO2-Al2O3 composites calcinated at 500 ºC

for different times

in the materials was 12, anatase TiO2 matrix composed the

main skeleton of the materials and amorphous Al2O3 was mixed

with TiO2 crystallite.

Long time calcination can benefit crystalline formation

of the material. As calculated from Scherrer formula on (101)

plane of the XRD patterns, crystallite sizes of anatase TiO2

were 10.06, 10.55 and 11.13 nm for the samples calcinated

for 1, 2 and 3 h, respectively. The prolonged calcination time

can lead to a slight grow up of TiO2 crystals. However, the

crystallite size difference was not large since the diffraction

peaks did not have much variation in peak intensity and width.

On the other hand, the existence of Al2O3 would also prohibit

crystalline formation of TiO2. Crystallite sizes of anatase TiO2

were around 10 nm, a size range near nano size that does not

usually appear at high temperature calcination.

Fig. 2 shows the SEM images of porous TiO2-Al2O3

composite materials calcinated at 500 ºC for different times.

Surface morphology is a very important technique to study

adsorption and photocatalytic activity of the materials. The

surfaces of the materials were very rough with long grooves

on the surface. The materials were composed of large amor-

phous like matrix, along with some small particles laying on

the surface.

BET specific surface area and average pore size of porous

TiO2-Al2O3 composite materials calcinated at 500 ºC for diffe-

rent times are listed in Table-1. The results reveal that BET

specific area, pore volume and average pore size of the mate-

rials varied with calcination time. The sample calcinated for

2.5 h had the maximum specific area of 128.9 m2 g-1. High

pore volume and average pore size were possessed by the

samples calcinated for 1 and 3 h. Taking the specific surface

area for consideration, the data increased at first with increasing

calcination time and then declined after even longer time

calcination. The reasons are that, short time calcination could

not remove organic substances in the materials thoroughly and

left a certain content of organic substances existing on the

surface of the materials, acting as reducing the surface area.

On the other hand, too long time calcination would destroy

the porous structure of the material, leading to reduced surface

area. The materials had large specific surface area with average

pore size between 10-16 nm. It can be expected that the materials

might have high adsorption capacity.
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Fig. 2. SEM images of porous TiO2-Al2O3 composites calcinated at 500 ºC

for different times. (A) 1 h, (B) 3 h, (C) 5 h

TABLE-1 

BET SPECIFIC SURFACE AREA AND AVERAGE 
PORE SIZE OF POROUS TiO2-Al2O3 COMPOSITES 
CALCINATED AT 500 ºC FOR DIFFERENT TIMES 

Time 
(h) 

BET specific surface 
area (m2 g-1) 

Pore volume 
(cm3 g-1) 

Average pore 
size (nm) 

1.0 94.8 0.39 16.6 

2.0 124.2 0.33 10.6 

2.5 128.9 0.38 11.7 

3.0 128.4 0.39 14.6 

3.5 115.8 0.39 13.3 

 
Fig. 3 presents effect of calcination time on photocatalytic

activity and adsorption of porous TiO2-Al2O3 composite

materials. While being calcinated at 500 ºC, photocatalytic

activities of the materials increased at first and then dropped

down with increasing calcination time. The sample calcinated

for 3 h showed the maximum activity of 35 %. Methyl orange

adsorption on the materials showed the same trend as photo-

catalytic degradation. The sample calcinated for 3 h had the

maximum adsorption capacity as well. Short time calcination
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Fig. 3. Effects of calcination time on photocatalytic activity and adsorption

of porous TiO2-Al2O3 composites

could not remove organic substances in the materials thorou-

ghly and left a certain content of organic substances existing

on the surface of the materials, acting as blocking active centers

on the surface. On the other hand, too long time of calcination

would destroy the porous structure of the material, leading to

reduced active centers on the surface.

Fig. 4 shows the pore size distribution of TiO2-Al2O3

composite calcinated at 500 ºC for 3 h. The pore size distri-

bution is not even in the whole pore size range. When pore

size is 7.1 nm, the maximum pore volume of the material is

0.066 cm3 g-1. The average pore size for the material is 14.6

nm and the total pore volume is 0.39 cm3 g-1, as calculated

from BJH method.
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Fig. 4. Pore size distribution of TiO2-Al2O3 composite calcinated at 500 ºC

for 3 h

In order to obtain porous structure, suitable template needs

to be used to bond with precursors in sol-gel system. There

are some chemical compounds that have been used as templates,

such as surfactants and copolymers. Polyethylene glycol [H-

(O-CH2-CH2)n-OH] is one of nonionic templates and dissolves

easily in polar solvents. In sol-gel system, three-dimensional

structure of precursor is formed preferably by crosslink action

among hydrolyzates and polyethylene glycol. Porous materials

with arranged structure can be prepared by removing polyethylene

glycol template through thermal treatment subsequently.

Calcination time (h)

D
ec

o
lo

ra
ti

o
n

 r
at

e 
(%

)

Pore diameter (nm)

P
o
re

 v
o

lu
m

e 
(c

m
3
 g

–
1
)

Vol. 25, No. 7 (2013) Effects of Calcination Time on Structure and Activity of Porous TiO2-Al2O3 Photocatalyst  3771



The pore size of the material distributes in a comparatively

narrow range around 7 nm. Therefore, the material represents

the characters of mesoporous structure. The material is regarded

to have good adsorption capacity due to the high total pore

volume. Since adsorption of organic pollutants on the material

is the initial step for photocatalytic oxidation, the material

having high pore volume and suitable pore size distribution is

believed to have good performance during photocatalytic

degradation process.

The activity of the TiO2-Al2O3 composite calcinated at

500 ºC for 3 h is shown in Fig. 5. Methyl orange decoloration

is composed of two parts, adsorption of the dye on photo-

catalyst and photocatalytic degradation of the dye under UV

light irradiation on the photocatalyst. Adsorption of the dye

can reach a maximum value after the system reaches its

adsorption equilibrium and cannot increase further with

reaction time. On the other hand, photocatalytic degradation

of the dye increases with irradiation time. Methyl orange

adsorption on the material reached its equilibrium value after

0.5 h, where 18.6 % of the initial methyl orange molecules

were adsorbed on the photocatalyst. Photocatalytic degradation

of methyl orange continued constantly with prolonged irradia-

tion time. After 90 min of reaction, methyl orange degradation

rate on the material was 77.0 % and the total dye decoloration

rate was 95.1 %, containing both adsorption and photocatalytic

degradation.
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Fig. 5. Effects of irradiation time on activity of the TiO2-Al2O3 composite

calcinated at 500 ºC for 3 h

Conclusion

Porous TiO2-Al2O3 composite nano-materials were

prepared by sol-gel preparation method. The materials had

large specific surface area with average pore size between

10-16 nm. BET specific area, pore volume and average pore

size of the materials varied with calcination time. While being

calcinated at 500 ºC, photocatalytic activities of the materials

increased at first and then dropped down with the increasing

calcination time. The pore size of the material distributes in a

comparatively narrow range around 7 nm. Therefore, the material

represents the characters of mesoporous structure. Photocata-

lytic degradation of methyl orange continued constantly with

prolonged irradiation time. After 90 min of reaction, methyl

orange degradation rate on the material was 77.0 % and the

total dye decoloration rate was 95.1 %.
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