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Temperature Effect on the Photoeatalytie Degradation
of Methyl Orange under UV-vis Light Irradiation

HU Qi!, LIU Baoshun! 2, ZHANG zhengzhong', SONG Mingxia', ZHAO Xiujian!*
’ ) ’ ’
(1. Key Laboratory of Silicate Materials Science and Engineering, Ministry of Education, Wuhan 430070, China;

2. School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China)

Abstraect: PTA sol was prepared using titanium tetrachloride (TiCly), hydrogen peroxide (H,0,)

and ammonia (NH;3-H,0), and then stable anatase-TiO, hydrosol was synthesized by refluxing the PTA
sol at 100 ‘C. It was found that TiO, hydrosol can efficiently photo-degrade methyl orange (MO)

under UV-vis light irradiation. Photocatalytic reactions at the temperature of 38 to 100 “C all followed

pseudo-first-order rate law, and the temperature had a great effect on the reaction rate. The rate con-

stants increased by about 6 times from 3.52X10™* to 2.17X 10~ min~" when the temperature was

adjusted from 38 to 100 °C. Consequently, this photocatalytic course can be accelerated by using the

infrared light of solar energy to increase the temperature of the photo-catalytic reaction, it should be a

potential way to make full use of solar light in photocatalysis in practice.
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1 Introduction

Nowadays, environmental issues have become one
of the most important topics for the reason that pollutants
from all over the world have been accumulating in living
organisms and reaching harmful levels. Emphasis have
been focused on technologies for the removal of the en-
vironmental pollutants such as adsorption, biodegrada-
tion, combined coagulation and flocculation, chlorination,
ozonation, electrochemical oxidation, reverse 0osmosis,
and also photocatalysis”’ 2l n all these methods, photo-
catalysis is a promising one because it is an environ-
mentally friendly process which can be driven by irra-
diation energy under ambient conditions.

TiO,™, as a photocatalyst, has attracted great atten-
tion from the world, and many researcher are devoting
their efforts to developing this technology[M]. In com-
parison with other semiconductors, TiO, has been a
dominant semiconductor photocatalyst due to its superior
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Natural

nontoxic,
(8-10]

photocatalytic  oxidation ability and
non-photocorrosive and inexpensive characteristics

There are many factors that can significantly in-
“1'13], such as initial

fluence the photocatalytic reaction
concentration, pH values, the grain size of photocatalysts,
specific surface area, morphologies of photocatalysts
and incident light intensity. Those factors have been
studied deeply and extensively up to now. However, the
effect of system temperature on photocatalysis has not
attracted enough attention. In present research, it is found
that the temperature has a great effect on the photode-
gradation of methyl orange. The photocatalytic effi-
ciency can be increased about 5 times if the temperature
increased from 30 ‘C to 100 ‘C Because the solar en-
ergy not only include UV light, which can be used to
activate the photocatalytic course, but also contains the
infrared light, which can be used to increase the tempera-
ture of photocatalytic system. In this way, we can make full
use of solar energy in practice. This research is continuing
in our group by enlarging its scale and using solar energy.

2 Experimental

2 1 Synthesis

The PTA sol was prepared using titanium tetra-
chloride (TiCly), hydrogen peroxide (H,O,, 30%) and
ammonia (NH3-H,O, 3moL/L). Firstly, 6 mL TiCl, was
added dropwise into ice-distilled water (400 mL, 0 C)
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under magnetic stirring. The titanium hydroxide
(Ti(OH)4) was obtained by adding NHj3-H,O into the
titanium tetrachloride solution until its pH value was
about 8. Secondly, the Ti(OH), precipitate was filtered
and rinsed by using distilled water for several times to
remove the NH, and Cl™ ions completely. Thirdly, the
washed precipitate was dispersed well in distilled water
(400 mL, room temperature). Afterwards, H,O, was
added slowly into the suspension. After continuous stir-
ring for 24 h, the yellow and transparent PTA sol
(Ti-H,O; complex solution) was formed. Finally, the
PTA sol was pyrolyzed and refluxed at 110 ‘C for 12 h
until the milky TiO, hydrosol was gotten. The nano-TiO,
powder dried at 40 °C from the TiO, hydrosol was used
for characterizations.

2 2 Characterization

The crystal structure of the sample was identified by
X-ray diffraction (XRD) with a diffractometer (type
D/Max-RB) employing Cu-Ka radiation ( A =0.154056
nm). The grain size D were determined from the XRD
pattern according to the Scherrer equation D=K A/ Scos 4,
where K was a constant (shape factor, about 0.9), A the
X-ray wavelength (0.15418 nm), S the full width at half
maximum (FWHM) of the diffraction line, and & the
diffraction angle. B8 and 6 of anatase were taken from
anatase (101) diffraction line, respectively.

The Brunauer-Emmett-Teller (BET) surface area
(Sger) and pore parameters of the TiO, powder were
determined by nitrogen adsorption-desorption isotherm
measurements at 77 K on a Micromeritics ASAP 2000
nitrogen adsorption apparatus. The sample measured was
degassed at 180 ‘C before the actual measurements.
Pore size distribution was calculated from adsorption
branch of the isotherm by the Barrett-Joyner-Halenda
(BJH) method using the Halsey equation.

= Graham condenser

Water in -':E

Thermocouple Resistance heater

Magnetic bar

1 I

Magnetic stirrer

Fig.1 Photocatalytic reactor
2 3 Photoeatalytie activity
Photocatalytic experiments with a 500 W Xe lamp
(CHF-XM-500 W) as the light source were carried out by
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mixing 20 mL TiO; hydrosol to 80 mL MO aqueous
solution (40 mg/L) , in a quartz glass reactor (Fig.1). The
photocatalytic experiments were conducted accompanied
by heating the mixture with a resistance heater and a
thermocouple being used to heat the mixture and control
the system temperature. A condenser was used to avoid
the losing of the mixture due to evaporation. The distance
between the light source and the reactor was 20 cm and
the reactor was placed on a magnetic stirring machine.
Prior to irradiation, the mixture was stirred by stirring in
dark for 2 h to obtain the saturated absorption of MO. A
series of certain volume of samples were withdrawn at
certain time intervals for absorbance measurement by
using a UV-vis spectrophotometer (Shimadzu UV-3101).
The absorbance of the solution samples were used to
determine the percentage of MO degradation. Moreover,
the pseudo-first-order rate constant (k, minfl) for the
photodegradation reaction of MO was determined

through the following relation*:

ln(%j=kt (1

where, k can be calculated from the plot of In(Cy/C)
against time (f), Cp and C denote the initial concentration
and reaction concentration, respectively.

3 Result and Discussion

3 1 Characterizations of Ti0,

The XRD pattern of the nano-TiO, powder is shown
in Fig.2. The only detectable phase is anatase (JCPDS
card no.21-1272) and the refractive peaks at 2 & of
254° , 38.0° , 48.0° , 550° , 62.8° , 70.2° and
75.8° are corresponding to (101), (004), (200), (211),
(204), (220) and (301) lattice planes. The average grain
size of TiO, particles that can be determined from the
XRD pattern according to the Scherrer equation“sl is
about 25 nm.

(101)

Intensity

(004) (200

(211)

(204)
(220)(301)

20 30 40 50 60 70 80
20/(°)
Fig.2 The XRD pattern of the nano-TiO,
powder dried from TiO, hydrosol



212

Fig.3 shows the pore size distribution curve calcu-
lated from the desorption branch of a nitrogen isotherm
by the BJH method using the Halsey equation“sl. The
Sger of nano-TiO, powder is 199.8 m/ g, which is much
bigger than that of P25 (about 50 m?/ 2).
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Fig.3 Pore size distribution curve and the corresponding isotherms
(inset) of nano-TiO, powder dried from TiO, hydrosol

In summary, the XRD and BET analysis suggest that
TiO; hydrosol synthesized contains well-crystallized and
highly-dispersed anatase nano-TiO, particles with large
Sger, Which is favorable for its superior photocatalytic
oxidation ability.
3 2 Photoeatalytie degradation of MO

The experiments showed that MO cannot be
photodegraded if TiO, or UV light was not used, indi-
cating that MO can not be pyrolyzed by heating with the
heating temperature which was less than 100 ‘C and
self-degraded by absorbing irradiation. Only when TiO,
and UV light were both used, the MO can be efficiently

degraded.
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Fig.4 UV-vis absorption spectra of MO as a function of irradiation

time at 38 “C. Insert shows In(Cy/C) with respect to time
Fig.4 shows the change of UV-vis absorption spec-

Absorbance
T

tra of remaining MO solution during the photocatalysis at
38 °C, which were recorded after irradiation for a time
interval of 60 min over a period of 540 min. The obvious
decrease of absorbance peak centered at 550 nm shows
that the TiO, hydrosol can serve as an effective photo-
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catalyst. In addition, the linear feature of plots of In(Cy/C)
versus time (Fig.5) indicates that this photocatalytic
degradation reactions follow the pseudo-first-order rate
law. The rate constant of the photocatalysis at 38 C is
3.52X10 * min .
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Fig.5 Plots of In(Cy/C) versus time at different temperatures
Further experiments were made to study the effect

of temperature on the reaction rate of MO photodegra-
dation and plots of In(Cy/C) versus time in the tempera-
ture range of 34 to 100 ‘C are showed in Fig.5. It can be
seen that these data plots obtained at a certain experi-
mental temperature can all be fitted into a line with a
small error, which demonstrates that photocatalytic deg-
radation of MO follows the pseudo-first-order law de-
spite of the temperatures. The rate constant increases
greatly from 3.12X 10 * min ' t02.17 X 10> min™ ' over
the temperature range of 34 “C to 100 C.

Fig.6 shows the Arrhenious-type plot from 307 K to
373 K. The arrhenious activation energy (Eact) deduced
from the plot is about 27.69 kJ/moL, which is much
bigger than that reported by Okamoto et al 1] for the
photodegradation of phenol (10.0 kJ/mol) and by
Al-Sayyed“” et al for the degradation of 4-chlorophenol
(5.4 kJ/moL). The high value suggests that thermally
activation is important to accelerate the photodegradation
of MO with TiO, as its catalyst and the adsorp-
tion/desorption processes are almost temperature- inde-
pendent in this range.
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Fig.6 Arrhenius (Ink vs 1/T) plot for the photodegradation of MO
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—16.4+ AH =24.940.6 kJ/mol
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Fig.7 Eyring (In(k/T) vs UT) plot for the photodegradation of MO
Furthermore, the Eyring-type plot dependent on the
temperature is shown in Fig.7. The data plots can be fitted
into a straight line. Enthalpy and entropy of activation
can be estimated according to eyring equation (2):
n—= LK A5 2
T R T h
where, Kz=Boltzmann’s constant [1.381-10723J/K], T=
absolute temperature in degrees Kelvin (K), 7= Plank
constant [6.626 X 10°*7 -s], k the rate constant, AH and
AS the enthalpy and entropy of activation respectively.
According to the above equation, a plot of In(k/T)
versus 1/T produces a straight line with the familiar form
y=—mx+b (Fig.7), where: x=1/T, y=In(k/T), m=—
AH/R, b=y (x=0).

So, AH can be calculated from the slop m of this line:

AH=—mR, And from the y-intercept:

K, AS

=0)=In—8 4+
y(x )nh+R 3)

In this research, AH=24.9 kJ/mol and AS= —265.5
J/(k + mol), respectively. The large negative value of AS is
consistent with a reaction between absorbed or photoab-
sorbed MO molecule and the surface oxidizing species
photogenerated on TiO; particles during irradiation.

4 Coneclusion

In summary, stable TiO, hydrosol synthesized by
refluxing the PTA sol at a low temperature contains
well-crystallized and highly-dispersed anatase nano-
particles. Increasing temperatue is greatly useful to the
photocatalysis, and the rate constant can be promoted by
about 6 times when the temperature was increased from
38 C to 100 "C. The arrhenious activation energy is as
much as 27.69 kJ/mol, indicating the temperature can
greatly affect the photocatalytic reaction of MO. In ad-
dition, Enthalpy and entropy of activation are 24.9 kJ/mol
and —265.5 J/k'mol. Based on this research, the photo-
catalysis by both using the UV-vis and IR parts of solar
energy is promising, which is now realized in our group.
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