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a b s t r a c t

TiO2 was prepared by a hydrothermal method at a low temperature and used to degrade and mineralize
dimethyl phthalate (DMP). TiO2 was characterized by XRD, TEM, BET and UV–vis techniques. The charac-
teristics of TiO2 prepared by a hydrothermal method (h-t TiO2) included a good crystalline anatase phase,
greater surface area, stronger absorption to UV light wavelength and lower agglomeration than TiO2 pre-
pared by a classic sol–gel method (s–g TiO2). The photocatalytic activity of h-t TiO2 prepared under
vailable online 3 March 2011

eywords:
iO2

hydrothermal method
imethyl phthalate

optimal hydrothermal condition (180 ◦C for 10 h) was 2.5 times higher than that of s–g TiO2 in degrading
DMP. The process of photocatalysis combined with UV irradiation and ozonation (TiO2/UV/O3) consider-
ably improved the mineralization and degradation of DMP compared to photocatalysis combined with
UV irradiation (TiO2/UV), ozonation combined with UV irradiation (UV/O3), and ozonation alone (O3). A
kinetic study showed the mineralization in TiO2/UV/O3 followed the Langmuir–Hinshelwood model.
hotocatalytic ozonation
inetics

. Introduction

Phthalate esters (PAEs) are widely used as plasticizers, primar-
ly in the production of polyvinyl chloride resins. The short-chained
sters such as dimethyl phthalate (DMP) are the most frequently
dentified PAEs in diverse environmental samples, including
urface marine water, freshwater and sediments [1]. Its toxic prop-
rties are of particular concern due to its high bioaccumulation rate
range from 100 to 3000) in different organisms [2]. It is also an
ndocrine disruptor [3]. DMP is a relatively stable compound in nat-
ral environment, its hydrolysis half-life is estimated to be about
0 years [4].

Photocatalytic processes have received much attention in recent
ears, particularly for their complete destruction, or mineralization
f toxic and non-biodegradable compounds to carbon dioxide and
norganic constituents in both water and gas phase [5]. Among the
hotocatalysts applied, nanosized TiO2 has proven to be an excel-

ent catalyst in the photocatalytic degradation of organic pollutants
ecause it is an effective, photostable, reusable, inexpensive, non-
oxic and easily available catalyst [6].
For the fabrication of TiO2, the sol–gel technique has been
idely employed due to the low cost of the equipment required

nd the resulting high purity products. However, such high calci-
ation temperatures will result in the increase in nanoparticle size
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E-mail addresses: llsh@scnu.edu.cn, llsh99@mails.tsinghua.edu.cn (L. Li).
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and the decrease in specific surface area (increasing mass trans-
fer limitations) [7]. To prepare highly photoactive nanocrystalline
TiO2 powders, a reasonable route would be to reduce the tem-
perature of the phase transformation of amorphous to anatase
[8,9]. The hydrothermal technique is a “soft solution chemical
process”, which facilitates the control of grain size, particle mor-
phology, microstructure, phase composition, and surface chemical
properties by adjusting experimental parameters such as tem-
perature, pressure, process duration and the pH value of the
solution [10,11]. In TiO2-photocatalytic oxidation processes, oxy-
gen is widely used as an additional oxidant, the disadvantage is the
slow electron transfer from TiO2 to O2 [12]. Ozone is a powerful
oxidant (E0 = 2.07 V) and reacts with many compounds via direct
or indirect reactions (mainly, OH•). Electrophilic attack by ozone
molecules may occupy atoms with a negative charge density or
double/triple bonds such as carbon–carbon. Indirectly, ozone can
react by the free radicals (OH•) (E0 = 2.80 V), which are powerful and
nonselective oxidant, and can react with almost all organic com-
pounds [13]. Therefore, it is necessary to develop more powerful
oxidation methods for total mineralization of organic compounds.
The combined ozonation and photocatalytic (Degussa P25 TiO2)
has been successfully used for the degradation of organic pollu-
tants (such as pesticides, antibiotic sulfamethoxazole and toluene

in waters) because a commercial Degussa P25 TiO2 has high chem-
ical stability, optical and electronic properties [14–16]. But the
photocatalytic activity (by degrading acetone) of the prepared TiO2
powders under the optimal hydrothermal conditions was three
times more than that of Degussa P25 TiO2 [8].

dx.doi.org/10.1016/j.jhazmat.2011.01.132
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Recently, there are a few publications on the ozonation of DMP
o study its degradation and TOC removal with the presence of
atalyst or UV radiation [17–23], such as the catalytic ozonation
f DMP in the presence of heterogeneous Ru/Al2O3, Ru or Ce/AC
activated carbon) catalyst [17–19]. The results indicated that the

ineralization of DMP during ozonation could be promoted by
he use of Ru/Al2O3, Ru or Ce/AC catalyst because of improve-

ent of mass transfer, but the preparation of Ru/Al2O3, Ru/AC
atalyst is relatively expensive. And also AC (support) is easily
xidized by ozonation process, which results in decreasing of cat-
lyst’s activity with ozonation reaction time [24,25]. In addition,
he catalytic ozonation (with high silica zeolites or Pt/Al2O3 as a
atalyst) of DMP in the presence of UV radiation emitting princi-
ally at 254 nm studied [20–22]. Their results also indicated that the
egradation and mineralization of DMP during ozonation could be
romoted by UV radiation at 254 nm (a higher energy supply), but
he preparation of the photocatalyst (high silica zeolites, porous
olyoxotungstate/titania nanocomposites or Pt/Al2O3) is compli-
ated and expensive [21–23].

In this study, the advantages of TiO2 by a hydrothermal method
ere demonstrated. They include the higher surface area (increas-

ng mass transfer) and photocatalytic activity by UV radiation
mitting principally at 365 nm (a lower energy supply) compared
o TiO2 prepared by the classic sol–gel method, and excellent effi-
iency for photocatalytic ozonation to remove DMP.

. Materials and methods

.1. Catalyst preparation

Tetrabutyl titanate (Ti(OC4H9)4, TBOT) was used as a titanium
ource. TBOT (13.2 ml) was added drop-wise to 130 ml pure water
n a 250 ml beaker under continuous stirring for 30 min. Sol sam-
les obtained by the hydrolysis reaction were transferred into
Teflon-lined stainless steel auto-clave. Hydrothermal reactions
ere conducted at different conditions. After a hydrothermal reac-

ion, the white precipitates were washed five times with deionized
ater and ethanol, then dried in an oven at 80 ◦C for 10 h to obtain

iO2 samples (labeled h-t TiO2) [26].
For comparison, the other TiO2 was produced by a classic sol–gel

ethod. 100 ml of absolute alcohol, 20 ml of tetrabutyl titanate and
ml of glacial acetic acid were mixed as a solution at room tem-
erature. Then it was added 4 ml deionized water, drop-wise with
igorous stirring. The mixed solution was aged for 48 h allowing
ormation of a xerogel, then dried in an oven at 80 ◦C for 10 h. The
owder was calcined at 500 ◦C for 2 h, yielding TiO2 (labeled s–g
iO2).

.2. Experimental set-up and process

A 1 l glass tubular photoreactor (h = 500 mm, ϕin = 60 mm) was
mployed for the photocatalytic oxidation experiments. A coaxial
V source comprised a 15 W UV lamp with wavelength 365 nm sur-

ounded by a quartz thimble (30 mm diameter). 1.0 l DMP around
0 mg l−1 solution (pH = 5.5) and 1.0 g catalyst were added. Ozone
as produced from pure oxygen (air flow rate = 1.0 L min−1) by
sing a DHX-SS-03C ozone generator (made in China). Ozonized
xygen was continuously bubbled into the solution through a
orous glass plate and flowed upward in the annular section. The
xcess ozone in the outlet gas was absorbed by a 5% Na2S2O3

olution. Samples were taken at intervals to analyze DMP and
otal organic carbon (TOC) concentrations. Na2S2O3 solution was
sed to stop the continuous ozonation reaction in the sample.
he reaction temperature was remained at 25 ◦C in all experi-
ents.
2θ/degree

Fig. 1. XRD patterns of TiO2 powders prepared at different conditions.

2.3. Catalyst characterization

The BET surface area was determined by nitrogen adsorption
(Micromeritics ASAP 2020, USA). All the samples were degassed at
180 ◦C prior to nitrogen adsorption measurements. Grain size as
well as the crystalline phase of TiO2 was determined using an X-
ray diffractometer (Y-2000, China) with a diffractometer employing
Cu K radiation at a scan rate of 0.1◦ 2� s−1. The accelerating volt-
age and applied current were 15 kV and 20 mA, respectively. The
morphology of the samples was visualized using transmission elec-
tron microscope (FEI-Tecnai 12, Holland). UV–vis diffuse reflection
spectra were obtained using a UV–vis spectrophotometer (UV3150,
Shimadzu, Japan).

2.4. Analytical methods

The concentration of DMP was determined by high perfor-
mance liquid chromatography (Shimadzu, LC10A HPLC) with a
UV detector (SPD-10AV) at 254 nm. A Discovery C18 column
(250 mm × 4.6 mm) was used, and the analysis was carried out
with a 70/30 (v/v) methanol/water mobile phase at a flow rate
of 1.0 mL min−1. Total organic carbon (TOC) was determined by
a Shimadzu TOC-VCPH analyzer after filtration through 0.45 �m
profiler.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XRD spectra
XRD was used to investigate the changes of the prepared TiO2

powders. XRD patterns of h-t TiO2 at different conditions and s–g
TiO2 were compared in Fig. 1. It can be seen that the s–g TiO2
primarily consisted of polycrystalline anatase structures, which
had a little rutile content after calcining at 500 ◦C. The h-t TiO2
totally appears anatase phase. Usually, TiO2 phase transformation
temperature from the amorphous to anatase phase is higher than
400 ◦C during the calcination. However, h-t TiO2 can transform
from amorphous to the anatase phase at a low temperature (for
example, <200 ◦C). It can be concluded that a hydrothermal process

enhances the phase transformation of TiO2 powders from amor-
phous to anatase at a low temperature due to a non-equilibrium
pressure environment. The average crystallite size of TiO2 (180 ◦C,
10 h) was calculated by Scherrer’s equation using the full width at
half maximum of the X-ray diffraction peaks. The crystallite size
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Fig. 2. TEM images of s

f h-t TiO2 was 8.4 nm which was smaller than 11.7 nm of sol–gel
iO2. Using a hydrothermal method, nanoparticle size increase fol-
owed by high shrinkage or collapse of the mesostructure at a high
emperature can be avoided [7]. It can be seen that TiO2 samples
fter hydrothermal treatment at 100 ◦C (a), 150 ◦C (b) and 180 ◦C
c) for 3 h appear totally anatase phase. Observation shows that the
eak intensities of anatase steadily become stronger and the width
f the diffraction peak of anatase (2� = 25.4◦) slightly becomes nar-
ower with increasing hydrothermal temperature, indicating the
ormation of greater TiO2 crystallites and the enhancement of crys-
allization of TiO2 [27]. The effect of hydrothermal time on phase
tructures of TiO2 powders at 180 ◦C was also displayed in Fig. 1.
t can be seen that the peak intensities of anatase increase and
he width of the (1 0 1) plane diffraction peak of anatase become
arrower with increasing hydrothermal time.

.1.2. TEM image
TEM photographs of h-t TiO2 at 180 ◦C for 10 h and s–g TiO2

re displayed in Fig. 2. It could be observed from Fig. 2(a) that the
anocrystallite of s–g TiO2 showed an agglomerated status. The
rystallization of titania by a sol–gel method takes place at high
emperatures (400–600 ◦C), and is accompanied with high shrink-
ge or collapse of the mesostructure and is eventually followed by
he agglomeration of nanoparticles [7]. Whereas it can be observed
rom Fig. 2 (b) that the primary particles of h-t TiO2 were rela-
ively uniform and their sizes were in agreement with the values
etermined by XRD analysis. Avoiding the calcination at a high
emperature by a hydrothermal method, the agglomeration of TiO2
owders can be reduced.

.1.3. BET surface areas
The surface area, pore volume and pore size of TiO2 are pro-

ided by nitrogen adsorption. The surface area and pore volume
f h-t TiO2 prepared at 180 ◦C for 10 h were 189.7 m2 g−1 and
.4 cm3 g−1 which were 2.5 and 3.5 times more than those of s–g
iO2. Increasing photocatalyst surface area affords greater opportu-
ity for contact with organic pollutants and the hole-electron pairs
roduction radiated by UV lamp. The h-t TiO2 displayed larger sur-
ace areas due to diminished agglomeration which decreases the
pecific surface area [28–30].
.1.4. UV–vis diffuse reflectance spectra
Fig. 3 shows the UV–vis diffuse reflectance spectra of h-t TiO2

180 ◦C, 10 h) and s–g TiO2. They show a strong absorption in the
egion of UV light, which typically optical characteristic is held
y a semiconductor. Further observation shows h-t TiO2 has the
Wavelength (nm)

Fig. 3. The diffuse reflectance spectra of h-t TiO2 and h-t TiO2.

stronger reflectance to visible light and stronger absorption to UV
light. It combined with the anatase crystal form, smaller crystal
grains and larger surface area increase the photocatalytic activity.

3.2. The photocatalytic activity evaluation of TiO2 by a
hydrothermal method

Hydrothermal temperature and time were two major factors in
a hydrothermal process. Fig. 4 shows the dependence of photo-
catalytic activity on hydrothermal temperature and time. Fig. 4(a)
illustrates that TiO2 powders prepared at 100 ◦C for 3 h exhibited
the lower photocatalytic activity for photocatalytic degradation of
DMP. Firstly, DMP removal rate was increased with hydrothermal
temperature, and reached a maximum value of 50.7% at 180 ◦C
(60 min), and then decreased with increasing hydrothermal tem-
perature. The enhancement of photocatalytic activity at an elevated
hydrothermal temperature can be ascribed to an obvious improve-
ment in relative anatase crystallinity [8]. Fig. 4(b) shows the effect
of hydrothermal time on photocatalytic activity of h-t TiO2. It can
be seen that DMP removal rate increases with hydrothermal time.
The enhancement of photocatalytic activity at a longer hydrother-

mal time is due to anatase crystallinity reinforcement [8]. At 10 h,
DMP removal rate at 60 min reaches the highest (58.9%). With
further increasing hydrothermal time, the photocatalytic activity
decreases, which is due to the sharp decrease in BET specific surface
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ydrothermal conditions. (a) h-t TiO2 at different hydrothermal temperature after
h hydrothermal time: (�) 100 ◦C; (�) 120 ◦C; (�) 150 ◦C; (�) 180 ◦C; (�) 200 ◦C. (b)
-t TiO2 at different hydrothermal time under 180 ◦C hydrothermal temperature:
�) 1 h; (�) 3 h; (�) 5 h; (�) 10 h; (�) 24 h; (�) s–g TiO2.

reas and hydroxyl content. So an optimal hydrothermal condi-
ion (180 ◦C for 10 h) for photocatalytic activity of h-t TiO2 was
etermined.

The difference of photocatalytic activity between h-t TiO2 pre-
ared at 180 ◦C for 10 h and s–g TiO2 is obvious. DMP removal by
iO2/UV/O2 process was 62.1% at 60 min by using h-t TiO2, while
nly 33.6% with s–g TiO2. DMP removal rate constants (k) were cal-
ulated based on a first-order reaction kinetic with R2 values greater
han 0.99. The rate constant with h-t TiO2 was 0.0164 min−1, 2.5
imes more than that of s–g TiO2. Generally, the larger specific sur-
ace area of h-t TiO2 facilitates the absorption and utilization of UV
ight, which is also essential for photocatalytic degradation [31].
esides, it is commonly accepted that the smaller crystalline size
eans more powerful redox ability because of the quantum-size

ffect [32]. The smaller crystalline sizes are also beneficial for the
eparation of photogenerated hole and electron pairs. These fea-
ures should slow the rate of e−–h+ recombination and increase
hotocatalytic activity [33]. Therefore, it would be reasonable to
xplain the higher photocatalytic activity of h-t TiO2.
.3. Degradation and mineralization of DMP in different
xidation processes

Fig. 5 provides the degradation curves of DMP as a function of
eaction time in the O3, UV/O2, TiO2/UV/O2, TiO2/O3, UV/O3 and
Fig. 5. DMP degradation and TOC removal by different processes: (�) TiO2/UV/O3;
(�) UV/O3; (�) O3; (�) TiO2/UV/O2; (�) UV/O2; (�) TiO2/O3.

TiO2/UV/O3 processes with 20 mg h−1 O3 dosage. The h-t TiO2 pre-
pared at 180 ◦C for 10 h was used in all processes. The UV/O2 process
gave 14.8% DMP removal at 60 min, indicating that UV irradiation
had a weak effect on DMP degradation. DMP molecules absorb radi-
ation with the absorbance maximum at 227 nm, but the applied
light source mainly emits radiation approximately 365 nm and this
is the reason that DMP slowly degraded within UV/O2 process [34]:

DMP
hv−→products (1)

Adding ozone into the reaction, DMP degradation rate was
improved. For example, DMP removal rate by O3, UV/O3, and
TiO2/UV/O3 processes were 83.3%, 90.3%, 95.8%, respectively, at
60 min oxidation reaction, whereas DMP removal rate was only
59.3% at 60 min in TiO2/UV/O2 process. In TiO2/O3 process, the
presence of TiO2 did not improve DMP removal (80.4% at 60 min
oxidation time), which was lower than that (83.3% at 60 min oxi-
dation time) in ozone process, because the presence of TiO2 nano
particles slows the transference of ozone in water. However, TOC
removal was different from DMP degradation. TiO2/UV/O3 process
provided the best performance and O3 alone process presented
the worst in TOC removal. TOC removal rate of DMP by the O3,
UV/O3, TiO2/O3 and TiO2/UV/O3 processes were 19.5%, 26.9%, 48.3%,

79.9%, respectively, at 60 min oxidation reaction. The presence of
TiO2 significantly increased TOC removal rate, because TiO2 was
an extensive useful catalyst and adsorbed oxygen into the form of
superoxide ion (O2−) which in water promotes the decomposition
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f ozone into free radicals [35,36]:

2 + H2O
TiO2−→ e− + O2

− + H+ (2)

3 + O2
− → O3

− + O2 (3)

3
− + H+ → HO• (4)

An obvious difference between O3 and UV/O3 processes is that
he combination of photodegradation with ozone has a synergis-
ic effect in mineralization but it was not shown in DMP removal.
he UV light irradiation can accelerate the decomposition of ozone,
he selective oxidation of DMP reduced [13], the consequence of
he photodegradation of ozone molecules by UV irradiation where
zone absorbs some of the incoming photons, leads to its degra-
ation to atomic O (1D). It then reacts with water forming H2O2.

n the subsequent reactions, new reactive species are formed from
2O2, and this enhances the degradation of the organic substrate

34]:

3
hv−→O(1D) + O2 (5)

(1D) + H2O → H2O2 (6)

2O2 + DMP → products (7)

2O2 → HO• (8)

DMP removal ratio can reach 83.3% by using O3 alone process,
ut TOC removal ratio is only 19.5%, it presents that O3 (E0 = 2.07 V)
irectly oxidizes DMP into some small molecule intermediates,
hich are not easy to be mineralized furthermore, some organic

cids are produced in the oxidation process of aromatics, such as
ormic acid and oxalic acid. Ozonation alone can only achieve a
ery limited mineralization of formic and oxalic acids because their
zonation rate constants are 5 and <4 × 10−2 M−1 s−1 in the acidic
H, respectively [37]:

MP + O3 → products (9)

But in TiO2/UV/O2 process, despite DMP removal ratio is only
9.3%, TOC removal ratio can reach 43.3%, because TiO2 absorbs

ight at wavelength <385 nm with the corresponding production of
oles and electrons. In the aqueous solutions, oxidation of water to
ydroxyl radical by the hole appears to be the predominant path-
ay and in aerated aqueous suspensions, the electrons promote the

eduction of dissolved oxygen to superoxide anion. The hydroxyl
adicals and the lesser extent superoxide anion (O2

−) can act as oxi-
ants, ultimately leading to mineralization of organic compounds
14]:

iO2
hv−→h+ + e− (10)

+ + H2O → HO• (11)

− + O2 → O2− (12)

O• + DMP → CO2 + H2O (13)

2− + DMP → CO2 + H2O (14)

TOC removal curves of these four processes (including UV/O3,
iO2/UV/O2, TiO2/O3 and TiO2/UV/O3) approximately follow
rst-order kinetics, the reaction can be simply described by
TOC/dt = −kt. The rate constant for TiO2/UV/O3 was 0.0265 min−1

hich was 2.8 times, 2.4 times and 5.2 times more than those for
iO2/UV/O2, TiO2/O3 and UV/O3.

It is clearly seen that TiO2/UV/O3 process had an excellent

emoval efficiency in both DMP and TOC, and synergistic effect of
ts TOC removal was proved by those of UV/O3 and TiO2/UV/O2
rocesses. TiO2/UV/O3 process was an efficient technique for degra-
ation and mineralization of DMP. Ozone, a stronger oxidant than
xygen, is more easily reduced by a photo-generated conduction
t / min

Fig. 6. Degradation of DMP and TOC removal with different ozone dosage in O3

alone processes: (�) 20 mg h−1; (�) 50 mg h−1; (�) 100 mg h−1.

electron from TiO2 (step 9), thus it can effectively prevent the
recombination of holes and electrons [38]:

O3 + e− → O3
− (15)

Also, ozone absorbs UV radiation, generating more hydroxyl
radicals, which enhance degradation of the organic substrate (steps
5–8) [34,39]. Moreover, molecular oxygen accepts the photogener-
ated electron (step 12), a resulting superoxide radical anion can
react with ozone to give a hydroxyl radical in the subsequent steps
[34]:

O2
− + O3 → O3

− + O2 (16)

O3
− + H+ → HO3

• (17)

HO3
• → O2 + HO• (18)

3.4. Effect of ozone dosage on degradation and mineralization of
dimethyl phthalate in different oxidation processes

To determine the effect of the ozone dosage on DMP removal
efficiency in different oxidation processes, a series of experiments

−1
were carried out by varying ozone dosage from 20 to 100 mg h .
Fig. 6 indicates that the degradation rate of DMP appears to increase
rapidly with ozone concentration in O3 process alone. For exam-
ple, DMP removal rate improved from 58.3% to 97.1% as the ozone
concentration increased from 20 mg h−1 to 100 mg h−1 at 30 min.
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ig. 7. Degradation of DMP and TOC removal with different ozone dosage in UV/O3

rocess: (�) 20 mg h−1; (�): 50 mg h−1; (�) 100 mg h−1.

owever, TOC removal rate was much slower than the degradation
ate. At 100 mg h−1 ozone dosage, DMP can be almost eliminated
y ozone process alone within 30 min, but TOC removal rate at
0 min was only 27.7%, which is only 3.2 (8.3)% higher than that at
0 (20) mg h−1. DMP could be more quickly removed with increas-

ng ozone dosage, but its TOC removal reduction was immediately
eclined.

Fig. 7 illustrates that both DMP and TOC removal rates in UV/O3
rocess increased compared to O3 process alone. It is due to the
ydroxyl radicals generated in UV/O3 process [39]. However, the
resence of UV does not greatly improve DMP degradation com-
ared to ozonation alone (Fig. 7). The effect of ozone dosage in
he UV/O3 process is similar to that in O3 process alone. The more
zone dosage increased the degradation of DMP but only slightly
mproved TOC removal. The maximum TOC removal rate was 43.5%,
ust 2.6 (16.6) % higher than that at 50 (20) mg h−1, indicating that
nhanced ozone concentration did not generate significantly more
H• in UV/O3 process.

The degradation and mineralization of DMP in TiO2/UV/O3
rocess are presented in Fig. 8. The effect of ozone dosage
n the degradation of DMP was the same as those in O3 and

V/O3 processes. DMP removal was quickly increased with ozone
osage. However, the increase of ozone concentration considerably

mproved TOC removal. TOC removal rate at 45 min was 89.9% with
00 mg h−1 ozone dosage which was 10.1 (22.1)% higher than that
ith 50 (20) mg l−1. Thus ozone dosage played a major role in TOC
t / min

Fig. 8. Degradation of DMP and TOC removal with different ozone dosage in
TiO2/UV/O3 process: (�) 20 mg h−1; (�) 50 mg h−1; (�) 100 mg h−1.

removal rate in TiO2/UV/O3 process, as it can partake in reactions
such as direct ozone reaction, ozone photolysis producing hydroxyl
radicals, ozone reaction with elections to the superoxide ion radi-
cal [40]. Utilization of ozone in the process of TOC removal greatly
improved compared with O3 and UV/O3 processes.

3.5. Kinetics of DMP mineralization in TiO2/UV/O3 process

The Langmuir–Hinshelwood model has been widely used to
formulate the rate equations for the photocatalytic reaction of a
surface-catalyzed reaction [41]. The model uses the following equa-
tion to determine the reaction rate (r), where r is the reaction rate
(mg l−1 min−1), k is the reaction rate constant (mg l−1 min−1), and
K is the Langmuir adsorption coefficient (mg−1 l):

r = −dTOC
dt

= k
KTOC

1 + KTOC
(19)

1
r

= 1
k

+ 1
kKTOC

(20)

A series of experiments for TOC removal from different ini-

tial concentrations of DMP were researched in TiO2/UV/O3 process
with different ozone dosage (20 mg h−1, 50 mg h−1, 100 mg h−1).
TOC removal efficiency is presented in Fig. 9. Calculating the lin-
ear regression of TOC−1 and r−1 indicated that the kinetics of
TOC removal by TiO2/UV/O3 process was completely fitted by
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Fig. 9. TOC removal from different initial concentrations in TiO2/UV/O3 process with
different ozone dosage: (a) 20 mg h−1; (b) 50 mg h−1; (c) 100 mg h−1.

Table 1
The values of k and K in TiO2/UV/O3 process with different ozone dosage.

Ozone dosage (mg h−1) k (mg l−1 min−1) K (mg l−1) R2

L
a
i
m
r

aqueous phase of reversed micelles: effect of alcohol addition, Langmuir 14
20 0.42 0.0417 0.993
50 1.35 0.0112 0.999

100 4.23 0.0036 0.998

angmuir–Hinshelwood model with the R2 > 0.99. The values of k

nd K for the reaction system in TiO2/UV/O3 process were displayed
n Table 1. These results indicated ozone may play a role for the

ineralization of DMP. With increasing ozone dosage, the reaction
ate constant was increased, but Langmuir adsorption coefficient

[
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was decreased. It is probably due to ozone competitive adsorption
on the photocatalyst surface [42].

4. Conclusions

A TiO2 photocatalyst was prepared by a hydrothermal method
and characterized by XRD, TEM, UV–vis and BET techniques.
Through a hydrothermal process at a low temperature instead of
calcination, h-t TiO2 displayed a good crystalline anatase phase,
minimal agglomeration, plus smaller crystal sizes, stronger UV
wavelength absorption and bigger surface area. Its photocatalytic
activity for DMP degradation was 2.5 times more than that of TiO2
produced by a sol–gel process.

The combination of ozone with photocatalytic oxidation was
more efficient than other oxidation processes, especially for DMP
mineralization. The rate constants in TiO2/UV/O3 process was 2.5
(5.2) times more than that in TiO2/UV/O2 (UV/O3) process, implying
a synergistic effect between the photocatalysis and ozonation.

For the degradation of DMP, ozone dosage played an impor-
tant role in all the oxidation processes, DMP removal was rapidly
increased with ozone dosage. In O3 and UV/O3 processes, with
increasing ozone concentration, TOC removal was not as rapid as
DMP degradation. However, in TiO2/UV/O3 process, the increase of
ozone dosage considerably improved TOC removal. TOC removal
at 45 min was 89.9% with 100 mg h−1 ozone dosage, 10.1 (22.1)%
higher than that with a 50 (20) mg h−1 ozone dosage.

TOC removal in TiO2/UV/O3 process can be described by the
Langmuir–Hinshelwood model. The reaction rate constant was
increased with the ozone dosage, but Langmuir adsorption coef-
ficient was decreased.
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