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a  b  s  t  r  a  c  t

The  removal  of  dimethyl  phthalate  (DMP),  which  is a pollutant  of  concern  in  water  environments,  was
carried  out  by  catalytic  ozonation  with  TiO2/Al2O3 catalysts.  The  heterogeneous  catalytic  ozonation  was
an ozonation  process  combined  with  the  catalytic  and adsorptive  properties  of the TiO2/Al2O3 catalysts
to  significantly  accelerate  the  mineralization  efficiency.  Semi-batch  ozonation  was  performed  under  var-
ious  experimental  conditions  including  the  fed  ozone  concentration,  catalyst  type,  catalyst  dosage,  and
ultraviolet  radiation  on the  degradation  of  DMP.  The  complete  removal  of  DMP  was  efficiently  achieved
by  both  sole  and  catalytic  ozonation;  meanwhile,  the presence  of  the  catalysts  slightly  accelerated  the
elimination  rate  of  DMP.  On  the other  hand,  the  mineralization  efficiency,  in terms  of  total  organic  carbon
iO2/Al2O3 catalyst
ineralization

(TOC) removal,  was  substantially  enhanced  by employing  the TiO2/Al2O3 catalyst.  The  mineralization  effi-
ciency  using  the  TiO2/Al2O3 catalyst  was  the highest,  followed  in decreasing  order  by  the  Al2O3 catalyst,
the  TiO2 catalyst,  and  sole  ozonation.  In addition,  the  use  of  the  TiO2/Al2O3 catalyst  would  increase  the
utilization  efficiency  of  the  fed  ozone,  especially  in the  late  ozonation  period.  Furthermore,  the decrease
in the  catalytic  activity  of the  TiO2/Al2O3 catalyst  after  multi-run  experiments  can  be  mostly  recovered
by  an  incineration  process  at a high  temperature.
. Introduction

Many environmental hormones, such as phthalic acid esters,
ave been found in the wastewater that comes from urban sewage
nd factories, and this phenomenon has been accelerated by rapid
conomic development in recent decades [1].  Large amounts of
hthalic acid esters are often leached from the plastics that are
umped at municipal landfills. These pollutants are harmful to
icroorganisms and accumulate in natural bodies of water, ulti-
ately becoming widely distributed within aqueous systems such

s rivers, lakes, and groundwater and exerting a noticeable influ-
nce on the environment [2].  Thus the endocrine system of the
uman body may  be disturbed when phthalic acid esters are

ngested or inhaled [3].
Dimethyl phthalate (DMP), which is composed of a benzene ring

ith methyl ester groups attached at the ortho-positions, is one
f the most common phthalic acid esters. DMP  has been used as
 plasticizer in many products, including tools, automotive parts,
oothbrushes, food packaging, cosmetics, and insecticides. Thus
MP  has been frequently detected in wastewater effluents and

∗ Corresponding author. Tel.: +886 2 2771 2171x2539; fax: +886 2 8772 4328.
E-mail addresses: yhchen1@ntut.edu.tw, yhchen1@ntu.edu.tw (Y.-H. Chen).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.005
© 2011 Elsevier B.V. All rights reserved.

river water because of its high mobility in the aquatic system [4].
DMP  would disrupt the endocrine system of aquatic species by
altering the action of endogenous steroid hormones, making it an
aqueous pollutant of concern in water and wastewater systems.

The common method for DMP  removal from wastewater is bio-
logical treatment, which is based on the metabolic degradation
of DMP  by microorganisms under aerobic or anaerobic condi-
tions. However, several studies have found that some phthalates
with long alkyl-chains may  be refractory to biological treatment.
Bauer et al. [2] studied hydrolysis, anaerobic transformation, and
ozonation/ultraviolet radiation (O3/UV) processes to destroy some
phthalic acid esters and concluded that only the O3/UV process
was able to efficiently decompose di-(2-ethylhexyl) phthalate and
benzyl butyl phthalate.

In ozonation treatment, the phthalates are attacked through two
different reaction mechanisms: (1) direct ozonation by the ozone
molecules, especially of specific functional groups (double bonds,
nucleophilic positions) and (2) radical oxidation by highly oxida-
tive free radicals such as hydroxyl free radicals (OH•), which are
generated from the decomposition of ozone in an aqueous solu-

tion [5,6]. This radical oxidation is nonselective and vigorous. The
purpose of introducing UV radiation into the ozonation process is
to enhance ozone decomposition, yielding more free radicals for
greater oxidation [7].

dx.doi.org/10.1016/j.jhazmat.2011.06.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yhchen1@ntut.edu.tw
mailto:yhchen1@ntu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2011.06.005
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Ozonation has been employed as an effective way to eliminate
MP from aqueous solutions. Furthermore, the removal of the total
rganic carbons (TOC) is commonly used as a mineralization index
f the ozonation. Nevertheless, sole ozonation resulted in a limited
emoval percentage of TOC (�TOC) of about 37% [8].  Recently, Zhou
t al. [9],  Chen et al. [8],  and Chang et al. [10] employed hetero-
eneous ruthenium-containing (Ru/Al2O3), high silica zeolites, and
ommercial platinum-containing (Pt/Al2O3) catalysts, respectively,
o enhance the �TOC in the catalytic ozonation of DMP. However,
he novel catalyst with superior catalytic activity is still desir-
ble to approach higher �TOC in the treatment of DMP-containing
olution.

Compared to the previous studies, this study successfully pre-
ented a TiO2/Al2O3 catalyst to obtain a distinguished improvement
n the mineralization of DMP  and its derivatives in the catalytic

zonation process. The synthesized TiO2/Al2O3 catalyst was com-
osed of approximately 10.0 wt.% TiO2 and 87.3 wt.% Al2O3 and
hen applied to catalyze the ozonation of DMP. The effect of the cat-
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ing experimental solution, and isothermal water. Components: 1. oxygen cylinder,
, 7. UV lamps, 8. packed Al2O3-based catalysts, 9. reactor, 10. sample port, 11. pH
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alytic ozonation conditions, such as the inlet ozone concentration
(CAGi0), catalyst dosage (Wcat), and UV radiation, was examined.
Moreover, the catalytic ozonation of DMP  using commercial TiO2
and Al2O3 catalysts was also performed for comparison. The con-
centrations of DMP  (CBLb) and TOC (CTOC) in the solution were
analyzed at specified time intervals to study the decomposition of
DMP.

2. Materials and methods

2.1. Materials

The commercial Al2O3 catalyst, with a particle size of 3–5 mm,
was obtained from Advantage Chemical Co., Ltd. (Taichung,
Taiwan). Titanium tetrachloride (TiCl4, 99%) was  purchased from

Hayashi Pure Chemical Ind. (Osaka, Japan). Degussa P25 TiO2 (Dus-
seldorf, Germany), with a primary particle size and a specific surface
area of 21 nm and 50 m2/g, respectively, was employed.
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Fig. 3. XPS spectra of the O 1s, Ti 2p, and Al 2p regions of the TiO2/Al2O3 catalyst
calcined at 400 ◦C.
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Fig. 4. Variation of CBLb/CBLb0 with time in the ozonation of DMP. (a) Ozonation using
the TiO2 and Al2O3 catalysts. CAGi0 = 14 mg/L. ©:  sole ozonation. �: TiO2 catalyst with
Wcat = 1 g/L. �: Al2O3 catalyst with Wcat = 10 g/L. ♦: TiO2 catalyst with Wcat = 1 g/L
and  Al2O3 catalyst with Wcat = 10 g/L. (b) Ozonation using the TiO2/Al2O3 catalyst.
×  adsorption experiment, Wcat = 10 g/L. �: CAGi0 = 8 mg/L, Wcat = 10 g/L. �, �, ©,  ♦,
and �: CAGi0 = 14 mg/L, Wcat = 1, 5, 10, 20, and 40 g/L. (c) Ozonation using UV and
the  catalysts. [I] = 0.648 W/L. �: TiO2 catalyst with Wcat = 1 g/L. �: TiO2/Al2O3 cata-
lyst with Wcat = 10 g/L. �: CAGi0 = 14 mg/L, TiO2/Al2O3 catalyst with Wcat = 10 g/L. �:
CAGi0 = 14 mg/L, TiO2 catalyst with Wcat = 1 g/L.
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2.2. Preparation of the TiO2/Al2O3 catalyst

The TiO2/Al2O3 catalyst was  prepared with �-Al2O3 particles
using a wet-impregnation method followed by an incineration
procedure [11]. The �-Al2O3 particles (100 g) were immersed in
100 mL  of an aqueous solution containing 20 vol.% TiCl4 for 24 h.
The loaded TiCl4 was converted through hydrolysis to form the
TiO2 sites on the alumina support. One should note that the TiO2
content may  increase with the ratio of TiCl4 to �-Al2O3 in the prepa-
ration procedure. However, the �-Al2O3 particles would apparently
collapse found in the preliminary tests with higher TiCl4 con-
centration because of the high acidity. Subsequently, the excess
water was  removed by evaporation at 80 ◦C over 48 h. The dry
titanium-loaded �-Al2O3 particles prepared from the same batch
were further calcined at temperatures of 400, 600, 800, or 1000 ◦C
for 3 h to obtain the TiO2/Al2O3 catalysts. The TiO2/Al2O3 catalyst
was washed with deionized water several times and then dried and
stored.

2.3. Experimental apparatus

An airtight reactor with an inner diameter of 17.2 cm and an
effective volume of 5.5 L was made of Pyrex glass and equipped
with a water jacket to maintain a constant solution temperature
of 25 ◦C for all experiments. The design of the reactor was  based
on the criteria for the shape factors of a standard six-blade turbine
[12]. Two quartz tubes with outer diameters of 3.8 cm,  symmetri-
cally installed inside the reactor, were used to house the UV lamps.
A volume of 3.705 L of the DMP-containing solution (VL) was  used
in each experiment, and the total sampling volume was less than
5% of the experimental solution. The stirring speed was 800 rpm
to ensure the complete mixing of the system, in accordance with
the previous study [8].  A pH meter (model 300T, Suntex, Taipei,
Taiwan) was used to measure the pH value of the solution. A cir-
culation pump was used to transport the liquid from the reactor
to the pH sensor with a flow rate of 0.18 L/min and to re-flow it
back during the ozonation. All fittings, tubings, and bottles were
made of stainless steel, Teflon, or glass. The experimental apparatus
employed in this work is shown in Fig. 1.

The ozone was  generated from pure oxygen by an ozone gen-
erator (model LAB2B, Ozonia, Dübendorf, Switzerland) with a gas
flow rate (QG) of 1.95 L/min. The CAGi0 and discharged ozone
concentration (CAGe) were determined with a UV-photometric ana-
lyzer (model SOZ-6004, Seki, Tokyo, Japan), which was  calibrated
with the KI titration method [13]. Low-pressure mercury lamps
(model PL-S 9W,  Philips, Eindhoven, Netherlands) were employed
to generate UV radiation at a wavelength of 254 nm. The inten-
sity of UV radiation ([I]) was measured by a digital radiometer
(Ultra-Violet Products, Upland, CA, USA) with a radiation sensor
(model DIX-254A). The UV radiation intensity, in units of W/L,
was defined as the average applied power of UV radiation per unit
volume in the well-mixed system relative to the number of pho-
tons absorbed by the solution per unit volume and time. The [I]
value was  calculated from the product of [IUV] (Aq/VL)Fs, where
[IUV] is the light intensity measured on the outer surface of the
quartz tubes by the radiation sensor in units of W/cm2, Aq is the
outer area (cm2) of the quartz tubes submerged in the solution,
and Fs is the fraction of the emitting UV light absorbed by the
solution. The value of Fs was determined close to the unit by mea-
suring the negligible transmittance of UV radiation through the
solution.

All experimental solutions were prepared with deionized water

without other buffers. The initial concentration of DMP  (CBLb0) in
the aqueous solution was 0.4 mM (77.7 mg/L). The initial TOC con-
centration (CTOC0) and initial pH values of the prepared solution
were measured to be approximately 45 mg/L and 5.60, respectively.



1020 Y.-H. Chen et al. / Journal of Hazardous Materials 192 (2011) 1017– 1025

0 60 120 18 0 240

Ozonat ion time  (m in)

0

20

40

60

80

100
η

TO
C

(%
)

(a)

0 60 120 180 240

Ozonation time   (min)

0

20

40

60

80

100

η
TO

C
(%

)

(b)

0 60 120 18 0 240

Ozonat ion time  (m in)

0

20

40

60

80

100

η
TO

C
(%

)

(c)

F
m

T
T
D
t
S

0 20 40 60 80

mO3A/(CBLb0VL) (m ol mo l-1)

0

5

10

15

20

25

m
O

3R
/(C

B
Lb

0V
L)

 (m
ol

 m
ol

-1
)

(a)

0 20 40 60 80

mO3A/(CBLb0VL) (mol  mo l-1)

0

5

10

15

20

25

m
O

3R
/(C

BL
b0

V
L)

 (m
ol

 m
ol

-1
)

(b)

0 20 40 60 80

mO3A/(CBLb0VL) (mol  mo l-1)

0

10

20

30

40

50

m
O

3R
/(C

BL
b0

V
L)

 (m
ol

 m
ol

-1
)

(c)

Fig. 6. Amount of ozone consumed per mole of DMP vs. the amount of ozone applied
ig. 5. Variation of TOC removal percentage in the ozonation of DMP. The experi-
ental conditions and notations are the same as those specified in Fig. 4.

wo values of CAGi0, 8 and 14 mg/L, were used in the experiments.
he effect of the TiO /Al O catalyst on the catalytic ozonation of
2 2 3
MP was examined at five Wcat: 1, 5, 10, 20, and 40 g/L. The con-

ribution of UV radiation was tested with an [I] value of 0.648 W/L.
amples were drawn out from the reactor at desired time intervals
per mole of DMP  in the ozonation of DMP. The experimental conditions and nota-
tions are the same as those specified in Fig. 4.

in the course of the experiments, and the samples were quenched
and stored at 4 ◦C for subsequent analyses. The dissolved ozone

concentration (CALb) was  analyzed by the indigo method [14]. Suc-
cessive multi-run experiments of the catalytic ozonation were
performed to test the durability of the TiO2/Al2O3 catalysts.



rdous 

2

T
t
a
m
c
o
G
o
s

l
c
a
l
w
t
l
t
q
t
T
1
p
i
c
p
t
f
o
s

3

3

l
T
(
C
m
f
r
e
t
c
a
s
b
2
c
t
p
b
t
o

3

c
c

Y.-H. Chen et al. / Journal of Haza

.4. Analytic instrumentation

The crystal structure and oxidation state profiles of the
iO2/Al2O3 catalyst were analyzed using wide-angle X-ray diffrac-
ion (XRD, Bruker AXS, model D8-Advance, Karlsruhe, Germany)
nd X-ray photoelectron spectroscopy (XPS, Kratos Analytical Ltd.,
odel Axis Ultra DLD, Manchester, England), respectively. The

hemical composition of the catalysts was estimated by X-ray flu-
rescence analysis (Spectro Analytical Instruments GmbH, Kleve,
ermany). The Brunauer–Emmett–Teller (BET) specific surface area
f the catalysts was analyzed with a Micrometrics ASAP 2010 BET
urface area analyzer (Atlanta, GA, USA).

The DMP concentration was analyzed using a high-performance
iquid chromatography (HPLC) system, with a 250 mm × 4.6 mm
olumn (model ODS-2, GL Sciences Inc., Tokyo, Japan) and a diode
rray detector (model L-2455, Hitachi, Tokyo, Japan) at a wave-
ength of 230 nm.  The HPLC solvent, at a flow rate of 1.0 mL/min,

as composed of methanol and water at a 1:1 ratio. The injec-
ion volume of the analytical solution was 40 �L, and the detection
imit of DMP  concentration was 0.01 mg/L. The intermediates in
he samples were further identified by HPLC coupled with a triple
uadrupole mass spectrometer (LC–MS) with highly selective reac-
ion monitoring (Thermo Fisher Scientific Inc., Waltham, MA,  USA).
he TOC concentration was analyzed with a TOC instrument (model
030W, OI Corporation, College Station, TX, USA), using the UV-
ersulfate technique to convert the organic carbon compounds

nto carbon dioxide for subsequent quantification by an infrared
arbon dioxide analyzer calibrated with a potassium hydrogen
hthalate standard. In addition, the residual organic content on
he TiO2/Al2O3 catalyst, which was dried at 110 ◦C under vacuum
or 1 h prior to the fabrication of the KBr pellet, was  characterized
n a Thermo Nicolet Avatar 370 Fourier transform infrared (FT-IR)
pectrometer (Madison, WI,  USA) with a resolution of 2 cm−1.

. Results and discussion

.1. Characterization of the TiO2/Al2O3 catalysts

The XRD patterns of the Al2O3 and synthesized TiO2/Al2O3 cata-
ysts, which confirm the chemical structures, are illustrated in Fig. 2.
he intensity of the peaks including anatase TiO2 (A), rutile TiO2
R), and �-alumiun (�) increased with the calcination temperature.
ompared to standard XRD patterns, the peaks of the five samples
atched the peaks of the reference crystalline metals obtained

rom the Joint Committee on Powder Diffraction Standards. The
esults demonstrated that the TiO2/Al2O3 catalysts contained the
xpected components, including crystalline alumina and TiO2. In
he following ozonation experiments, the TiO2/Al2O3 catalyst cal-
ined at 400 ◦C was used because of its superior catalytic activity
s discussed in Section 3.6.  Fig. 3 shows the high-resolution XPS
pectra of the TiO2/Al2O3 catalyst calcined at 400 ◦C. The chemical
onding states in terms of the O 1s (529 eV), Ti 2p (456 eV), and Al
p (72 eV) peaks further confirmed the existence of the expected
hemical compounds. The physical properties and compositions of
he catalysts are shown in Table 1. The BET surface area and total
ore volume decreased with the calcination temperature, probably
ecause of the collapse of the porous structure at high calcination
emperatures. The synthesized TiO2/Al2O3 catalyst was composed
f approximately 10.0 wt.% TiO2 and 87.3 wt.% Al2O3.

.2. Decomposition of DMP  during catalytic ozonation
Fig. 4a–c shows the time variations of the dimensionless DMP
oncentration (CBLb/CBLb0) in the catalytic ozonation using various
atalysts, CAGi0, Wcat, and [I]. As shown in Fig. 4, DMP  is immedi-
Materials 192 (2011) 1017– 1025 1021

ately decomposed in the early period of the catalytic ozonation.
The degradation rate of DMP  was almost identical in the presence
or absence of the catalysts because the oxidation of DMP  was  easily
carried out via the direct ozonation [8].  Furthermore, the adsorp-
tion of DMP  on the TiO2/Al2O3 catalyst was negligible as shown
in Fig. 4b, which may  be due to the molecular size and steric hin-
drance of DMP  [15]. The effect of the Wcat on the degradation rate
was slight. In addition, the degradation efficiency of DMP  in the
catalytic ozonation process increased moderately with the intro-
duction of UV radiation because of the accelerated generation rate
of OH• (Fig. 4c). By comparison, the O3/UV treatment of DMP  using
the Degussa P25 TiO2 catalyst resulted in a better destruction effi-
ciency of DMP  compared to treatment using the TiO2/Al2O3 catalyst
because of higher external surface area of the Degussa P25 TiO2
catalyst.

The time required to reduce the concentration of DMP  by more
than 98% in the ozonation process was  marked as a characteris-
tic time (tf,DMP). A comparison of the ozonation results in terms
of tf,DMP, under various experimental conditions is summarized in
Table 2. The CAGi0 was the most important factor in the degradation
rate of DMP, as the tf,DMP value with an CAGi0 of 14 mg/L was about
half of that with an CAGi0 of 8 mg/L. A pseudo first-order reaction
rate equation, CBLb/CBLb0 = e−kBt, was applied to describe the degra-
dation rate of DMP  from the experimental data in Fig. 4, where kB
is the reaction rate constant. The value of kB in the catalytic ozona-
tion process with the TiO2/Al2O3 catalyst was determined to be
kB(min−1) = 0.0164C0.767

AGi0 W0.06
cat (where CAGi0 is in units of mg/L),

with a determination coefficient (R2) of 0.834. The pH value of the
solution decreased from an initial value of 5.60 to a final value
ranging from 1.67 to 3.54 in the early ozonation period (t < tf,DMP),
suggesting that acidic groups such as organic acids are generated
in the decomposition of DMP. Although the decomposition of DMP
was accompanied by a significant decrease in TOC (Table 2), the
generated intermediates still contributed a large amount of TOC.

3.3. TOC removal in the catalytic ozonation of DMP

The time variations of �TOC with the experimental conditions
specified in Fig. 4 are shown in Fig. 5 where the �TOC was calcu-
lated as (CTOC0 − CTOC)/CTOC0. The TOC removal in sole ozonation
rapidly increased with time in the initial period because of the
rapid decomposition of DMP  and then slowly reached approxi-
mately 31% at reaction time of 240 min  (Fig. 5a). The ozone dipolar
cyclo-addition of the benzene ring is considered to be the major
oxidation pathway of DMP  because the two  methyl carboxylate
groups are strongly electron-withdrawing and deactivate the elec-
trophilic substitution reaction [16]. The generated intermediates
are highly resistant to react with ozone molecules [7].  As shown in
Fig. 5a, catalytic ozonation significantly improved the TOC removal
compared to sole ozonation. The activity of the catalysts in terms
of the TOC removal was the highest in combining Degussa P25 TiO2
and Al2O3 catalysts followed in order by using the Al2O3 catalyst,
the Degussa P25 TiO2 catalyst, and sole ozonation. For example,
the �TOC was increased by approximately 32% and 81% compared
to sole ozonation with the employment of the Degussa P25 TiO2
and Al2O3 catalysts, respectively, at reaction time of 240 min.

As shown in Fig. 5b, the TiO2/Al2O3 catalyst exhibited signifi-
cantly higher catalytic efficiency than did the catalysts in Fig. 5a.
Furthermore, the TOC removal was  enhanced with a higher Wcat

and was  relatively independent on the CAGi0, in contrast to DMP
reduction. At a reaction time of 240 min, the Langmuir-like rela-

tionship between the TOC removal and catalyst dosage was given
by �TOC (%) = Wcat/(1 + 1.13Wcat) with an R2 value of 0.983. It indi-
cated that the TOC removal with the use of the TiO2/Al2O3 catalyst
may  also be caused by the adsorption of intermediates, which are
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Table 1
Physical properties and compositions of the TiO2, Al2O3, and TiO2/Al2O3 catalysts.

Catalyst Calcination
temperature
(◦C)

BET surface
area (m2/g)

Average pore
diameter (Å)

Total pore
volume (cm3/g)

Bulk density
(kg/m3)

Composition (wt.%)

TiO2 Al2O3 SiO2 CaO Fe2O3 HCl

TiO2 None 50 NA NA NA 99.5 <0.3 <0.2 ND <0.01 <0.3

Al2O3 None 152 116 0.441 2.97 0.003 96.6 2.28 0.654 0.02 0.431

TiO2/Al2O3 400 143 105 0.376 3.31 9.72 86.9 1.79 0.287 0.034 1.271
600  130 110 0.356 3.26 10.9 85.7 2.04 0.320 0.039 0.948
800  96 143 0.343 3.37 9.48 88.7 1.21 0.234 0.052 0.357
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1000 4.2 63 0.0066

A: not applicable.
D: not detected.

enerally more hydrophilic and with smaller molecular size than
MP, thereby increasing the �TOC. The adsorption of some inter-
ediates on the TiO2/Al2O3 catalyst was also confirmed by the

T-IR analysis of the used TiO2/Al2O3 catalyst. Subsequently, the
dsorbed intermediates could further advance the surface reaction
n the TiO2/Al2O3 catalyst by reacting with ozone or OH•.

Fig. 5c compares the O3/UV processes of DMP  using the
iO2/Al2O3 and Degussa P25 TiO2 catalysts. The O3/UV process with
he Degussa P25 TiO2 catalyst had the maximal �TOC of approxi-

ately 90%, which is close to the value obtained in the sole O3/UV
rocess reported by Chen et al. [8].  On the other hand, the O3/UV
rocess with the TiO2/Al2O3 catalyst nearly reached complete min-
ralization with a maximal �TOC of approximately 98%, which was
ainly attributed to the catalytic ozonation happened in the bulk

olution. Another advantage of using the TiO2/Al2O3 catalyst in the
atalytic ozonation is easy to recover while the small particle size
f Degussa P25 TiO2 tends to accumulate or cause blockages in
nstruments.

.4. Ozone utilization and TOC removal associated with ozone
onsumption

To further investigate the catalytic ozonation, the variation of
he amount of ozone consumed per mole of DMP  (mO3R/(CBLb0VL))
ith the amount of ozone applied per mole of DMP  (mO3A/(CBLb0VL))
as studied, as shown in Fig. 6. The masses of ozone applied (mO3A)
nd consumed (mO3R) were calculated by Eqs. (1) and (2),  respec-
ively, where VF is the volume of free space in the reactor.

O3A = QG × CAGi0 × t (1)

able 2
omparison of the ozonation results at the time to reduce DMP  concentration greater tha

Catalyst types CAGi0 (mg/L) Wcat (g/L) [I] (W/L) 

None 14 0 0 

14  0 0.648 

TiO2 14 1 0 

TiO2 14 1 0.648 

Al2O3 14 10 0 

TiO2 + Al2O3
c 14 11 0 

TiO2/Al2O3 8 10 0 

14  1 0 

14  5 0 

14  10 0 

14 10  0.648 

14  20 0 

14  40 0 

a Initial values of pH and DMP  concentration were 5.60 and 0.4 mM.
b Obtained from Chen et al. [8].
c Degussa P25 TiO2 catalyst: Wcat = 1 g/L; Al2O3 catalyst: Wcat = 10 g/L.
4.03 9.77 88.0 1.60 0.416 0.036 0.238

mO3R =
∫ t

0

(CAGi0 − CAGe)dt − CALbVL − CAGeVF (2)

The slope of the curves in Fig. 6 represents the utilization efficiency
of the fed ozone.

As shown in Fig. 6a, the utilization efficiency of the fed ozone
was significantly improved in the presence of the Al2O3 cata-
lyst compared to the efficiencies with no catalyst or with the
Degussa P25 TiO2 catalyst. This result may  be caused by the cat-
alytic mechanism of the Al2O3 catalyst, resulting in an increase in
the mass of consumed ozone [17–19].  The utilization efficiency of
the fed ozone with the Degussa P25 TiO2 catalyst had a similar
trend as did sole ozonation, indicating insignificant enhancement
of ozone utilization with this catalyst. Moreover, the ozone uti-
lization obtained with the TiO2/Al2O3 catalyst was found to be
similar to that obtained with the Al2O3 catalyst at the same catalyst
dosage (Fig. 6b). In addition, the introduction of UV radiation was
advantageous to the utilization efficiency of the fed ozone, espe-
cially when the mO3A/(CBLb0VL) was  greater than 20 (Fig. 6c). For
example, the ozone utilization ranged from 12 to 16% and from
34 to 43% in the catalytic ozonation without and with UV  radi-
ation, respectively, at the mO3A/(CBLb0VL) of 55. The information
would be advantageous to evaluate the ozone dose in large scale
applications.

The relationship between the �TOC and mO3R/(CBLb0VL) is illus-
trated in Fig. 7. Sole ozonation had the low mO3R/(CBLb0VL) and �TOC

(Fig. 7a), indicating that further oxidation of the intermediates can-
not proceed in this non-catalytic process. A comparison of Fig. 7a
and b shows that the addition of the TiO2/Al2O3 catalyst increased
the extent of TOC removal. A greater dosage of the TiO2/Al2O3 cat-

n 98% (tf,DMP) under various experimental conditions.a

tf,DMP (min) �TOC (%) pH kB (min−1) R2

30 15.19 3.11 0.131 0.997
30b 32.6b 3.26b 0.177b 0.949

30 20.78 3.07 0.167 0.994
30 65.50 1.67 0.245 0.985
30 22.89 3.54 0.127 0.991
30 22.47 3.28 0.134 0.998

60 40.80 2.80 0.086 0.998
30 13.40 3.08 0.125 0.996
30 23.54 2.81 0.171 0.978
30 27.48 2.61 0.111 0.984
30 46.74 3.03 0.180 0.964
15 18.35 2.87 0.144 0.988
15 26.52 2.99 0.187 0.966
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Fig. 7. TOC removal percentage vs. the amount of ozone consumed per mole of DMP
i
a

a
s
t
w
m

n  the ozonation of DMP. The experimental conditions and notations are the same
s  those specified in Fig. 4.

lyst increased the TOC removal at the same mO3R/(CBLb0VL), as
hown in Fig. 7b. In the catalytic ozonation with UV radiation using

he TiO2/Al2O3 catalyst (Fig. 7c), approximately 94% of the TOC
as removed at the mO3R/(CBLb0VL) of 12.9, revealing the greatest
ineralization ability.
Materials 192 (2011) 1017– 1025 1023

3.5. Mechanism of the catalytic ozonation of DMP

Furthermore, the present study showed superior mineraliza-
tion performance in both the O3 and O3/UV processes of DMP
with the use of the TiO2/Al2O3 catalyst compared to the findings
in the literatures as indicated in Table 3. It is mainly attributed to
the catalytic mechanism of the TiO2/Al2O3 catalyst which led to
better oxidation ability. To illustrate the possible roles of ozone
and the TiO2/Al2O3 catalyst in the ozonation of DMP  and its inter-
mediates, a simplified scheme showing the catalytic ozonation of
DMP  with the TiO2/Al2O3 catalyst is depicted in Fig. 8. The direct
attack of ozone is primarily on the substituted benzene ring of
DMP  at certain positions around the ring [8,21],  suggesting a rapid
oxidation rate via pathway I. Because intermediates are usually
inhibitory to the ozone molecules, pathway II is slow relative to
pathway I. The catalytic ozonation process consists of the gener-
ation of OH• from the surface reaction of the TiO2/Al2O3 catalyst,
marked as pathway III. This pathway was the principal pathway of
the consumption of the fed ozone in the late DMP  ozonation stage.
The presence of OH• led to successive oxidation reactions of DMP
and its intermediates, marked as pathways IV and V, respectively,
accounting for the enhancement of the TOC removal in these reac-
tions. The purpose of introducing UV radiation was to promote the
generation of OH•, as shown in pathway VI [22]. Furthermore, cat-
alytic ozonation involved the adsorption of intermediates, denoted
pathway VII. In this study, the adsorption of the intermediates
on the TiO2/Al2O3 catalyst contributes to the increase in the TOC
removal and may  also be beneficial for the subsequent oxidation
reactions.

Consequently, the difference between sole and catalytic ozona-
tion resulted from the contributions of reactions IV, V, and VII.
Based on the experimental data, several conclusions were made:
(1) the introduction of the TiO2/Al2O3 catalyst exerted the catalytic
ozonation to enhance the TOC removal, (2) the increase of the TOC
removal involves the synergistic effect of adsorption and radical
oxidation by the TiO2/Al2O3 catalyst, and (3) the TiO2/Al2O3 cata-
lyst has superior performance in the catalytic ozonation in terms
of the ozone utilization and TOC removal compared to the other
catalysts.

Based on the results of the LC–MS analysis, a mechanism of
the DMP  degradation during the catalytic ozonation with the
TiO2/Al2O3 catalyst was  proposed (Fig. 9). Both reaction pathways
A and B were observed in both the sole and catalytic ozona-
tion of DMP. However, sole ozonation likely proceeds through
pathway A, in which the hydroxylation of DMP  to generate 3-
hydroxy dimethyl phthalate was  the first ozonated step. The next
step is the oxidative cleavage of the benzene ring as carboxy-
lation forms 3,4-di-methyloxycarbonyl 2,4-hexadienedioic acid.
Intermediates including 3-hydroxy 3-formyl propanoic acid, 2-
hydroxy pentanedioic acid, and 2, 3-dihydroxy pentanedioic acid,
resulted from further oxidation. On the other hand, the cat-
alytic ozonation would preferably cleave the benzene ring at the
ortho position of the methyloxycarbonyl group to generate 5,6-di-
methyloxycarbonyl 2,4-hexadieneoic acid through pathway B on
the surface of the TiO2/Al2O3 catalyst. The following intermediates
included 2-hydroxy dimethyl succinate, 2,4-hexadienedioic acid,
and 4-hydroxy 2-pentenoic acid, etc. In consequence, the resulting
products such as malonic and oxalic acids were associated with the
generation of carboxylic groups and accounted for the significant
decrease in the pH of the solution during the ozonation.

3.6. Durability of TiO2/Al2O3 catalysts
The variations of �TOC using the TiO2/Al2O3 catalysts which were
prepared at different calcination temperatures (400, 600, 800, or
1000 ◦C) during repetitive DMP  ozonation cycles were studied to
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Fig. 8. Simplified reaction mechanism of catalytic ozonation of DMP  using the TiO2/Al2O3 catalyst.

Fig. 9. Degradation mechanism of DMP  in catalytic ozonation with the TiO2/Al2O3 catalyst.
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Table  3
Comparison of the mineralization results in catalytic ozonation of DMP.

Authors Catalyst Process CBLb0 (mg/L) mO3A/(CBLb0VL)
(mol mol−1)

Wcat (g/L) �TOC (%)

Zhou et al. [9] Ru/Al2O3 O3 6 156 10 72
Chen  et al. [8] High silica zeolites O3 77.7 142 1 36

O3/UV 77.7 69 1 91
Chang  et al. [10] Pt/Al2O3 O3 100 61 220 57

O3/UV 100 61 220 65
Jing  et al. [20] TiO2 O3 10 8 1 48.3

O3/UV 10 8 1 79.9
Present work TiO2/Al2O3 O3 77.7 69 10 76

O3/UV 
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xamine the durability of the catalysts (Fig. 10).  The TiO2/Al2O3 cat-
lyst that was  calcined at 400 ◦C had the greatest catalytic activity,
ossibly due to its high BET surface area (Table 1). After repetitive
zonation runs, the activity of the TiO2/Al2O3 catalyst decreased
oticeably because of the residual contaminant inside the cata-

yst. It was worth to note that the catalytic activity of the used
iO2/Al2O3 catalyst can be recovered by an incineration process at

 high temperature (≥400 ◦C), a process which removed the resid-
al contaminant. A slight decrease in catalytic activity remained
fter the incineration process compared to the fresh catalyst that
ay be attributed to the possible residual contaminant or property

hanges of the used TiO2/Al2O3 catalyst.

. Conclusions

Ozonation using a TiO2/Al2O3 catalyst was developed as an
ffective means to eliminate dimethyl phthalate (DMP) from
queous solutions. The TiO2/Al2O3 catalyst is composed of approx-
mately 10.0 wt.% TiO2 and 87.3 wt.% Al2O3 and was  the most
ctive when it was calcined at 400 ◦C. The removal percentage of
otal organic carbons (�TOC) was the most efficient in the process
mploying the TiO2/Al2O3 catalyst, followed by the Al2O3 catalyst,
he Degussa P25 TiO2 catalyst, and sole ozonation. In the catalytic
zonation, the relationship between the �TOC and catalyst dosage
ollowed the relation �TOC (%) = Wcat/(1 + 1.13Wcat), where Wcat is
he dosage of the TiO2/Al2O3 catalyst in units of g/L. Moreover, the
ombination of the catalytic ozonation with UV radiation resulted
n the �TOC of approximately 98%. The activity of the TiO2/Al2O3

atalyst, which decreased after multi-run experiments, was effec-
ively recovered by an incineration process at high temperature
≥400 ◦C).

[

77.7 69 10 98
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