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ABSTRACT

This study investigates the photolytic and photocatalytic degradation of dimethyl phthalate
(DMP) with novel catalysts including the titanium dioxide-coated magnetic poly(methyl
methacrylate) (TiO,/mPMMA) and platinum-doped TiO,/mPMMA microspheres. The
experiments under the illumination of ultraviolet (UV) radiation at 185 and 254 nm are con-
ducted to examine the effects of the initial DMP concentration, photocatalyst, and Pt doping
on the degradation of DMP and its mineralization efficiency. The photocatalyst and initial
DMP concentration are important factors for the degradation of DMP, while the Pt doping
has a minor effect. On the other hand, the mineralization efficiency would be significantly
accelerated by the presence of photocatalysts and the Pt doping. In addition, it demonstrates
the remarkable contribution of UV radiation at 185nm to the elimination of DMP and inter-
mediates via both direct photolysis and photocatalysis. This study provides useful informa-
tion about the direct photolytic and photocatalytic degradation of DMP using the novel
photocatalysts with the presence of UV radiation at 185 nm.

Keywords: Dimethyl phthalate; Photolysis; Photocatalytic degradation; UV radiation; Titanium
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1. Introduction

The emissions of phthalic acid esters from urban
sewage and factories are accelerated by rapid eco-
nomic development in the recent decades [1,2]. The
phthalic acid esters are usually refractory to environ-

*Corresponding author.

mental microorganisms and accumulate in natural
bodies of water, ultimately becoming widely
distributed within the aqueous system and exerting a
noticeable influence on the ecological environment [3].
Dimethyl phthalate (DMP) as one of the most com-
mon phthalic acid esters has been used as a plasti-
cizer in tools, automotive parts, toothbrushes, food
packaging, cosmetics, insecticide, etc., and frequently
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detected in wastewater effluents and river water [4].
Obviously, DMP is an aqueous pollutant of concern in
the water and wastewater systems.

Titanium dioxide (TiO,) nanoparticles have been
known to be an excellent photocatalyst in the removal
of organic pollutants [5-9]. Recently, Mansouri and
Bousselmi [2] studied the degradation of diethyl
phthalate (DEP) by the TiO,/UV photocatalysis. The
evidence of the photocatalysis using TiO, photocataly-
sis for the removal of DMP has also been presented
[10,11]. When compared to the sloe ozonation of DMP
from Horikoshi et al. [12] and Chen et al. [13], the
TiO,/UV photocatalysis potentially demonstrates the
better mineralization efficiency. However, commercial
products of TiO, photocatalysts are usually in a small
particle size that makes them difficult to be recovered
after use in an aqueous solution. Chen et al. [14,15]
synthesized and studied the titanium dioxide-coated
magnetic poly(methyl methacrylate) (TiO,/mPMMA)
and platinum-doped TiO,/mPMMA  (Pt-TiO,/
mPMMA) microspheres under the ultraviolet (UV)
illumination at 254 nm for the photocatalytic degrada-
tion of p-phenylenediamine and DMP, respectively.
As a result, good magnetic and photocatalytic charac-
teristics of the microspheres were presented because
of their abundant magnetite and photocatalyst con-
tents. These microspheres have potential for applica-
tion in a slurry photocatalytic reactor and recovery in
a magnetic separation process after the use.

On the other hand, the direct photolysis of DMP
under the illumination of UV at 254nm was found
negligible [16]. Nevertheless, the investigations into
the direct photolysis or the photocatalysis of DMP
using the novel catalysts under the illumination of the
high-energy UV radiation such as at 185nm are still
lacking. Exposing to the UV radiation at 185nm may
lead to a photochemical reaction similarly as the sun
radiation. This information could be essential for the
optimal design of direct photolysis or photocatalytic
degradation of DMP in an aqueous solution.

In this study, the photolytic and photocatalytic
experiments of DMP have been proceeded in a
completely stirred tank reactor with the employment
of the UV radiation at both 185 and 254nm. The
concentration variations of DMP and total organic car-
bons (TOCs) in the solution are analyzed at specified
time intervals. The value of TOCs is a convenient and
direct expression of total organic content as an index
of mineralization. It was found that the direct photoly-
sis was remarkable with the presence of the UV
radiation at 185nm. In addition, the photocatalytic
performance would depend on the initial DMP
concentrations (Cgrpp), UV radiation, photocatalyst
types, and Pt doping.
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2. Materials and methods
2.1. Chemicals

DMP, with a chemical formula of C;o0H;oO4,
purchased from Merck (Darmstadt, Germany), has a
molecular weight of 194.19 Daltons, a boiling point of
282°C, and a CAS registry number of 84-66-2. The
TiO, nanoparticles coated on the surface of the
mPMMA microspheres form a multilayer coating with
the thickness of about 100-250 nm. The TiO,/mPMMA
microspheres and Pt-TiO,/mPMMA microspheres
with a particle size distribution of about 5-11 um and
BET specific surface area of about 9.78m”/g were
synthesized, while the Pt doping content based on
TiO, weight is 0.6 wt.%. Details of the synthesis of
the TiO,/mPMMA [15] and Pt-TiO,/mPMMA [16]
microspheres may be found elsewhere.

2.2. Experimental apparatus

A photolytic reactor with a 17.2cm inner diameter
was made of Pyrex glass with an effective volume of
5.5L and equipped with a water jacket to maintain a
constant solution temperature of 25°C for all experi-
ments. The design of the reactor was based on the
criteria for the shape factors of a standard six-blade
turbine [17]. Two quartz tubes of 3.8 cm outer diame-
ter symmetrically installed inside the reactor were
used to house the UV lamps. The stirring speed was
800rpm to ensure the complete mixing of the system
in accordance with previous study [18]. All fittings,
tubing, and bottles were made of stainless steel,
Teflon, or glass.

2.3. Photocatalytic experiments

About 3.75L of the DMP-containing solution was
used in each experiment, and the total sampling
volume was within 5% of the solution. The experi-
ments were conducted at various Cgrpo to examine
the photocatalytic degradation of DMP. Six Cgrpo of
0.025, 0.05, 0.1, 0.15, 0.2, and 0.4 mM were adopted for
the experiments. All experimental solutions were
prepared with deionized water without other buffers.
The initial TOC concentration (Ctocp) is measured
about 18 mg/L in the case of Cprpo=0.15mM, while
the Croco of the solution is proportional to Cgrpo. The
catalyst dosage used for the photocatalytic degrada-
tion of DMP was 1g/L. The initial pH value of the
solution was about 6.58. The initial concentration of
the dissolved oxygen in the solution was in the range
of 5.4-7.9mg/L.

The low-pressure mercury lamps (model HNS-20W,
Osram, Miinchen, Germany) emitting the radiation
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intensity, in the unit of W/L, at 185nm of 0.04 W/L
and at 254nm of 0.148 W/L supplied the UV radiation.
The radiation intensity was defined as the average
applied power of UV radiation per unit volume in the
well-mixed system, proportional to the number of
photons absorbed by the solution per unit volume and
time [15]. Before the experiments commenced, the UV
lamps were activated and shielded by aluminum foil
for 30min to ensure the stability of the UV intensity
and solution temperature. Then, the UV radiation was
introduced into the reactor to begin the photocatalytic
degradation of DMP. The duration of the photocatalytic
experiments was chosen as 240min in which the
remarkable mineralization is expected according to
the results of the previous studies [15,17]. Samples were
drawn out from the reactor at desired time intervals
over the course of the experiments. Then, the micro-
spheres in the samples were immediately recovered by
a magnet, and the samples were stored at 4°C for
subsequent analyses. In addition, the durability of the
microspheres has been demonstrated in the previous
study [18].

2.4. Analytic instrumentation

The concentration of DMP (Cgrp) was analyzed
using a high-performance liquid chromatography sys-
tem, with a 250 x 4.6 mm column (model ODS-2, GL
Sciences Inc., Tokyo, Japan) and a diode array detector
(model L-2455, Hitachi, Tokyo, Japan) at 230nm. The
HPLC solvent, at a flow rate of 1.0mL/min, was
composed of methanol/water at a 50:50 ratio. The
injection volume of the analytical solution was 40 uL,
and the DMP concentration detection limit was
0.01mg/L. The concentration of TOCs (Croc) was
analyzed by the TOC analyzer (model 1030 W, OI
Corporation, College Station, Texas, USA). The TOC
instrument used the UV-persulfate technique to
convert the organic carbon compounds into carbon
dioxide for subsequent quantification by an infrared
carbon dioxide analyzer calibrated with a potassium
hydrogen phthalate standard. A pH meter (model
300T, Suntex, Taipei, Taiwan) was used to measure the
pH of the solution. The repeatability of the Cgr;, mea-
surement was performed with the relative standard
deviation less than 3%.

3. Results and discussion
3.1. Photolysis and photocatalytic degradation of DMP

Fig. 1 shows the time variations of the dimension-
less DMP concentration (Cgry/Cgrpo) in the photodeg-
radation experiments with or without the catalysts.
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Fig. 1. Variations of Cgrp/Cprpo with time for the
photocatalytic degradation of DMP with TiO,/mPMMA
and Pt-TiO,/mPMMA microspheres under various
experimental conditions. (a) O, O, and A: TiO,/mPMMA
microspheres at W, of 1g/L, 0.60 wt.%, Pt-TiO,/mPMMA
microspheres at W, of 1g/L, and no catalyst, respectively.
CBLb():O.lSmM. (b) A, D, <>, O, V, and x: CBLb():0.0ZS,
0.05, 0.1, 0.15, 0.2, and 04mM. TiO,/mPMMA
microspheres at W.,; of 1g/L. Line: prediction based on
Eq. (1) and Table 1.

DMP can be immediately decomposed in the early per-
iod of all the experiments. The mechanism includes the
direct photolysis and photocatalytic degradation of
DMP and its intermediates. As shown in Fig. 1(a), the
direct photolysis of DMP is remarkable, demonstrating
the oxidative ability of UV radiation at 185 nm.
Moreover, the photocatalysis involving the
TiO,/mPMMA or Pt-TiO,/mPMMA microspheres
would present higher decomposition rates of DMP
compared with that of the direct photolysis (Fig. 1(a)).
The major contribution of the photocatalyst is to
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generate hydroxyl radicals ("OH) of powerful oxida-
tive ability [17-20] that could result in successive
oxidation reactions of DMP and intermediates. By
comparison, the Pt-TiO;/mPMMA microspheres
slightly show better performance for the elimination
of DMP because of its doped Pt which acts as the
photogenerated electron acceptor [21-23]. The photo-
generated electrons could transfer from the TiO,
surface to the doped Pt to suppress the recombination
of electrons and holes and promote the transfer of
holes on the TiO, surface [24]. This produces a longer
electron-hole pair separation lifetime, thus resulting
in improved photocatalytic efficiency.

As shown in Fig. 1(b), the effect of Cgrpp on the
photodegradation rate of DMP is remarkable.
Although the elimination rate for the case of higher
Cgrpo seems slower in terms of the Cgrp/Cgrpo, the
actual removal rate of DMP (dCgyy,/dt, mg/(L min)) is
evidently higher. In addition, the time required for the
removal percentage of DMP greater than 98% is taken
as a characteristic time (denoted as f;pyp) in the
photodecomposition of DMP. The t¢pyvp values under
various experimental conditions are summarized in
Table 1. The t;p\mp value follows the order: direct pho-
tocatalysis >>TiO,/mPMMA microspheres > Pt-TiO,/
mPMMA microspheres. A pseudo-first-order reaction
rate equation as Eq. (1) is applied to quantify the
photo-decomposition reaction rate (1) [2,17,20,25]. Note
that the obtained reaction rate constant, kg, would
comprise the contributions of the direct photolytic
degradation and photocatalytic degradation.

r= —dCBLb/dt = kBCBLb (1)

As shown in Table 1, the kg can be obtained from
the regression of the experimental data of DMP
reduction in Fig. 1 with satisfactory determination

Y.-H. Chen et al. | Desalination and Water Treatment 52 (2014) 3377-3383

coefficients (R?), indicating the model can be applied
to describe of the photodecomposition rate of DMP.
The kg value varies with various experimental condi-
tions where higher kg value means higher photode-
composition rate of DMP. It is obviously that the
presence of the photocatalyst is significantly advanta-
geous to the kg value, while the Pt doping shows a
minor contribution. In addition, the case of higher
CpLbo has smaller kg value, indicating slower decreas-
ing rate of Cgrp/Cprpro. As illustrated in Fig. 1, the
prediction for the time variation of the Cgry/Cgryo,
based on Eq. (1) and Table 1, presents good agree-
ment with the experimental data (Fig. 1). According to
Langmuir-Hinshelwood equation, the experimental
data in the cases of Cprpo of 0.025-0.15mM using
the TiO,/mPMMA microspheres in Table 1 can be
represented as Eq. (2)

1/kg (min) = 1/(k.Kru) + Coroo/ke
= 2.97 + 251.3Cs100 R? = 0.990 @)

where k. is the reaction rate constant of surface
reaction of 0.00398mMmin ' (0.773mgL ' min ")
and Kpy is the Langmuir-Hinshelwood adsorption
equilibrium constant of 84.7mM ™" (0.436 L mg™").

The kg value obtained in this study is about 50,
1.9, and 2.0 times higher for the cases with no catalyst,
TiO,/mPMMA microspheres, and Pt-TiO,/mPMMA
microspheres under the UV illumination at 254 nm of
0.499W/L [18], respectively. It is obvious that the
superior kg value with the presence of UV radiation at
185 nm is mainly attributed to the enhancement on the
direct photolysis of DMP. Nevertheless, UV radiation
at 185 nm also shows superior ability in photocatalysis
compared with that at 254nm in the condition of the
same radiation intensity.

teomp” kg R? *

(min) (min™ 1Y) (mol/Einstein, %)
>240 0.0149 0.999 2.68

60 0.0985 0995 1.84

60 0.0651 0980 3.64

120 0.0382 0.957 3.64

150 0.0239 0965 4.35

>240 0.0141 0992 3.60

>240 0.006 0989 5.77

120 0.0268 0976 5.50

Table 1
Values of kg under different experimental conditions for DMP photodecomposition
Photocatalyst CgIbo Weat dpeTio,

(mM) (g/L) (Wt.%)
No catalyst 0.15 0 -
TiO,/mPMMA microspheres 0.025 1 0

0.05 1 0

0.10 1 0

0.15 1 0

0.20 1 0

0.40 1 0
Pt-TiO,/mPMMA 0.15 1 0.60

microspheres

t pmp = time required for concentration reduction of DMP greater than 98%.
PCalculated for period from t=0 through t;pyvp or through 240 min if t¢pyp > 240 min.
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The quantum efficiency, ®, is defined as the
numeric ratio of the eliminated molecules of DMP to
the supplied photons and represents the utilization
efficiency of the applied UV radiation. The ® value as
indicated in Table 1 is calculated from the experimen-
tal data in Fig. 1 based on the period from the initial
time to t;pmp. The entire quantity of incident light is
assumed to be absorbed by the photocatalysts, and
the consumption of the oxidative species for the inter-
mediates is neglected in this calculation. The ® value
which generally increases with the Cgio and the
presence of the photocatalysts is also greater than that
obtained under the UV illumination at 254nm of
0.499W/L [18].

3.2. TOC removal during the photodecomposition of DMP

To investigate the mineralization of DMP in the
photolytic and photocatalytic processes, the time
variations of the removal percentage of the TOCs
(nTOCIZ(CTOCO_CTOC)/CTOCO) are shown in Flg 2. It
is apparent that the #roc value slightly increases in
the early experimental stage, implying that the initial
intermediates from the degradation of DMP still con-
tribute high TOCs relative to the initial value. Mean-
while, the pH variation of the solution rapidly
decreases during the early phase before gradually
reaching a steady value of about 4 which is mainly
associated with the generation of carboxylic groups
[18]. Then, the nroc would start to significantly
increase with time after the incubation period.

Furthermore, the experiments with the Pt-TiO,/
mPMMA microspheres, TiO,/mPMMA microspheres,
and no catalyst show distinct differences in terms of the
itoc variation (Fig. 2(a)). The #1oc in the experiments
using the Pt-TiO,/mPMMA microspheres at the reac-
tion time of 240 min is about 263% and 45% higher than
those using no catalyst and the TiO,/mPMMA
microspheres, respectively. It is apparent that the min-
eralization efficiency can be enhanced by the presence
of the novel photocatalysts especially with the Pt dop-
ing. Compared with the results under the UV illumina-
tion at 254nm of 0.499W/L [18] (Fig. 2(a)), the UV
radiation at 185nm shows the significant contribution
to the mineralization efficiency via the direct photolytic
and photocatalytic processes. On the other hand, the
nroc increases faster with smaller Cgpg as shown in
Fig. 2(b) that is similar to the observation on the DMP
reduction. According to the results in Fig. 2, the com-
plete mineralization could be expected by applying the
novel photocatalytic process and longer reaction time.

To further study on the photodecomposition mecha-
nism of DMP, the correlations between the nroc and the
removal percentage of DMP (1L, = (CpLbo—Chrp)/
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Fig. 2. Variations of #nroc with time for the
photocatalytic degradation of DMP with TiO,/mPMMA
and Pt-TiO,/mPMMA microspheres under various
experimental conditions. (a) @®: CBLb0=0.15mM, TiO,/
mPMMA microspheres at W, of 1g/L, at 254nm of
0.499W/L [18]. Other notations and experimental
conditions are the same as specified in Fig. 1.

CpLbo) are illustrated in Fig. 3 by integrating the results
in Figs. 1 and 2. The TOC removal during the photode-
composition of DMP can be divided into two stages. In
the regime of small 51, (generally less than 80%), the
low diminution of TOC primarily comes from the
oxidation of original DMP or initial intermediates.
In the later photocatalytic stage (#pip = 80%), the
toc would remarkably increases with #p,, which is
characterized by the generation of the products with
smaller TOCs. Furthermore, it is found that the #toc in
different photocatalytic conditions at the same #gy fol-
lows the order as: Pt-TiO,/mPMMA microspheres >
TiO;/mPMMA  microspheres >direct photocatalysis
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Fig. 3. The

npLp for the
degradation of DMP with TiO,/mPMMA and Pt-TiO,/

fToc VS photocatalytic

mPMMA  microspheres under various experimental
conditions. Notations and experimental conditions are the
same as specified in Fig. 1.

(Fig. 3(a)), indicating distinct photodecomposition
mechanisms. In contrast, the variation of the #roc with
the #prp using the TiO,/mPMMA microspheres pre-
sents the similar trend for the cases of different Cgypo
(Fig. 3(b)), revealing the same reaction mecha-
nism. Accordingly, the ng, value can be used as a sup-
plementary index to the #roc for the photocatalysis of
DMP with the use of Pt-TiO,/mPMMA or TiO,/
mPMMA microspheres.

4. Conclusions

The UV radiation at 185nm shows the significant
contribution to the elimination of DMP due to the sig-
nificance of direct photolysis. A pseudo-first-order

Y.-H. Chen et al. | Desalination and Water Treatment 52 (2014) 3377-3383

reaction rate equation as —dCgrp/dt =kgCprp is suc-
cessfully proposed to describe the direct photolytic
rate and the photocatalytic rate with the novel photo-
catalysts of DMP. As for the mineralization efficiency,
both the presence of UV radiation at 185nm and the
photocatalyst type are important factors. The minerali-
zation efficiencies under different photocatalytic
conditions clearly follow the order: platinum-doped
titanium dioxide-coated magnetic poly(methyl meth-
acrylate)  (Pt-TiO,/mPMMA) microspheres >TiO,/
mPMMA microspheres >no catalyst. In addition, the
clear relationships between the reduction percentages
of TOCs and DMP for different photodecomposition
processes are characterized.
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