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A B S T R AC T

Diethyl phthalate (DEP) has been classifi ed as an endocrine disruptor pollutant. The degradation 
of DEP C12H14O4, in aqueous solution by TiO2-UV process was optimized using high pressure mer-
cury lamp. Effects of TiO2 dosage and type, and pH values on the degradation of DEP by TiO2/UV 
process were investigated. The optimal TiO2 dosage and pH value for the DEP degradation were
1 g l−1 and 7.0, respectively using TiO2 P25. The degradation rate of DEP by TiO2/UV process under 
optimal conditions reach 78.6% and could be fi tted fi rst-order kinetics.
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1. Introduction

Phthalate esters (PAEs) represent a class of chemical
compounds used most widely as plasticizers for poly-
vinyl chloride (PVC) resins and cellulose fi lm coating. 
To a minor extent they have also found application in 
cosmetics, insect repellents and propellants [1]. Phthal-
ates are easily transported to the environment dur-
ing manufacture, disposal and leaching from plastic 
materials, in which they are bonded non-covalently to 
allow the required degree of fl exibility [2]. The short-
chained phthalates, dimethyl phthalate (DMP) and 
diethyl phthalate (DEP) are among the most frequently 
identifi ed phthalates in diverse environmental samples 
including surface marine waters, freshwaters and sedi-
ments [1,3]. Epidemiological studies with humans have 
shown that phthalates induce adverse health effects 
such as disorders in male reproductive tract, breast and

testicular cancers and neuro-endocrine system disruption 
[4]. DEP, the phthalate that we focus on this study, has 
been found to have diverse acute and chronic toxic effects 
on several species at different trophic levels, as well as 
endocrine-disrupting properties [3,5]. The most common 
method for PAEs removal from wastewater is biological 
treatment, which is based on the metabolic degradation 
of PAEs by microorganisms [6]. However, the biodegra-
dation process is time-consuming; the degradation rate 
ranged from several days to a few months [3].

Since DEP is hard to be biodegradable and other 
treatment cost is too high; there is a need to search for 
better treatment methods for the pollutants. Advanced 
oxidation processes (AOPs) have been successfully uti-
lized to treat highly contaminated and toxic wastewater 
with organic pollutants (especially persistent organic 
pollutants (POPs)) [7–10]. In fact, several studies have 
examined the elimination of DEP using advanced oxi-
dation processes (AOPs) involving the generation of 
the hydroxyl radical (OH•), such as UV/H2O2 [11], UV/
H2O2/Fe2+ [1] and Fe(III)/solar light [12]. These studies 
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 agree that the reaction of DEP with OH• is dominant for 
the removal of DEP, indicating that AOPs are effective 
processes for removing DEP from water. The maximum 
degradation percentage (75.8%) of DEP was observed 
within 120 min at pH 3 in the UV/H2O2/Fe2+ system, 
with original H2O2 and Fe2+ concentrations of 5.00 × 10−4 
and 1.67 × 10−4 mol l−1, respectively [11]. However, few 
studies related to the use of titanium dioxide in the pho-
tocatalytic degradation of PAEs. In fact, heterogeneous 
photocatalysis through illumination of UV on TiO2 sur-
face is an attractive advanced oxidation process to treat 
aqueous organic compounds. One of the advantages of 
photocatalysis is that aliphatic and aromatic compounds 
can be completely mineralized under controlled condi-
tions [13,14]. Moreover, titanium dioxide (TiO2) is widely 
used as photocatalyst, since it is well known to be capa-
ble of oxidizing various pollutants, non-toxic, chemically 
stable, and commercially available [6,7,9,10,13,15–19]. 
The disadvantage is the slow electron transfer from TiO2 
to O2 and that mineralization requires longer time [20]. 
However, there is a lack of reports on DEP removal by 
TiO2/UV system and its photocatalytic degradation. In 
this study, we focus on the degradation of DEP using 
TiO2-UV process from aqueous phase. The effect of 
various parameters such as contact time, initial catalyst 
dosage, photocatalyst type and operation pH has been 
investigated. The kinetic data on photocatalytic degrada-
tion studies are processed.

2. Experimental methods

2.1. Diethyl phthalate

The DEP (CAS N° 84-66-2) has as formula C12H14O4. 
Its molecular weight is 222.24 g l−1 has a boiling point of 
298–299°C and aqueous solubility of 1.1 g l−1 (at 25°C). 
The structure of DEP is shown in Fig. 1.

DEP is stable in aqueous solution. No degradation 
was observed in the dark at room temperature after 1 mo. 
The UV–Visible spectrum (Fig. 1) comprises two maxima, 
a weak one at 276 nm (ε276 = 1480 l mol−1 cm−1) and a more 
intense one at 228 nm (ε228 = 7880 l mol−1 cm−1).

2.2. Reagents

All chemicals were of reagent grade and used 
without further purifi cation. The DEP C12H14O4, was 
purchased from Across Organics (99%). All the DEP 
solutions were prepared in distilled water. P25 from 
Degussa was used as photocatalysts in this study. P25 
consists of 75% anatase and 25% rutile with specifi c 
BET surface area of 50 m2 g−1. Hombikat UV 100 con-
sists of 100% pure anatase with a specifi c BET surface 
area of 250 m2 g−1.

2.3. Experiments

Before photocatalysis experiments, suspensions 
of TiO2 in the DEP solution were stirred 30 min in the 
dark at 25 ± 1°C, a suffi cient time to reach DEP equi-
librium concentration. Assuming that adsorption–
desorption of substrate and reaction intermediates is 
relatively slow in comparison to the recombination rate 
of electron–hole pairs, we suppose that the oxidation 
reactions to adsorption onto TiO2 surface of the DEP 
is limited [21]. After mixing DEP solution with a prede-
termined amount of TiO2 particle in a glass reactor, the 
mixture was maintained in suspension by a magnetic 
stirrer. The pH values of the suspensions were adjusted 
to the desired values using 0.1 M HCl or NaOH. Mea-
surements were made using WTW Multi 197i pH meter. 
The total volume of the suspension in the photoreactor 
was 1 l for all cases. The samples were withdrawn at 
given time intervals, and immediately fi ltered through 
0.45 μmTefl on syringe fi lters to minimize any con-
tinuing adsorption of DEP after sampling. UV-visible 
spectra and analytical determination of DEP remain-
ing in solution was done calorimetrically using UV-
visible spectrophotometer (Thermospectronic UV1) 
and quartz cell. The wavelength of 230 nm, in the vis-
ible spectrum of DEP (Fig. 1), was selected to monitor 
the disappearance of the molecule [11]. The calibration 
graph of the absorbance versus concentration obeyed 
a linear Beer–Lambert relationship under operational 
conditions.

2.4. Photocatalytic degradation experiments

Stock solutions of DEP containing the desired con-
centrations were prepared in water. The photocatalytic 
degradation experiments were carried out in a labora-
tory-scale cylindrical annular Pyrex photoreactor as 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

200 220 240 260 280 300 320 340

λ (nm)

A
bs

or
ba

nc
e

Fig. 1. UV–Visible spectrum of an aqueous solution of DEP.
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shown in Fig. 2. The photochemical reactor was made 
of glass with a plain quartz tube (through which the UV 
lamp is entering) equipped with a magnetic stirring bar, 
a water-circulating jacket and two openings for aeration. 
The photoreactor was equipped with a high pressure 
mercury lamp (Cathodeon HPK 125 W; λ > 253 nm).

For the irradiation experiments 1 l of the desired solu-
tion were fi lled into the reactor. The required amount of 
photocatalyst was added and the solution was stirred 
for at least 30 min in the dark to allow equilibration of 
the system. Samples were collected before and in regular 
intervals during the irradiation and immediately fi ltered 
through 0.45 μmTefl on syringe fi lters before analyses.

3. Results and discussion

3.1. Adsorption of DEP on TiO2

The adsorption experiments were conducted to 
study the adsorption behavior of DEP on TiO2 particles 
at pH 3.0, 7.0 and 9.0. The initial concentration of DEP 
used in all the experiments was 150 mg l–1. After 30 min, 
the adsorption amounts of DEP by TiO2 particles (1 g l−1) 
at pH 3, 7 and 10 were 8.1%, 12.5% and 10.6%, respec-
tively. The results showed that neutral pH favored the 
adsorption of DEP on TiO2 particles. This is because 
TiO2 particles at the point of zero charge (isoelectric 
point, about pH 6.2–7.5) [18,22] could adsorb more DEP 
molecules. When pH is below isoelectric point of the 
P25 TiO2, the surface of TiO2 particles is electropositive, 
which does not favor the adsorption of DEP molecules. 
On the contrary, when pH is above isoelectric point, the 
surface of TiO2 particles is electronegative, which does 
also not favor the adsorption of DEP molecules.

The adsorbed DEP per unit weight of the catalyst TiO2

(mg g−1) at equilibrium (Qe) were calculated from Eq. (1):

Q V C C Me iV C e( ) /  (1)

where Ci and Ce is the initial and equilibrium DEP con-
centration in the dark (g l−1); V is the solution volume 
(l); and M is the photocatalyst mass (g). Fig. 3 repre-
sents an example of the adsorption isotherm of DEP on 
TiO2 (1 g l−1) at pH 7 and showed that the adsorption 
isotherm fi tted the Langmuir–Hinshelwood equation 
[19,23,24].This behavior is considered as indicative of 
well shaken adsorption system and fast chemical ion 
surface attachment [16,21].

3.2. Effect of TiO2 dosage on the degradation of DEP

DEP is soluble in water with a reported maximum of 
solubility of approximately 1000 mg l−1 [12]. DEP is stable 
in aqueous solution. No degradation was observed in the 
dark at room temperature. In general, DEP exhibits weak 
absorption of light at λ higher than 300 nm. The UV–VIS 
spectrum comprises only a weak maximum absorption 
at 276 nm (ε276 = 1480 l mol−1 cm−1). The experimental 
results showed that the degradation of DEP did not occur 
after 3 h irradiation using mercury UV lamp (Cathodeon 
HPK 125, λ > 253 nm) which indicated that DEP was 
extremely inert and diffi cult to be degraded. However, 
the concentration of DEP continuously decreased when 
photocatalyst TiO2 was added into DEP solution under 
UV irradiation. The effect of catalyst weight (TiO2-P25) 
on the percentage removal of DEP was investigated from 
0 to 2 g of the catalyst per liter, using the DEP concen-
tration stable at 150 mg l−1, effect of TiO2 dosage on the 
degradation of DEP is shown in Fig. 4.

It can be seen that the addition of photocatalyst is 
markedly improving the degradation of the model

Fig. 2. Photo-reactor with mercury UV lamp [13].
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pollutants itself as well as its mineralization in compari-
son to direct photolysis, that is 0 g l−1 photocatalyst con-
centration. The degradation effi ciency of DEP increased 
with increasing amounts of TiO2 up to 1 g l−1. Then, the 
degradation effi ciency kept decreasing slowly with the 
enhanced amount of the catalyst. The increase in the deg-
radation effi ciency of DEP was because of the increase in 
the total surface area of the catalyst, namely number of 
active sites, available for the photocatalytic reaction as 
the dosage of catalyst increased [27,29]. However, when 
the dosage of TiO2 was overdosed, the number of active 
sites on the TiO2 surface would become almost constant 
due to the decreased light penetration, the increased 
light scattering and the loss in surface area occasionally 
by agglomeration at high solid concentration [1]. There-
fore, 1 g l−1 of TiO2 was chosen as the optimal amount for 
the later photocatalytic degradation of DEP.

3.3. Effect of type of photocatalyst

The infl uence of the substrate concentration on the 
degradation kinetics of DEP was investigated for two 
commercially available titanium dioxide powders: 
Degussa P25 (1 g l−1) and Sachtleben Hombikat UV 100 
(1 gl−1). The degradation rate of DEP is shown in Fig. 5 
for both employed photocatalysts. The degradation 
effi ciency decreases according time to reach 78.6% and 
52.5% respectively for TiO2 P25 and TiO2 UV100.

While both materials qualitatively exhibit a similar 
behavior on the degradation of DEP, relatively higher 
rate was obtained when Degussa P25 was used as a pho-
tocatalyst for the removal of the DEP.

3.4. Effect of pH on the degradation of DEP

The pH value of the solution was another impor-
tant parameter affecting photocatalytic degradation of 

organic pollutant since the amphoteric behavior of most 
semiconductor oxide affects the surface charge of the 
photocatalyst. Therefore, role of initial pH on the degra-
dation of DEP was investigated, as illustrated in Fig. 6.

The effi ciency DEP degradation increased when pH 
value increased from 3 to 7. When pH value was above 
7, the degradation effi ciency kept nearly constant with 
increase in pH value. The pH value of zero point charge 
of TiO2 is about pH (6.2–7.5) [25]. It is considered that, in 
alkaline solution (pH > 8), the positively charged DEP 
is likely adsorbed on negatively charged TiO2 particle 
surface, and in acidic solution (pH < 6), the negatively 
charged DEP is likely adsorbed on positively charged 
TiO2 particle surface [18]. It should also be pointed out 
that high concentration of OH− ions in the medium 
might trap CO2 generated by degradation of DEP, and as 
a result, bicarbonate and carbonate were formed in the 
alkaline medium, which would limit degradation rate 
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of DEP because bicarbonate and carbonate are effi cient 
scavengers of hydroxyl free radicals [1]. Therefore, pH 7 
was selected as the optimal experimental condition and 
there was no need for a neutralization process.

3.5. Kinetic of photocatalytic degradation of DEP

In this study, the photocatalytic degradation of DEP 
at the identifi ed optimum conditions corresponds to a 
fi rst-order kinetics model, which is described by Eq. (2):

C C kt−
0e (2)

where C0 is the initial concentration of the DEP
(mg l−1); C is the concentration of DEP at time t (mg l−1);
t is the irradiation time, and k is the reaction rate con-
stant (min−1). The photocatalytic degradation rates 
were reproducible with R2 (0.989) for the plots of natu-
ral log of DEP concentration versus time (Fig. 7). The 
rate constant of photocatalytic degradation of DEP at 
150 mg l−1 in the presence of 1 g l−1 TiO2 was 0,009 min−1, 
and t1/2 was around 77 min. The degradation half-life 
of DEP by microbial anaerobic degradation was 15.4 d 
[17]. From the results, it is indicated that the degrada-
tion effi ciency of photocatalysis was faster than that of 
microbial degradation.

4. Conclusions

In this paper, an advanced oxidation process, TiO2/
UV system was utilized to degrade aqueous DEP, which 
was among endocrine disrupting compounds and prior-
ity pollutant in environment.

Authors studied a few design parameters such as 
effect of temperature, light density, UV type (UVA, UVB 

and UVC), but design parameters such as pH, photo-
catalyst and the amount of TiO2 have been shown to be 
important variables during TiO2 photocatalysis of DEP. 
This study showed their impact on the system and the 
optimal concentrations of TiO2 and pH were examined. 
The maximum degradation percentage (78.86%) of DEP 
was observed within 3 h at pH 7 in the TiO2/UV system, 
using TiO2 Degussa P25 and a high pressure mercury 
lamp (λ > 253 nm), with optimal TiO2 dosage and pH 
value 1 g l−1 and 7, respectively. Under optimum condi-
tions, the degradation of DEP C12H14O4, in aqueous solu-
tion by TiO2-UV process, is following pseudo fi rst-order 
kinetic. Pseudo kinetic constant equal to 0.009 min−1

is obtained and are superior to 0.866 and 0.1588 min−1

obtained using respectively: ozonation in the presence 
activated carbon at pH = 7.2, and photochemical degra-
dation with UV/H2O2 system (initial concentration DEP 
1.04 mg l−1, UV intensity 133.9 μ cm−2, initial concentra-
tion H2O2 = 30 mg −1) [11,26]. The use of photocatalytic 
process and its combination with other process for DEP 
contaminated wastewater degradation can be interest-
ing option to be investigated.
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