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Automated on-line monitoring of the TiO2-based
photocatalytic degradation of dimethyl phthalate
and diethyl phthalate†
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A fully automated on-line system for monitoring the TiO2-based photocatalytic degradation of dimethyl

phthalate (DMP) and diethyl phthalate (DEP) using sequential injection analysis (SIA) coupled to liquid

chromatography (LC) with UV detection was proposed. The effects of the type of catalyst (sol–gel,

Degussa P25 and Hombikat), the amount of catalyst (0.5, 1.0 and 1.5 g L−1), and the solution pH (4, 7 and

10) were evaluated through a three-level fractional factorial design (FFD) to verify the influence of the

factors on the response variable (degradation efficiency, %). As a result of FFD evaluation, the main factor

that influences the process is the type of catalyst. Degradation percentages close to 100% under UV-vis

radiation were reached using the two commercial TiO2 materials, which present mixed phases (anatase/

rutile), Degussa P25 (82%/18%) and Hombikat (76%/24%). 60% degradation was obtained using the labora-

tory-made pure anatase crystalline TiO2 phase. The pH and amount of catalyst showed minimum signifi-

cant effect on the degradation efficiencies of DMP and DEP. Greater degradation efficiency was achieved

using Degussa P25 at pH 10 with 1.5 g L−1 catalyst dosage. Under these conditions, complete degradation

and 92% mineralization were achieved after 300 min of reaction. Additionally, a drastic decrease in the

concentration of BOD5 and COD was observed, which results in significant enhancement of their biode-

gradability obtaining a BOD5/COD index of 0.66 after the photocatalytic treatment. The main intermediate

products found were dimethyl 4-hydroxyphthalate, 4-hydroxy-diethyl phthalate, phthalic acid and phtha-

lic anhydride indicating that the photocatalytic degradation pathway involved the hydrolysis reaction of

the aliphatic chain and hydroxylation of the aromatic ring, obtaining products with lower toxicity than the

initial molecules.

1. Introduction

Phthalic acid esters (PAEs) have been classified as priority
hazardous substances due to their risk to human health. PAEs
have been widely used as additives in plastic or polymeric
materials to improve their flexibility, transparency, and
durability.1–3 Today, millions of tons of PAEs are produced all
over the world annually.4–6 These poorly biodegradable PAEs
are not chemically bound to polymers and can easily reach the
soil and aquatic systems.7 The main concern related to PAEs

exposure is their effect on humans and wildlife reproduc-
tion,8,9 causing damage to the endocrine system and carcino-
genic effects.10–12 Due to the risk to human health and the
environment, certain PAEs including dimethyl phthalate
(DMP) and diethyl phthalate (DEP) have been identified as pri-
ority hazardous substances by the European Union (EU).13,14

Most commonly, these short chained esters are detected in
environmental samples,5,15 including rivers, lakes and ground-
water. Different physical and chemical processes like adsorp-
tion with activated carbon, chitosan, or activated sludge have
been described for the removal of PAEs from water.5,16,17

However, the pollutants are only concentrated onto adsorbent
materials. Thus, it is necessary to identify appropriate treat-
ment technologies such as advanced oxidation processes
(AOPs), which involve the generation and use of transient
species of high oxidizing power, mainly the hydroxyl radical
(•OH). Within these processes, heterogeneous photocatalysis
has been proposed in recent years as an interesting alternative
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for PAEs oxidation; nevertheless, much work has been done on
the degradation of single pollutants.18–20 Titanium dioxide
(TiO2) is known to be an excellent photocatalyst because it is
photostable, reusable, inexpensive, nontoxic and easily
available.21–23 Anatase and rutile are the two principal catalytic
phases of TiO2. Anatase is generally regarded as the most
photochemically active phase of TiO2, presumably due to the
combined effect of lower rates of recombination and higher
surface adsorptive capacity.24 Compared with pure phase TiO2

materials, mixed-phase TiO2 can exhibit higher photocatalytic
activity, which could be attributed to the effective interparticle
charge transfer that promotes charge separation and enhances
photoactivity and photoefficiency.25,26

Degradation studies are primarily based on batch treat-
ments, and proper analytical control is often time-consuming
due to the collection of a considerable number of samples at
fixed times during the evolution of the photocatalytic reaction.
In this sense, sequential injection analysis (SIA) has proved to
be a suitable system for on-line analysis because of its high
sampling frequency, simplicity of automation, minimal
sample and reagent consumption, and little sample
manipulation.27–29

In this work, the application of heterogeneous photocataly-
sis for the degradation of a binary mixture of DMP and DEP
under UV-Vis radiation was investigated. The on-line and real-
time monitoring of pollutant degradation was carried out
using an SIA system equipped with a photoreactor, which is
coupled to a high performance liquid chromatography instru-
ment. The effect of catalyst type, catalyst dosage and solution
pH was studied comparing the photocatalytic activity of three
different TiO2-based materials. Under the selected degradation
conditions, complementary tests were performed, following
the mineralization and the biodegradability index. Finally, gas
chromatography coupled to mass spectrometry (GC-MS) was

used to identify the degradation intermediates and by-products.
Based on the detected intermediates, degradation pathways of
DMP and DEP were proposed in the TiO2 photocatalytic
system. To the best of the authors’ knowledge, the photo-
catalytic oxidation of a mixture of PAEs has not been studied
yet under the above-mentioned conditions.

2. Experimental
2.1. Implementation of an automated SIA photocatalytic
reactor

The SIA system (Fig. 1) for the on-line monitoring of the photo-
catalytic degradation of DMP and DEP was composed of a
syringe pump (SIA) and an 8-port multi-position selection
valve. The SIA system was coupled to the photocatalytic reactor
(a 250 mL Pyrex glass reactor and a UV-visible metal halide
Philips lamp 25 W, polychromatic radiation from 300 to
700 nm, 563 W m−2) and to a filtration unit through the multi-
position selection valve. The lamp was positioned at a distance
of 5 cm above the reactor. Aqueous DMP and DEP mixture
solution with an initial concentration of 5 mg L−1 for each
compound was prepared at different pH values (4, 7 and 10)
adjusted using diluted aqueous solutions of HCl and NaOH.
The dosage of the catalyst was between 0.5 and 1.5 g L−1.
Catalyst dispersions were equilibrated in the dark for 1 h prior
to irradiation. At regular time intervals (30 min), 2 mL of the
sample were automatically loaded from the reactor and filtered
through a 0.45 µm Nylon filter to remove the photocatalyst.
The concentrations of DMP and DEP were analyzed using a
Jasco high performance liquid chromatography (HPLC) system
with a C18 Column (Phenomenex Kinetex, 5 mm × 4.6 mm
i.d.) and a UV-Vis diode array detector (MD-4017) at 230 nm.
Isocratic elution with acetonitrile/water (55 : 45, v/v) mobile

Fig. 1 A schematic depiction of the SIA system used for the on-line monitoring of DMP and DEP during the photocatalytic reaction.
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phase at a flow rate of 1 mL min−1 and an injection volume of
20 µL was used. The calibration curves were elaborated from
seven concentration standards from 0.1 and 10 mg L−1, and
the limits of detection were 0.01 and 0.02 mg L−1 for DMP and
DEP, respectively.

2.2. Characterization of TiO2-based photocatalysts

Catalyst surface area and porosity were determined from the
nitrogen adsorption measurements at 77 K. The crystalline
phase composition and the average crystallite size were
studied using X-ray diffraction (XRD). The morphology of the
catalysts was analyzed using scanning electron microscopy
(SEM). Diffuse reflectance UV-Vis spectroscopy was used to
obtain the band gap energy. The isoelectric point was deter-
mined using a Zeta-Meter apparatus. Detailed information is
described in the ESI.†

2.3. Statistical analysis

A three-level fractional factorial design (FFD) with three repli-
cates at the central point was used to investigate the effect of
the process variables as well as to identify the best conditions
for the photocatalytic process. Three independent variables
were type of catalyst (TC), dosage of catalyst (CC), and solution
pH (pH). The degradation percentages of DMP and DEP at
150 min reaction time were the output response variables.

The significance of the effects of each variable was evalu-
ated with analysis of variance (ANOVA) using the statistical
software STATISTICA 10 (StatSoft, Inc. 2011). A p-value of less
than 0.05 was considered significant. To evaluate the statistical
relationships among operating variables of the photocatalytic
process and the responses (degradation percentages of DMP
and DEP) was used a response surface methodology approach
and desirability parameters.

2.4. Determination of total organic carbon (TOC) and the
biodegradability index

A volume of 8 mL of the sample was taken from the reactor
every 60 min. The samples were filtered through a 0.45 μm
Nylon syringe filter to remove TiO2 particles and acidified to
pH 2 with 1 M HCl prior to analysis. The total organic carbon
(TOC) concentration was measured using a Multi N/C 2100s
analyzer (Analytik Jena AG Corporation).

For the analysis of the biological oxygen demand (BOD5)
and the chemical oxygen demand (COD), volumes of 25 mL of
the sample were taken every hour during the photocatalytic
degradation and prepared for their analysis on the same day.
COD was determined using the closed reflux method (Method
5220 D) and the consumed oxygen was measured at 600 nm
using a Hewlett-Packard 8452A UV-Vis spectrophotometer.30

For the determination of BOD5, a sensor system was used
(VELP SCIENTIFICA).30

The BOD5 and COD measurements were used to calculate
the biodegradability index. There is a correlation between the
BOD5 and COD values under certain conditions.31

The BOD5/COD ratio is usually greater than 0.5 for highly
biodegradable samples, between 0.4 and 0.5 for moderately

biodegradable samples, between 0.2 and 0.4 for samples with
low biodegradability, and less than 0.2 for non-biodegradable
samples.32

2.5. Identification of degradation intermediates and by-
products

To determine the intermediate products from the DMP and
DEP photocatalytic reaction, solid-phase extraction (SPE) with
C18 25 mm 3 M Empore extraction disks was used.33 The
extraction disk was conditioned with 10 mL of a dichloro-
methane and ethyl acetate mixture (1 : 1), 10 mL of methanol,
and 10 mL of ultrapure water. Then, the sample was percolated
through the disk with a flow rate of 5 mL min−1 under
vacuum. The compounds trapped in the disk were collected
using 5 × 4 mL of dichloromethane/ethyl acetate (1 : 1). The
collected fractions were evaporated under a gentle stream of
nitrogen to dryness, reconstituted in 100 μL of the solvent
mixture, and 1 μL was injected into the GC-MS instrument in a
splitless mode. A GC-MS system (5979 inert XL mass selective,
Agilent Technologies) equipped with an Agilent HP-5 ms capil-
lary column (30 m × 0.25 mm i.d.) was used with the following
chromatographic conditions: injector temperature 220 °C,
column temperature program 40 °C, 40–200 °C (5 °C min−1),
200–210 °C (1 °C min−1), 210–280 °C (20 °C min−1) and 280 °C
(3 min). Helium was used as the carrier gas at 1.5 mL min−1.
The interface was kept at 280 °C.33

The by-products of the degradation reaction were analyzed
using ion exclusion chromatography (IEC). At regular time
intervals (60 min), 1 mL of the sample was taken from the
reactor and filtered through 0.45 μm Nylon syringe filters to
remove TiO2 particles. The degradation by-products were ana-
lyzed on a YL9100 HPLC system with an ion exclusion column
(Aminex, 300 mm × 7.8 mm i.d.) equipped with a photodiode
array detector (YL9160) at 200 nm. The mobile phase was
4 mM H2SO4 at a flow rate of 0.8 mL min−1 with an injection
volume of 20 µL.

3. Results and discussion
3.1. Characterization of TiO2-based photocatalysts

The characterization results of TiO2-based materials are sum-
marized in Table 1. The crystallinity and growth orientation of
the TiO2 materials were examined using XRD (Fig. S1†). The
composition of the crystalline phase was determined with eqn
(S1)† showing that Degussa P25 has 82% anatase and 18%
rutile, while Hombikat has 76% anatase and 24% rutile
(Table 1). The contents of crystalline phases were similar to
those published by Karunakaran et al.34

The average crystallite sizes of the anatase phase were deter-
mined using eqn (S2),† obtaining values of 19.5, 20.7 and
20.7 nm for sol–gel, Degussa P25 and Hombikat, respectively,
showing slightly higher values for the commercial TiO2-based
materials compared to that of the material prepared by the
sol–gel method.
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The surface areas and pore sizes were calculated by the BET
method and BJH method, respectively, from the N2 adsorption
isotherms (Fig. S2†). Although the surface areas of the three
materials were very similar (Table 1), the fact that commercial
materials show a 3-fold larger pore size than the synthesized
material by the sol–gel method can be attributed to a pore
blocking by a process of percolation in the sol–gel material
(hysteresis loop type H2). A larger pore size can make these
pores more accessible to PAE molecules, increasing the
adsorption and degradation of the pollutant.35,36

From the diffuse reflectance UV-Vis absorption spectrum
(Fig. S3†) and applying the Kubelka–Munk equation,37 the
band gap energy (Eg) of each catalyst was calculated. The Eg
values of the materials (Table 1) were similar (3.0–3.1 eV),
which means that these materials absorb energy that lies at
the boundary between the UV and the visible region. The cata-
lysts presented an isoelectric point between pH 6 and 7
(Fig. S4†), having the lowest value (6.1) for the TiO2 syn-
thesized by the sol–gel method, followed by Degussa P25 (6.5)
and finally the Hombikat (6.9).

SEM images of the catalysts are shown in Fig. S5.† The
three materials had a similar morphology based on the
agglomeration of spherical particles with sizes close to 50 nm
for the sol–gel TiO2, lower than 50 nm for Degussa P25, and
close to 100 nm for Hombikat. Particle size is an important
parameter influencing catalytic activity; a high photocatalytic
activity is associated with a smaller particle and crystallite size,
due to the fact that a large number of active surface sites are
available for adsorption, which increases the rate of interfacial
charge transfer.36,38

3.2. Implementation of the automated SIA photocatalytic
reactor

The SIA system allowed all solutions to be handled during the
monitoring of the PAE degradation in a fully automated mode.
Ten aliquots were collected during the photocatalytic reaction
and analyzed in triplicate. Aliquots of 2 mL of the PAEs/TiO2

dispersion were collected every 30 min and analyzed after the
removal of TiO2 by on-line filtration. It was not necessary to
replace the filter during the photocatalytic reaction. Any
change in the peak shape and resolution, and backpressure
problems in the system were observed using the same filter.
On-line monitoring was compared with manual analysis
showing a relative standard deviation of the peak area values
of less than 3.9% in the case of the manual analysis and less
than 1.6% in the case of the automated system, demonstrating
the precision of the proposed automated procedure.

3.3. Significance of process variables and empirical model
development for PAE photocatalytic degradation

The significance of the process variables in terms of linear and
quadratic effects was assessed using the Pareto chart at a 95%
confidence level (Fig. S6†). The type of catalyst (TC) consider-
ably affected the degradation percentage of both PAEs followed
by the quadratic term of TC. The variable dosage of catalyst
(CC) and the pH of the solution by themselves had little posi-
tive influence on the degradation percentage of both
compounds.

In the ANOVA performed for the regression model, R2

values of 99.29 and 99.71 were obtained for DMP and DEP,
respectively. These results indicated that the predicted and the
experimental values were similar with an error less than 5%.

Response surface graphs were constructed in terms of desir-
ability to define the best conditions for degradation of DMP
and DEP (Fig. 2). Regarding the type of catalyst (Fig. 2A and B),
it was observed that the degradation efficiency was higher
using Degussa P25, reaching percentages greater than 60% for
both compounds after 150 min of the reaction, followed by the
Hombikat reaching percentages close to 55%, and finally the
TiO2 synthesized by the sol–gel method showed a lower degra-
dation percentage (near to 25%). The photocatalytic activity of
TiO2 depends on the surface and structural properties that
include the crystalline composition, surface area, particle size
distribution, porosity and band gap energy. The greater photo-
catalytic efficiency in the degradation of DMP and DEP using
Degussa P25 and Hombikat catalysts may be due to the fact
that these materials present a mixture of anatase and rutile
crystalline phases and have a larger pore size, enhancing the
accessibility of PAE molecules, in comparison with the one
synthesized by the sol–gel method with only the anatase phase
and considerably smaller pore size. Studies related to the
photocatalytic activity of mixed phases of TiO2 propose that
the transfer of electrons from the anatase phase to an electron
trap of the rutile phase of lower energy serves to reduce the
recombination rate of the electron–hole pairs in the anatase
phase and improve the photoactivity and photoefficiency of
TiO2-based catalysts. Moreover, the rutile phase helps by chan-
ging the photoresponse of the anatase phase to the visible
region in mixed phase materials.24,26 Among the commercial
catalysts, the higher degradation percentages of DMP and DEP
were obtained when using Degussa P25, which may be due to
its phase composition (anatase–rutile ratio), while Hombikat
presented a higher percentage of the rutile phase that may
favor the recombination of electron–hole pairs.24 Muneer et al.
compared the performance of the catalysts Degussa P25 and

Table 1 Characteristics of TiO2 based catalysts

Catalyst
Crystalline phase (%)
(A: anatase, R: rutile) Surface area (m2 g−1) Pore size (nm) Eg (eV) Isoelectric point

Sol–gel 100 (A) 49.2 8.0 3.0 6.1
Degussa P25 82 (A)/18 (R) 51.4 22.7 3.1 6.5
Hombikat 76 (A)/24 (R) 56.9 26.0 3.1 6.9
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Hombikat for DEP degradation, concluding that both
materials exhibited a similar behavior in photonic efficiency;
nevertheless, a higher degradation percentage was obtained
when using Degussa P25.39

The effect of the catalyst dosage was investigated (Fig. 2B
and C). Different catalyst loads were evaluated (from 0.5 to
1.5 g L−1). The amount of catalyst in batch photoreactors is
commonly described between 0.2 and 2.5 g L−1. This limit
depends on the geometry and working conditions of the
photoreactor and corresponds to the maximum amount of
TiO2 in which all the exposed surface is fully irradiated.
Exceeding this maximum concentration of the catalyst, a
masking effect of the photosensitive surface occurs due to the
excess of particles.40–42 The degradation efficiency was
enhanced by increasing the catalyst amount up to 1.5 g L−1.
The increase in the degradation efficiency of DMP and DEP

was due to the increase in the total surface area of the catalyst
(active sites) available for the photocatalytic reaction. This
result agrees with that reported by Xu et al., who evaluated
Degussa P25 to degrade butylbenzyl phthalate (BBP) by varying
the catalyst concentration between 0.5 and 5 g L−1, concluding
that the efficiency in the degradation of BBP increased with
larger amounts of TiO2 up to 2.0 g L−1.43

Finally, the effect of the pH on the degradation of DMP and
DEP was evaluated (Fig. 2A and C). In heterogeneous photocata-
lysis systems, pH is one of the operating parameters that affects
the surface charge of the catalyst.40 The pH of the solution
modifies the surface charge of the catalyst, while DMP and
DEP are in the molecular form over the entire pH range, so,
they do not exhibit electrostatic interactions with the catalyst
surface.44 The percentage of degradation increased with the
increase in pH values for the three catalysts, reaching the
highest degradation percentage at pH 10. In general, changes
in pH may have a non-significant effect on the adsorption of
PAEs on the TiO2 surface, as well as on the photodegradative
reactions that occur on the surface of the particles.33 However,
all three catalysts presented their highest degradation
efficiency at pH 10; this could be due to the fact that at high
initial pH, more hydroxide ions (OH−) are present in the solu-
tion, promoting the formation of hydroxyl radicals (•OH),
which are produced by the photooxidation of OH− ions
through the holes formed in the surface of TiO2. Since the •OH
radicals are the main oxidizing species in the photocatalytic
process, the degradation of DMP and DEP can be accelerated
in an alkaline medium.45

The estimated parameters by the desirability profiles
(Fig. S7†) indicated that maximum degradation percentage
values of DMP and DEP were 82.7 and 81.3%, respectively, at
150 min of the reaction, obtained with 1.5 g L−1 of the catalyst
Degussa P25 at pH 10.

The photocatalytic reaction was carried out under these
experimental conditions and degradation percentages of 81.0
and 82.2% for DMP and DEP were obtained with an error less
than 2.1%. Control tests such as adsorption and photolysis
were performed under operating conditions described by the
experimental design and compared with the obtained results.
Fig. 3A–B show the complete degradation for DMP and DEP at
250 min reaction time through the photocatalytic process, and
adsorption did not contribute (less than 2% for both com-
pounds) to the degradation. The photodegradation of PAEs
under UV-Vis radiation was almost negligible (approximately
5%), confirming the effectiveness of the photocatalytic process
during the degradation of the phthalate mixture.

3.4. Determination of total organic carbon (TOC) and the
biodegradability index

Likewise, under the same conditions, the mineralization of the
contaminants was evaluated during the photocatalytic process
and the results are presented in Fig. 3C. The efficiency of the
TiO2 P25-based photocatalysis was clearly observed, since 92%
mineralization was reached after 300 min of reaction.

Fig. 2 Response surface of the desirability function for the degradation
of DMP and DEP showing the mutual effect of the factors: A) pH and
TC; B) CC and TC; and C) pH and CC.
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A high mineralization percentage (≥70%) is related to
smaller molecules such as carboxylic acids like oxalic acid,
formic acid and acetic acid, as degradation products, less toxic
than the initial PAEs.22,33,46

The biodegradability of organic matter is an important
factor to know the capability to remove the organic matter
under microbiological processes.32 The biodegradability index
(BOD5/COD ratio) was calculated throughout the photocatalytic
treatment (Fig. 3D). The results indicated that the sample
before being treated had a biodegradability index of 0.16,
which indicates that the effluent is not biodegradable. As the
reaction time elapsed, a decrease in the biodegradability index
was observed, reaching a value of 0.08 at 180 min, which indi-
cates the formation of less biodegradable intermediates than
DMP and DEP. However, the biodegradability index increased
reaching a value of 0.66 after 300 min of reaction, which indi-
cates that the sample is biodegradable. The results obtained
from the analysis of BOD5, COD and TOC, during the photo-
catalytic process demonstrated the efficiency of heterogeneous
photocatalysis for the treatment of these types of emerging
pollutants (DMP and DEP) producing a more biodegradable
and less toxic effluent.

3.5. Identification of degradation intermediates and by-products

The intermediate products from DMP and DEP photocatalytic
degradation were identified by GC-MS technique. A comparison
with available standard compounds, instrumental library searches,
and mass fragmentation patterns was carried out to identify
degradation intermediates. The (a) DMP and (b) DEP photo-
catalytic degradation occurred through the oxidation initiated
by •OH radical attack resulting in the hydrolysis of the ali-
phatic chain and the hydroxylation of the aromatic ring
(Fig. 4). Based on the identified transformation products, OH
attack during photocatalytic treatment occurs mainly through
the hydroxylation of the aromatic ring producing (c) dimethyl
4-hydroxyphthalate, (d) diethyl 4-hydroxyphthalate, (e)
5-hydroxy-2-(methoxycarbonyl) benzoic acid, (g) 2-(ethoxycar-
bonyl)-5-hydroxybenzoic acid, (i) 4-hydroxyphthalic acid, and
(k) 2,4-dihydroxybenzoic acid intermediates. From the hydroxy-
lation reaction, the main intermediates generated were (c)
dimethyl 4-hydroxyphthalate and (d) diethyl 4-hydroxyphtha-
late, which are in concordance with the results reported by
other authors.46,47 The hydrolysis reaction of the aliphatic
chain was also found to occur during the photocatalytic
process. The intermediates formed were (f ) 2-(methoxycarbo-
nyl) benzoic acid, (h) 2-(ethoxycarbonyl) benzoic acid, ( j)
phthalic acid, and (l) phthalic anhydride. Obtaining ( j)
phthalic acid and (l) phthalic anhydride via hydrolysis was
also reported by other authors.22,39,46,47 Finally, the aromatic
ring is opened, producing some carboxylic acids, such as (m)
glutaric acid, (n) oxalic acid, and (o) acetic acid.

The presence of carboxylic acids was confirmed by IEC.
A mixed standard stock solution containing carboxylic acids
(acetic acid, formic acid, succinic acid, and oxalic acid) com-
monly described after the degradation of PAEs were injected
into the IEC system to identify and quantify the short chain

Fig. 3 Degradation of: (A) DMP and (B) DEP by heterogeneous photo-
catalysis; (C) content of organic carbon and generated oxalic acid; and
(D) biodegradability index during degradation of DMP and DEP (initial
concentration of DMP and DEP of 5 mg L−1 each, catalyst Degussa P25,
dosage 1.5 g L−1 and dissolution pH = 10; n = 3 replicates for graphs (A),
(B) and (C)).
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organic acids. However, due to the high detection limits
of this technique and the low abundance of by-products gen-
erated, only oxalic acid was detected at a concentration of
4.6 mg L−1 after 300 min of reaction (Fig. 3C).

4. Conclusions

On-line monitoring of the photocatalytic degradation of DMP
and DEP was automated by coupling the photoreactor to an
HPLC system through an SIA system. This flow-based method-
ology enabled a real-time response of the degradation process
with RSD values less than 1.6%. In accordance with the FFD,
Degussa P25 showed the highest activity at a pH value and
catalyst amount of 10 and 1.5 g L−1, respectively. Under these
experimental conditions, complete degradation and 92% min-
eralization were achieved after 300 min of reaction.
Additionally, a drastic decrease in COD (from 49.1 O2 L−1

initial to 3.8 mg O2 L
−1 after 300 min of reaction) allowed 92%

removal. In the case of BOD5, a decrease of 67% was observed,
with an initial and final BOD5 concentration of 7.7 mg O2 L−1

and 2.5 mg O2 L−1, respectively. Hence, the photocatalytic
treatment appears to be useful when there are easily bio-
degradable residues presenting a biodegradability index of
0.66 at the end of the reaction. During the photocatalytic reac-

tion, not only did the hydrolysis reaction of the aliphatic chain
occur, but also the hydroxylation of the aromatic ring, obtain-
ing intermediates such as dimethyl 4-hydroxyphthalate,
4-hydroxy-diethyl phthalate, phthalic acid, and phthalic anhy-
dride. However, after 300 min of reaction, the main by-pro-
ducts identified were carboxylic acids such as glutaric acid,
oxalic acid and acetic acid.

Therefore, the efficiency of heterogeneous photocatalysis
using TiO2-based materials for the elimination of these highly
toxic and recalcitrant emerging compounds was demonstrated.
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