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In  the  present  work  the  efficiency  of  a  new  TiO2 catalyst  (ECT),  synthesized  by  means  of  an  optimized
sol–gel  method,  is studied  for degradation  of an  important  pharmaceutical  water  pollutant,  diphen-
hydramine  (DP).  Its  activity  is  compared  to  P25,  the benchmark  catalyst,  produced  by  Evonik  Degussa
Corporation,  under  different  catalyst  loadings  (up to  2.00  g L−1) and  initial  solution  pH (3.0–11.0).  The
results  show  that  DP  is very  stable  under  non-catalytic  conditions  but  complete  degradation  and  consid-
erable mineralization  (ca.  60–70%)  under  near  UV to visible  irradiation  (∼50 mW  cm−2)  can  be achieved
in  60  min  by  selecting  the  appropriate  TiO2 loading.  ECT  is significantly  more  active  than  the  bench-

−1

iphenhydramine (DP)
eterogeneous photocatalysis
itanium dioxide
inetics
cavengers for holes and radicals

mark  catalyst  for loadings  higher  than 1.00  g L while  the pseudo-first  order  rate  constant  increased
with  the  initial  solution  pH from  3.0 to 11.0.  The  highest  rate  constant  was obtained  with  ECT  at  pH  11
(173  × 10−3 min−1 against  116  ×  10−3 min−1 for P25).  Scavenger  agents  were  used  as a diagnostic  tool  for
the  analysis  of the  photocatalytic  mechanism  and  it  was  possible  to  prove  that  holes  were  crucial  active
species  participating  in  the photocatalytic  mechanism  as well  as  that  ECT  has  a  higher  availability  than
P25  to generate  reactive  radicals,  such  as  hydroxyl  (HO•)  and  hydroperoxyl  (HOO•)  radicals.
. Introduction

Pharmaceutical active compounds (PACs) have attracted much
ttention in recent years due to their adverse effects towards nat-
ral organisms and potential effects on human beings. PACs are
onstantly released into aquatic environments mainly due to their
idespread consumption and complicate removal in wastewater

reatment plants. In fact, several studies in the past few years have
emonstrated the presence of PACs in groundwater, surface water
nd even in drinking water [1–5].

Diphenhydramine (DP) hydrochloride, 2-(diphenylmethoxy)-
,N-dimethylethylamine hydrochloride, is the active ingredient of
enadryl® (and other PACs), a first generation antihistamine drug
hat combines sedative, antiemetic, antitussive and hypnotic prop-
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

rties. It is mainly used in the treatment of allergies, allergic rhinitis,
ives, itching, insect bites and stings. The sedative and antiemetic
roperties of this pharmaceutical make it also efficient for the
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treatment of travel anxiety and travel sickness. DP works by block-
ing the influence of histamine at H1 receptor sites, thus reducing
the smooth muscle contraction. This drug is also used in many
sleep aids [6].  The particular persistence of DP in natural waters
is mainly related to its low biodegradability, and it has also shown
high toxicity with mutagenic and carcinogenic effects [7].

Advanced oxidation processes (AOPs), based on the production
and use of strongly reactive hydroxyl radicals, constitute promis-
ing technologies for the treatment of waters and wastewaters
containing PACs [8–12]. DP degradation by UV and UV/H2O2 was
already studied in combination with three other PACs (ibuprofen,
phenazone, and phenytoin) [13]. DP was quite resistant to direct
UV degradation and the obtained DP removal was less than 30% of
the initial concentration when the UV treatment was assisted with
H2O2.

Heterogeneous photocatalysis appears as one of the most
destructive AOPs for organic contaminants, being possible to obtain
the complete mineralization of organic pollutants into CO2, water
l. B: Environ. (2011), doi:10.1016/j.apcatb.2011.11.041

and inorganic ions, under ambient conditions and by using solar
energy [14–16].  Titanium dioxide (TiO2) is considered very close
to an ideal semiconductor for photocatalysis due to its high effi-
ciency and stability, low cost and safety [17]. However, at the best of

dx.doi.org/10.1016/j.apcatb.2011.11.041
dx.doi.org/10.1016/j.apcatb.2011.11.041
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Table 1
Diphenhydramine hydrochloride properties.

Molecular formula C17H21NO HCl
Molecular weight (g mol−1) 291.82
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Water solubility at 25 C (g L ) 3.06
log  Kow 3.27
pKa 8.9

ur knowledge, studies on the heterogeneous photocatalytic degra-
ation of DP by using TiO2 or any other photocatalyst were not
eported yet.

The searching for extremely active TiO2 catalysts under near
V–vis irradiation is nowadays a hot topic of research, one strategy
eing focused on tailoring the surface complexity, crystalline phase
nd size of these materials. There are several advantages on the syn-
hesis of TiO2 based photocatalysts through the sol–gel method,
ncluding the capability to fabricate very homogeneous powders

ith high photoactivity. For instance, the photocatalytic efficiency
f a TiO2 photocatalyst, recently developed by this method pay-
ng special attention to the sieving and calcination temperature
ECT-1023t, referred in the present work as ECT), showed phe-
ol degradation rates 2.7 times higher than the benchmark TiO2
hotocatalyst from Evonik Degussa Corporation (P25) [18].

In this context, the present work is focused on the degradation of
P, under near UV–vis radiation, by testing this novel TiO2 material

ECT) and the benchmark P25 photocatalyst. The main objective is
o investigate the efficiency of these photocatalysts for DP degra-
ation under different catalyst loadings and initial solution pH as
ell to conclude about the possible photodegradation mechanism

or both materials by examination of active species through the
se of scavengers for both radicals (tert-butanol, t-BuOH) and holes
ethylenediaminetetraacetic acid, EDTA).

. Experimental

.1. Chemicals

The high-purity analytical grade pharmaceutical specie selected
or this study (DP) was supplied by Sigma–Aldrich (99% purity). The
hemical structure of DP and its speciation diagram as function
f pH, characterized by potentiometric titrations [19] are given in
upplementary Data (Fig. S1).  Some characteristics of DP are listed
n Table 1, where Kow is the octanol-water partition coefficient, a

easure of hydrophobicity.
Potassium hydroxide (>90%) and tert-butanol (≥99.7%) were

btained from Fluka, Sigma–Aldrich. Hydrochloric acid (37%) was
urchased from Pronolab. EDTA (>99%) was supplied by Fisher
cientific. Acetonitrile (≥99.8%) was used with HPLC grade (Chro-
anorm). Ultrapure water was produced in a Direct-Q millipore

ystem.

.2. Catalysts

Two TiO2 catalysts were used in the study, a TiO2 catalyst
ynthesized by means of a sol–gel procedure and fully character-
zed elsewhere, ECT-1023t (referred in the present work as ECT)
18], and the commercial P25 material, supplied by Degussa (now
vonik). Briefly, Table 2 summarizes the BET surface area (SBET),
elative amount of anatase and rutile crystalline phases and respec-
ive crystalline size, as well as the band-gap energy (Ebg) of both

aterials, as determined in a previous work [18]. In addition, the
oint zero of charge (pHPZC) was determined as follows [20]: 50 mL
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

f NaCl 0.01 M solution was placed in a closed Erlenmeyer flask.
hen, the pH was adjusted to a value between 2 and 12 by adding
Cl 0.1 M or NaOH 0.1 M,  respectively, and 0.15 g sample of TiO2
as added to each flask, the final pH being measured after 24 h
 PRESS
is B: Environmental xxx (2011) xxx– xxx

of continuous stirring at room temperature. The catalyst charac-
terization indicates that ECT has a lower BET surface area, rutile
content and band-gap energy than P25, while a larger crystalline
size for both anatase and rutile phases and a slightly higher pHPZC
is characteristic of ECT when compared with P25.

2.3. Analytical techniques

The concentration of DP was analyzed by HPLC with a Hitachi
Elite LaChrom system equipped with a Hydrosphere C18 column
(250 mm × 4.6 mm;  5 �m particles), a Diode Array Detector (L-
2450) and a solvent delivery pump (L-2130). An isocratic method
set at a flow rate of 1 mL  min−1 was used with the eluent consisting
of an A:B (70:30) mixture of 20 mM NaH2PO4 acidified with H3PO4
at pH 2.80 (A) and acetonitrile (B). Absorbance was  found to be
linear over the whole range considered. The total organic carbon
(TOC) was  also determined for selected samples using a Shimadzu
TOC-5000A analyzer. The maximum relative standard deviation of
both HPLC and TOC measurements was  never larger than 2%.

2.4. Photocatalytic experiments

The photocatalytic degradation of a 100 mg  L−1 DP  aqueous
solution (3.40 × 10−4 mol  L−1) was  carried out at room tempera-
ture (25 ◦C) under near UV to visible irradiation. The experiments
were performed in a quartz cylindrical reactor filled with 7.5 mL
of the model solution and the appropriate amount of TiO2 was
added to achieve the desirable catalyst loading (up to 2.00 g L−1).
The suspension was magnetically stirred and continuously purged
with an oxygen flow. The irradiation source consisted in a Her-
aeus TQ 150 medium-pressure mercury vapor lamp (�exc = 254,
313, 366, 436 and 546 nm)  and a DURAN® glass cooling jacket
was used for obtaining irradiation in the near-UV to visible light
range (�exc = 366, 436 and 546 nm)  and to control the oper-
ating temperature. The lamp was positioned 6 cm away from
the photoreactor. Irradiance at this position was approximately
50 mW cm−2. Preliminary tests were performed with the aim to
assess the reproducibility of the photocatalytic experiments in this
reactor configuration, the relative error between repeated experi-
ments being always lower than 5%.

Prior to irradiation, the suspension was magnetically stirred for
30 min in dark to establish the adsorption–desorption equilibrium
that was  confirmed for both P25 and ECT materials. The adsorption
capacity was  always lower than 4% of the initial DP concentration.
After equilibration, the concentration of the substrate was mea-
sured and taken as the initial concentration (C0) to discount the
adsorption in the dark. At three intermediate time intervals and at
the end of the experiment, small aliquots were sampled and imme-
diately centrifuged at 14,000 rpm during 10 min  to remove the
catalyst particles. Reaction in the absence of catalyst was performed
as a blank experiment in order to characterize direct photolysis. The
experiments were performed at natural pH (5.4) and also at lower
(3.0) and higher (7.0 and 11.0) pH.

The constant rate for the photocatalytic experiments can be
modeled follow a pseudo-first order kinetic model, used in dis-
cussion of the mechanism of photocatalytic reaction in suspension
systems [21–23].  The pseudo-first order kinetic model is described
by the following equation:

CDP = CDP,0 e−kt (1)

where k is the apparent kinetic constant of pseudo-first order, t is
l. B: Environ. (2011), doi:10.1016/j.apcatb.2011.11.041

the reaction time and CDP,0 and CDP denote the DP concentrations
at t = 0 and t = t respectively.

For comparison, all the experimental conditions used in this
study as well as the respective k constants obtained by fitting

dx.doi.org/10.1016/j.apcatb.2011.11.041
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Table  2
Characterization of P25 and ECT TiO2 materials.

Catalyst SBET (m2 g−1) Crystalline phase (%)a Crystalline size (nm)a Ebg (eV) pHPZC

P25 52 80 (A)/20 (R) 22 (A)/25 (R) 3.18 6.3
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ECT 18 89-94 (A)/11-6 (R)

a A: anatase; R: rutile.

he model described in Eq. (1) to the normalized DP concen-
ration histories (CDP/CDP,0) are gathered in Table 3. The used

arquardt–Levenberg algorithm seeks the values of the param-
ters that minimize the sum of the squared differences between
bserved and predicted values of the dependent variable (the
olerance was set at 1 × 10−10). Table 3 also shows the coeffi-
ient of variation, CV, expressed in percentage as kCV (standard
rror × 100/parameter value), the standard error of each estimated

 parameter (stderr) and the respective regression coefficient (r2),
n general indicating a good fitting of the model to the experimental
ata.

. Results and discussion

.1. Effect of catalyst loading on DP degradation

The selection of an optimal catalyst loading is of paramount
mportance in order to avoid excess of catalyst and to ensure a total
bsorption of efficient photons. The direct photolysis of DP aqueous
olutions was first investigated in order to quantify the amount of
P degraded under non-catalytic conditions (hereafter referred as
lank experiment). The photocatalytic degradation of DP at natural
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

H was also examined for different catalyst loadings and using both
25 and ECT catalysts (Figs. S2a and 2b, respectively, Supplemen-
ary Data). DP is very resistant to photodegradation under near-UV
o visible light irradiation and natural pH (5.4) in the absence

able 3
seudo-first order kinetic rate constant (k) of DP degradation under different experiment
kCV), standard error (stderr) and regression coefficient (r2). Bold parameters in a colum
eeping the others constant.

Catalyst Ccat (g L−1) Initial pH Scavenger k × 1

None 0 5.4 None 1.
P25  0.03 5.4 None 12.
P25  0.05 5.4 None 22.
P25 0.25  5.4 None 56.
P25  0.50 5.4 None 55.
P25  1.00 5.4 None 56.
P25  1.50 5.4 None 62.
P25  2.00 5.4 None 64.
ECT  0.03 5.4 None 7.
ECT  0.05 5.4 None 13.
ECT  0.25 5.4 None 30.
ECT  0.50 5.4 None 51.
ECT  1.00 5.4 None 59.
ECT  1.50 5.4 None 76.
ECT  2.00 5.4 None 77.
None  0 7.0 None 1.
None  0 11.0 None 3.
P25  1.00 3.0 None 29.
P25  1.00 7.0 None 71.
P25  1.00 11.0 None 116 

ECT 1.00 3.0 None 47.
ECT  1.00 7.0 None 58.
ECT  1.00 11.0 None 173 

P25  0.50 5.4 EDTA 4.
P25  0.50 5.4 tBuOH 24.
ECT 0.50 5.4 EDTA 1.
ECT  0.50 5.4 tBuOH 18.
P25  1.00 11.0 EDTA 7.
P25 1.00 11.0 tBuOH 73.
ECT  1.00 11.0 EDTA 3.
ECT 1.00 11.0 tBuOH 43.
57 (A)/86 (R) 2.97 7.1

of a catalyst, being obtained less than 6% of DP conversion in
60 min  (Fig. S2a, Supplementary Data). DP degradation was found to
increase with catalyst loading up to 0.25 g L−1 and 1.50 g L−1 for P25
and ECT, respectively, evidencing a heterogeneous regime. In both
cases, complete photocatalytic DP degradation can be achieved in
60 min  by selecting the appropriate amount of photocatalyst.

The respective k constants were determined (Table 3) and rep-
resented in Fig. 1. It is now clear that the reaction rate practically
reached a plateau above a certain catalyst loading (i.e., the reaction
rate become independent of the catalyst loading) which depends on
the TiO2 material used. It is well known that active sites increase
with the catalyst loading and that after a certain loading part of
the catalyst surface is unavailable for effective absorption of pho-
tons [24–26].  The optimal loading depends on the photoreactor
geometry and operating conditions, but Fig. 1 shows an additional
dependence with respect to the TiO2 material used.

Therefore, the P25 catalyst is very efficient for low cat-
alyst loadings (k = 12.2 × 10−3, 22.9 × 10−3, 56.7 × 10−3 and
55.9 × 10−3 min−1 or 7.68 × 10−3, 13.1 × 10−3, 30.0 × 10−3 and
51.3 × 10−3 min−1 for 0.03, 0.05, 0.25 and 0.50 g L−1 of P25 or ECT,
respectively) but higher degradation rates can be obtained with ECT
at catalyst loadings equal or higher than 1.00 g L−1 (k = 56.3 × 10−3,
l. B: Environ. (2011), doi:10.1016/j.apcatb.2011.11.041

62.9 × 10−3 and 64.7 × 10−3 min−1 or 59.1 × 10−3, 76.7 × 10−3 and
77.7 × 10−3 min−1 for 1.00, 1.50 and 2.00 g L−1 of P25 or ECT, respec-
tively).

al conditions and respective coefficient of variation (CV), expressed as a percentage
n means a set of experiments performed varying the respective parameter while

0−3 (min−1) kCV (%) stderr × 10−3 (min−1) r2

00 6.9 0.07 0.9504
2 2.0 0.2 0.9977
9 2.6 0.6 0.9969
7 2.2 1.2 0.9990
9 2.7 1.5 0.9983
3 5.3 3.0 0.9938
9 3.1 2.0 0.9979
7 4.1 2.6 0.9967
68 2.8 0.22 0.9504
1 3.1 0.4 0.9947
0 3.0 0.9 0.9938
3 6.9 0.4 0.9964
1 1.3 0.4 0.9999
7 1.1 0.9 0.9996
7 1.7 1.3 0.9999
95 1.7 0.03 0.9975
77 9.4 0.35 0.9079
7 4.5 1.3 0.9932
7 0.8 0.6 0.9999

4.7 5.5 0.9976
5 1.0 0.5 0.9997
7 5.1 2.3 0.9943

6.0 10.4 0.9978
74 11.0 0.52 0.9320
3 1.8 0.4 0.9986
99 4.3 0.09 0.9825
4 3.5 0.6 0.9935
86 2.3 0.18 0.9964
9 2.1 1.6 0.9991
77 4.8 0.18 0.8788
6 1.8 0.8 0.9990

dx.doi.org/10.1016/j.apcatb.2011.11.041
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ig. 1. Pseudo-first order reaction rate constant (k) for different catalyst loadings of
25 and ECT photocatalysts at natural pH (5.4).

.2. Effect of solution pH on DP degradation

In the photocatalytic reactions, pH is an important parameter
ffecting the efficiency of degradation process since it influences
he surface charge properties of the catalyst, the charge of the
rganic molecules and the concentration of hydroxyl radicals (HO•).

The respective k constants of DP photolysis within 60 min  of
rradiation at different pH values can be found in Table 3. The
irect photolysis alone degraded a negligible amount of DP at
atural pH (k = 1.00 × 10−3 min−1) and only a slight increase of
he pseudo-first order reaction rate constant was observed for DP
egradation by increasing the initial solution pH (k = 1.95 × 10−3

nd 3.77 × 10−3 min−1 for pH of 7.0 and 11.0, respectively), which
orresponds to less than 20% of DP degradation.

The speciation diagram of DP (Fig. S1, Supplementary Data)
hows the relevant equilibrium between the protonated (DP+)
nd deprotonated (DP) forms of diphenhydramine, pKa represent-
ng the acid dissociation constant. This diagram shows that the
rotonated form is the only specie at pH values below 7.0. The
eprotonated form appears at higher pH due to deprotonation of
he amine group (pKa = 8.9) and is the solely specie observed at pH
alues above 11.0.

In photocatalytic experiments, the TiO2 surface charge density is
ffected by the pH medium [27,28],  and thus, different electrostatic
nteractions between diphenhydramine and the catalyst will occur

hen working at different pH according to the following water
quilibrium equations:

iOH + H+ � TiOH2
+ (2)

iOH + OH- � TiO- + H2O (3)

At the natural solution pH (5.4) the protonated form of DP (DP+)
s the specie contained in the solution while the surface of the
iO2 materials used in the present study will be positively charged
ccording to their pHPZC.

The experiments performed varying the initial pH of the
P solution at a fixed catalyst loading of 1 g L−1 are shown in
igs. S3a and S3b (Supplementary Data), respectively for P25 and
CT photocatalysts. This loading was selected because similar reac-
ion rates were observed at this catalyst loading for both TiO2

aterials (Fig. 1) and because this loading is the one typically used
n photocatalytic experiments at the literature. DP degradation is

arkedly affected by the pH of the initial solution. Both catalysts
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

re able to enhance the photodegradation of DP regardless of the
H used. In addition, the efficiency of the photocatalytic process

ncreases with the initial solution pH. This effect seems to be criti-
al when using ECT at the highest pH tested, as can be observed on
Fig. 2. Pseudo-first order reaction rate constant (k) for different initial solution pH
when P25 and ECT photocatalysts are used at fixed catalyst loading of 1.00 g L−1.

Fig. 2, where the respective k constants (Table 3) are represented
for the different pH. A linear increase of k with the pH was  observed
for P25, as already reported for the photocatalytic degradation of
phenolic compounds with this photocatalyst [15], but the linear
correlation was not found for ECT.

The reaction rate constant decreased for both TiO2 materials
when the solution pH was  decreased from the natural pH of 5.4
(k = 56.3 × 10−3 and 59.1 × 10−3 min−1 for P25 and ECT, respec-
tively) to 3.0 (k = 29.7 × 10−3 and 47.5 × 10−3 min−1 for P25 and ECT,
respectively). This can be explained by the increased electrostatic
repulsions between the catalyst surface that is positively charged as
TiOH2

+ (Eq. (2))  and the positive charge of DP+ at these conditions
(Fig. S1, Supplementary Data). Other possible explanations are that
the catalyst tends to agglomerate under acidic conditions, being
reduced the available surface area for DP adsorption and photon
absorption [28], or even that chlorine species from HCl could com-
pete with the organic compounds for the photogenerated oxidative
species [29].

At pH 7.0 the electrostatic attraction of DP to the P25 catalyst
(pHPZC 6.3, Table 2) is expected as a result of the DP+ positive charge
(pKa = 8.9, Fig. S1, Supplementary Data) and the negatively charged
catalyst surface (Eq. (3)). For ECT (pHPZC 7.1, Table 2), the elec-
trostatic attraction of the DP+ positive charge should be weaker
than for P25 at pH 7.0, probably explaining the lower k constant
obtained for ECT (58.7 × 10−3 min−1) when compared with P25
(71.7 × 10−3 min−1) at this pH (Table 3).

In fact, the highest photodegradation rate was obtained for both
materials at pH of 11.0 (116 × 10−3 and 173 × 10−3 min−1 for P25
and ECT, respectively). Since the pHPZC of P25 and ECT are 6.3 and
7.1, respectively, their surfaces will be negatively charged at such
alkaline conditions (Eq. (3)). Therefore, the marked enhancement
on the photodegradation rate should be attributed to the presence
of more hydroxyl anions at these conditions, leading to a larger
amount of hydroxyl radicals formed at the catalyst surface by the
reaction of hydroxyl anions with positive holes (Eq. (4)) [22,30,31],
and as consequence to a higher DP degradation (66% and 83% for
P25 and ECT, respectively, only after 10 min  of reaction).

hvb
+ + HO− → HO• (4)

In addition, only a slight decrease on the pH was observed after
the photocatalytic experiments, never larger than 0.5 (e.g., from
5.4 to 5.0 at natural solution pH; from 3.1 to 2.7 at initial pH 3.0;
l. B: Environ. (2011), doi:10.1016/j.apcatb.2011.11.041

from 7.0 to 6.5 at initial pH 7.0; and from 11.1 to 10.7 at initial pH
11.0). This decrease is not significant but seems to indicate that low
molecular weight carboxylic acids were formed during the reaction.

dx.doi.org/10.1016/j.apcatb.2011.11.041
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Fig. 4. Effect of holes/radicals scavengers (EDTA/t-BuOH) on the photocatalytic
ig. 3. Total organic carbon (TOC) reduction for different loadings of P25 and ECT
hotocatalysts at natural solution pH (a) and for different initial solution pH in the
resence and absence of 1.00 g L−1 of P25 and ECT photocatalysts (b).

.3. Effect of catalyst loading and solution pH on DP
ineralization

Regarding the mineralization monitored by measuring the TOC,
ig. 3a shows the TOC reduction for the different catalyst loadings
t natural pH at the end of the experiments (60 min  of reaction).
s expected, the photodegradation experiment in the absence of
atalyst leads to a negligible TOC reduction (2.5%). In general the
OC reduction follows the trends observed for DP degradation in
he photocatalytic experiments (Fig. 1), and TOC reductions of up
o 60% can be achieved depending on the implemented catalyst
nd respective loading. It is of special interest to note that higher
ineralization levels where obtained with ECT, in comparison with

25, when the catalyst loading was equal or higher than 0.50 g L−1.
herefore, the performance of both materials is comparable at such
atural conditions, being the ECT material more efficient than P25
t higher catalyst loadings in terms of both DP degradation (Fig. 1)
nd mineralization (Fig. 3a).

The TOC reduction was also determined for the photocatalytic
xperiments performed with different initial pH at fixed catalyst
oading of 1.00 g L−1. Fig. 3b shows the obtained results together

ith those obtained in the absence of catalyst. The level of miner-
lization during photolysis increases with the solution pH but was
ever higher than 11%. The TOC reduction for P25 found a maximum
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

t the natural pH. In contrast, when using the ECT catalyst, the min-
ralization is enhanced by increasing the initial solution pH (32, 53,
0 and 72% for initial pH of 3.0, 5.4, 7.0 and 11.0, respectively), as
lso observed for DP degradation (Fig. 2).
degradation of DP with 0.50 g L−1 catalyst loading at natural pH for P25 (a) and
ECT  (b). Curves represent the fitting of the pseudo-first order equation to the exper-
imental data.

Therefore, the mineralization efficiency (Fig. 3b) and DP degra-
dation (Fig. 2) increase with the initial pH for ECT. Additionally,
DP degradation also increases when a higher pH was  tested for P25
(Fig. 2). There is only a different trend to this behavior: the mineral-
ization obtained with P25 decreases with the increase of the initial
pH (Fig. 3b for pH > 5.4). This result can be explained by different
reaction pathways occurring at low and high pH, the intermediate
compounds that are formed at high pH being more difficult to be
oxidized than those formed at low pH.

3.4. Effect of holes/radicals scavengers (EDTA/t-BuOH)

Oxidative species generated in photocatalytic process can be
detected through trapping experiments of holes and radicals, by
adding excess of EDTA or t-BuOH, respectively [32,33].  Experiments
were repeated by using these scavengers (10 mmol L−1) for two
selected conditions, namely at pH of 11 at fixed catalyst loading
of 1.0 g L−1, corresponding to the experiment where the higher DP
and TOC degradation were achieved in the present study, and at
natural pH and catalyst loading of 0.50 g L−1, corresponding to typ-
ical operating conditions where both catalysts showed comparable
performance.

For the later situation, Fig. 4a and b show the normalized DP
concentration histories when P25 and ECT where used, respec-
tively. For P25 (Fig. 4a), the presence of t-BuOH (radicals scavenger)
l. B: Environ. (2011), doi:10.1016/j.apcatb.2011.11.041

leads to a considerable change on the profile of DP degradation
and to a marked decrease of the pseudo-first order rate constants
(k = 55.9 × 10−3 and 24.3 × 10−3 min−1 in the absence and pres-
ence of t-BuOH, respectively), but this change is more notorious in

dx.doi.org/10.1016/j.apcatb.2011.11.041
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Fig. 5. Effect of holes/radicals scavengers (EDTA/t-BuOH) on the photocatalytic
degradation of DP with 1.0 g L−1 catalyst loading at pH of 11.0 for P25 (a) and ECT (b).
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[
[

[
[14]  M.N. Chong, B. Jin, C.W.K. Chow, C. Saint, Water Research 44 (2010) 2997–3027.
urves represent the fitting of the pseudo-first order equation to the experimental
ata.

he presence of EDTA (k = 4.74 × 10−3 min−1), showing that even if
eactive radicals, such as hydroxyl (HO•) and hydroperoxyl (HOO•)
adicals, are responsible species for part of the photocatalytic oxi-
ation reaction, photogenerated holes on the catalyst surface (h+)
eems to be the major active species participating on the degrada-
ion process. The photodegradation of DP in the presence of EDTA
nd t-BuOH was also investigated for the ECT catalyst (Fig. 4b). In
his case the k constants decreased from 51.3 × 10−3 min−1 in the
bsence of any scavenger to 18.4 × 10−3 and 1.99 × 10−3 min−1 in
he presence of t-BuOH and EDTA, these values being comparable
o those obtained for P25.

In order to obtain a better picture of the photocatalytic mech-
nism, the same methodology was applied to the experiments at
H of 11 and fixed catalyst loading of 1.0 g L−1 (Fig. 5a and b, for
25 and ECT, respectively). For P25 the k constant decreases from
16 × 10−3 min−1 in the absence of the scavengers to 73.9 × 10−3

nd 7.86 × 10−3 min−1 in the presence of t-BuOH and EDTA, respec-
ively, while for ECT the respective decrease takes place from
73 × 10−3 min−1 in the absence of scavengers to 43.6 × 10−3 and
.77 × 10−3 min−1 in the presence of t-BuOH and EDTA, respec-
ively (Table 3).

Therefore, it seems that, for both TiO2 photocatalysts, the pho-
ogenerated holes (h+) play an important role on the mechanism of
Please cite this article in press as: L.M. Pastrana-Martínez, et al., Appl. Cata

P degradation, regardless of the pH media, while the extremely
igh activity found for ECT at the highest pH tested (Fig. 2) seems
o be associated to the higher availability of ECT to generate

[

[

 PRESS
is B: Environmental xxx (2011) xxx– xxx

reactive radicals at these conditions, such as hydroxyl (HO•) and
hydroperoxyl (HOO•) radicals, in comparison with P25, since the
inhibition of the degradation reaction that takes place by these
radicals was evidently more significant for ECT (k decreases from
173 × 10−3 to 43.6 × 10−3 min−1) than for P25 (k decreases from
116 × 10−3 min−1 to 73.9 × 10−3 min−1) when t-BuOH was  added
to the reaction system.

4. Conclusions

ECT is a very active catalyst for degradation and mineralization
of the DP pharmaceutical, its catalytic activity being even higher
than the one observed with the benchmark photocatalyst (P25)
when the catalyst load is higher than 1.00 g L−1. In general, the
pseudo-first order rate constants increased with catalyst loading
until a certain value where the activity reach a plateau, evidenc-
ing an heterogeneous regime, and also with the initial solution pH,
mainly attributed to enhanced formation of the reactive hydroxyl
radicals at the catalyst surface. Photogenerated holes are the main
responsible species in the catalytic degradation of DP  when using
both P25 and ECT materials, but ECT has a higher availability than
P25 to generate highly reactive hydroxyl (HO•) and hydroperoxyl
(HOO•) radicals, as proved in experiments performed with a scav-
enger for holes (EDTA) and a scavenger for radicals (t-BuOH).
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