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� The relationship between catalyst loading and temperature with �OH generation was assessed.
� The effect of temperature on �OH generation was fitted using the Arrhenius model.
� Initial E3 degradation rate was related to �OH generation in the system.
� E3 mineralization was feasible under different catalyst loading scenarios.
� Photocatalytic efficiency indices for heterogeneous photocatalytic process were proposed.
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a b s t r a c t

A resource efficiency analysis was developed that evaluated photocatalyst loading and temperature in-
puts, and assessed hydroxyl radical (�OH) production. Catalyst loading (Aeroxide® TiO2 P25) between 1
and 1500 mg L�1 and temperatures between 5 and 50 �C were analyzed as input resources for �OH
production. After, the best experimental conditions were used to degrade and mineralize estriol (E3). The
analysis showed that a low catalyst concentration lead to poor absorption of radiation and a slow re-
action. When high catalyst concentrations were tested, most of the radiation was absorbed, which
produced results near the top of the slowing rate of �OH generation. Temperature was found a relevant
resource for increasing interfacial transfer to facilitate �OH production following the Arrhenius model.
Two indices to measure resource efficiency were proposed: 1) the �OH generation index (OHI) and 2) the
initial degradation efficiency (IDE). OHI was used to measure the efficiency of a catalyst using photonic
flux to generate �OH production. IDE evaluated the relationship between the photocatalytic reactor set-
up, catalyst, and E3 degradation. It was observed that 1.18 �OH was produced when a photon interacts
with a photocatalyst particle when a load of 5 mg L�1 of photocatalyst is used at 20 �C. It was found that
at initial time, 2.4 �OH was generated in the systems to produce a degradation of one E3 molecule when
using a photocatalyst load of 20 mg L�1 at 20 �C. Additionally, it was demonstrated that E3 mineralization
was feasible under different catalyst loading scenarios.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Pharmaceutical and personal care products (PPCPs) are chem-
icals that have been present in water and wastewater for many
decades. However, they have only recently been recognized as
potentially significant water pollutants (Czech and Rubinowska,
la).
2013) and have been classified as emerging contaminants by the
toxicological community. Natural attenuation or conventional
municipal wastewater treatment processes either only partially
remove or are incapable of removing PPCPs from water (Desbrow
et al., 1998). The PPCPs determined to be endocrine-disrupting
compounds (EDCs)dwhich include the natural and synthetic es-
trogens: estrone (E1), 17b-estradiol (E2), estriol (E3), 17a-ethyny-
lestradiol (EE2), mestranol, and quinestroldare of significant
concern for humans and ecosystems. The presence of natural
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estrogens in drinking water and wastewater effluents has been
well-documented (Chen et al., 2007; Kuch and Ballschmiter, 2001).
Common sources of these estrogens include human excretion,
livestock waste, pharmaceuticals, and effluent from municipal
wastewater treatment plants (Williams and Brooks, 2012). The
concentration of natural estrogens in raw wastewater has been
reported to be as high as 670 ng L�1 for estrone, 161 ng L�1 for
estradiol, and 845 ng L�1 for estriol (Liu et al., 2015). In humans,
exposure to estrogen for hormonal therapy has been correlated
with an increased risk of breast, uterine, and testicular cancer
(Cavalieri et al., 2000) and a factor for developing diabetes mellitus
(Nadal et al., 2009). In wildlife, studies have shown that estrogens
were responsible for disrupting phenotypic expression in alligator
eggs (Hileman, 1994), the immune and reproductive systems of
grey seals (Dimogerontas and Liapi, 2014), vitellogenin expression
in male fish (Desbrow et al., 1998; Hileman, 1994), and the endo-
crine systems of invertebrates (Matozzo et al., 2008; Oetken et al.,
2004; Souza et al., 2013).

Because estrogens were identified in wastewater effluents
(Desbrow et al., 1998), biological, physicochemical, and advanced
treatment processes have been studied to determine suitable
methods to remove the activity of these compounds from water
(Silva et al., 2012). Advanced oxidation processes using titanium
dioxide as photocatalyst have been demonstrated to be effective for
the degradation of estrogens in water. Coleman et al. (2000) re-
ported one of the first works on photocatalytic degradation of
natural estrogens using TiO2. Since then, several studies have
investigated the degradation of estrogens using UV-activated TiO2
in simple to complex matrices, such as ultrapure water (Coleman
et al., 2004, 2005a, 2005b; Han et al., 2012; Karpova et al., 2007;
Li and Sun, 2014; Malygina et al., 2005; Mao et al., 2013; Mboula
et al., 2015; Nakashima et al., 2002, 2003; Tanizaki et al., 2002),
surface water (Benotti et al., 2009), and wastewater effluents
(Dimitroula et al., 2012; Fanourgiakis et al., 2014; Frontistis et al.,
2012; Nasuhoglu et al., 2012; Zhang et al., 2012).

The photocatalytic activity of TiO2 is based upon the absorption
of a photon with energy greater or equal to the band gap energy,
inducing the formation of an electron-hole pair that allows reaction
with surface adsorbed chemical species such as a water molecule,
molecular oxygen, or organic molecules (Nakata et al., 2012). In
instances where water is found in much greater abundance than
organic reductants, it can be expected that valence band holes will
oxidize water to produce hydroxyl radicals (�OH). Concurrently,
conduction band electrons can reduce O2 to superoxide, leading to
the formation of additional hydroxyl radical (Fujishima et al., 2007).
Fig. 1. Scheme of the �OH genera
The scheme in Fig. 1 shows the events that may occur at a TiO2-
water interface upon photoactivation (Nosaka and Nosaka, 2013).

Estrogen photocatalytic degradation has been suggested to
proceed by both a direct pathway by reacting with the positively
charge holes on the catalyst surface and an indirect pathway
induced by �OH (Li and Sun, 2014). The starting point of the pho-
tocatalytic oxidation of estrogens has been suggested at the phenol
moiety (Ohko et al., 2002) occurring via abstraction of the benzylic
hydrogen by the �OH radical or the attack of the �OH group to form
quinone-type compounds (Coleman et al., 2004, 2005a, 2005b). For
this reason, measuring �OH generation is valuable to determine the
activity of TiO2 for estrogen degradation.

The most studied estrogens, sorted in order of decreasing
literature, are estradiol (E2) > estrone (E1) > ethynylestradiol
(EE2) > estriol (E3) because of their estrogenic potencies and the
concentrations detected in fresh andwastewater (Ramirez-Sanchez
et al., 2017). E3 is of interest for this study because it was predicted
that 1) E3 would be more frequently detected in fresh and waste-
water because of the increased use of estriol in hormone replace-
ment therapy and 2) the E3 concentration would be 2.39 times
greater than the average concentration of estrone and estradiol (Liu
et al., 2015) but themonitored values of E3 would be lower than the
expected concentrations based on human excretion rates (Kostich
et al., 2013).

Estriol degradation was demonstrated using undoped TiO2 un-
der different conditions: TiO2 Aeroxide® P25 immobilized on a glass
borosilicate spiral reactor (Coleman et al., 2005a, 2005b), TiO2

immobilized on glass beads (Mizuguchi et al., 2006), TiO2 Aero-
xide® P25 (Li Puma et al., 2010), and TiO2 grown in a glass matrix
(Kushwaha et al., 2015). However, there are few documented
experimental trials devoted to measuring the efficiency of �OH
radicals for E3 degradation and mineralization (Ramirez-Sanchez
et al., 2017).

When photocatalytic processes are studied, there are important
input resources such as photocatalyst loading, temperature and
photon flux that should be considered when monitoring outcomes
such as reactive oxygen species (ROS) production (e.g., �OH). The
�OH generated from photoactivated TiO2 can be directly measured
by various technologies, such as pulse laser spectroscopy (Fischer
et al., 1985), electron paramagnetic resonance (EPR) (Brezov�a
et al., 2003), or chemiluminescent methods (Maki et al., 2009).
However, using scavenging reagents or probes (Brezonik and
Arnold, 2011) is an easy alternative to assess �OH production.
Among probes available, N,N-dimethyl-4-nitrosoaniline (pNDA,
also named RNO) bleaching is one based on UVevisible
tion on photoactivated TiO2.
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spectroscopy analysis. pNDA bleaching has been used to detect �OH
in biochemical systems (Bors et al., 1979; Pastore et al., 2000),
electrochemical treatment (Barashkov et al., 2010; Feng et al., 2003;
Guitaya et al., 2014; Muff et al., 2011; Quiroz et al., 2014), UV/H2O2
process (Kwon et al., 2009), Fenton reactions (Komagoe et al., 2008;
Sun et al., 2015), TiO2 aqueous suspensions (Kim et al., 2013; Zang
et al., 1997), and TiO2 supported systems (Simonsen et al., 2010).

The goal of this work was to assess and set up the optimal
experimental conditions for E3 degradation and mineralization by
first monitoring �OH generation using pNDA as scavenging reagent,
while investigating catalyst loading (1e1500 mg L�1 of Aeroxide®

TiO2 P25), and temperature (5e50 �C).

2. Materials and methods

2.1. Reagents

Estriol (E3, C18H24O3, �97%), N,N-dimethyl-4-nitrosoaniline
(pNDA, C8H10N20, 97%), 1,10-phenanthroline (C12H8N2, �99%), so-
dium acetate anhydrous (CH3COONa, >99%), iron(III) sulfate hy-
drate (Fe2(SO4)3 $ 7H2O 97%), potassium oxalate monohydrate
((COOK)2 $ H2O, 99%), ethylenediaminetetraacetic acid
((HO2CCH2)2NCH2CH2N(CH2CO2H)2, >99.4), iron(II) sulfate hepta-
hydrate (FeSO4 $ 7H2O, >99.0%), potassium dichromate (K2Cr2O7,
>99.0%), diphenylamine ((C6H5)2NH, > 99%), salicylic acid (2-(HO)
C6H4CO2H, >99.0%), and glycine (NH2CH2COOH, >98.5%) were ob-
tained from Sigma-Aldrich. The structural formulas and aqueous
absorption spectra of E3 and pNDA are shown in Fig. 2a and b,
respectively. Sulfuric acid, HPLC grade methanol, and water were
purchased from Fremont Industries. All the chemicals were used as
received without further purification.

Aeroxide® TiO2 P25 (previously known as Degussa® P25,
50 ± 15m2 g�1 specific surface area, 21 nm average primary particle
size, 80:20 anatase/rutile weight ratio, more than 99.5% of TiO2,
according to the manufacturer) was obtained from Evonik In-
dustries and used as the photocatalyst without intentional super-
ficial modifications or doping.

2.2. Photoreactor setup

A photoreactor was used in all the experiments of photon flux,
pNDA bleaching-�OH generation (based on catalyst loading and
temperature dependence), and E3 degradation and mineralization.
Two 15 W black light lamps (GE, F15T8 BLB, product code: 35885)
Fig. 2. Structural formula and absorbance spectrum of a) E
were centered horizontally over the photoreactor. The emission
spectra of the lamps were obtained using a spectrophotometer
with a webcam with CMOS, without a UV optical filter, and a
diffraction grating of 1000 lines/mm, as described by Lorenz (2014)
and Widiatmoko et al. (2011). Irradiation intensity was determined
using a UVX Digital Radiometer (UVP).

The photoreactor was a 318 mL cylindrical water-cooled jac-
keted glass vessel with an inner height of 102 mm and an inner
diameter of 63 mm, as shown in Fig. 3. The horizontal position of
the photoreactor was constant for all experiments. A lab jack lifting
platform was used to adjust the vertical position of the photo-
reactor for experiments using varying photon flux, but the vertical
position was constant for the pNDA bleaching-�OH generation, E3
degradation, and mineralization experiments. The vertical position
was measured from the bottom of the lamp to the water-free sur-
face of the photoreactor. The temperature of the reaction mixture
was controlled using a thermostatic bath (Polystat, Cole-Parmer).
Experiments involving the effects of temperature were conducted
between 5 and 50 �C, and other experiments were kept at 20 �C.
The overall systemwas placed in a closed box to avoid the effects of
any other natural or artificial radiation sources.

2.3. Photonic flux determination

The ferrioxalate chemical actinometer was used to quantify the
photon flux of incident radiation into the photoreactor. It was
selected because of its sensitivity (Parker,1953) and its ability towork
at a wavelength range between 250 and 500 nm (Kuhn et al., 2004),
which covers the spectrum emissions of the GE F15T8 BLB used in
this work. The ferrioxalate actinometer was based on measuring the
photoreduction of ferric to ferrous ions using spectrophotometric
determination of the 1,10-phenanthroline complex ([Fe(phen)3]2þ) at
510 nm (Montalti et al., 2006). The experimental extinction coeffi-
cient for the ferrous complex was Absl¼510 nm ¼ 10304.3
[Fe(phen)3]2þ. The procedure for preparing the actinometric solution
was described elsewhere in the literature (Murov et al., 1993).

Briefly, 100 mL of the potassium ferrioxalate actinometric so-
lution was prepared by mixing iron (III) sulfate and potassium ox-
alate solutions. The temperature was 20 ± 0.5 �C, and then the
potassium ferrioxalate solution was irradiated for three minutes.
An aliquot of the irradiated solution was withdrawn and mixed
with a buffered solution of 1,10-phenantholine to develop the
complex agent. All actinometric solutions were prepared in an
amber volumetric flask.
3 (10 mM, and pH 6), and b) pNDA (10 mM, and pH 6).



Fig. 3. Water-cooled, jacketed glass photoreactor: 1) glass reactor, 2) testing solution,
3) temperature probe, 4) spin bar, 5) black light lamp, 6) optical filter (if needed), 7)
stirring plate, 8) cooling fan, 9) horizontal position template, and 10) lab jack lifting
platform.
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2.4. Hydroxyl radical generation

To obtain the efficiency of the photocatalytic system and sup-
port the notion of �OH participation in E3 degradation and miner-
alization in the aqueous phase, pNDAwas used as an �OH scavenger
(or probe) based on results from previous works (Barashkov et al.,
2010; Bors et al., 1979; Kim et al., 2013; Martínez-Huitle et al.,
2004; Zang et al., 1997). The 10 mM pNDA test solution was pre-
pared and initially adjusted to pH 6.0 ± 0.1 using NaOH or HCl as
needed because pNDA coloration is sensitive to pH changes (Muff
et al., 2011). No buffer solution was used because it could
compete with the pNDA scavenger for generated �OH radicals. The
end value of pH for the reactions was verified using the discharged
pNDA bleaching mixture. pNDA bleaching was measured using a
UVevisible spectrophotometer (Hatch DR/4000U) at 440 nm (see
Fig. 2b). Experiments using catalyst loading between 1 and
1500 mg L�1 at 20 �C were carried out to evaluate the effect of TiO2
load on �OH generation. Experiments using different temperature
values between 5 and 50 �C were carried out using the same
photocatalyst concentration of 20 mg L�1. For all experiments, after
adding the catalyst, the solution was mixed for 20 min in the dark
(without radiation) and an aliquot was withdrawn and centrifuged
to evaluate pNDA absorption onto the TiO2 particles. The cap was
then removed to allow the two GE F15T8 BLB lamps to illuminate
the system. Aliquots from the irradiated pNDA solution were
withdrawn after certain periods and centrifuged at 6000 rpm for
15 min (Biofuge Primo, Sorvall) to remove the photocatalyst before
they were measured in a UVevisible spectrophotometer. The
aliquots without the photocatalyst were directly measured in the
UVevisible spectrophotometer.

2.5. Photolysis and photocatalytic degradation of E3

The initial estriol concentration was selected to be 10 mM
because of the sensitivity of the analytical techniques used in this
work and because this research was part of a project that focused
on removing E3 in water using sequentially coupled membrane
filtration and TiO2 photocatalytic process. The concentration of
10 mMwas chosen in order to stay below the limit of E3 solubility in
water, which previously was reported as between 11.1 mM (Hurwitz
and Liu, 1977) and 45.1 mM (Silva et al., 2012; Ying et al., 2002). All
experiments with E3 solutionwere temperature controlled to 20 �C
and the solution did not appear cloudy.

Estrogen working solutions were stored in amber flasks. The E3
solution was prepared by stirring at room temperature in the
absence of radiation for six hours to dissolve approximately
2.88 mg of E3 in 1 L of distilled water, or

½E3� ¼ 2:88�10�3g
288:38 gmol�11L

¼ 10mM. For every experiment, 100 mL of this

E3 solution were added to the reactor and the temperature was set
to 20 �C. Depending on the initial water conditions, the initial pH
value for all of the experiments was adjusted to 6.0 ± 0.1 using
NaOH or HCl as needed. The initial pH was adjusted to generate a
similar surface charge of the photocatalyst (e.g., TiO2) in all of the
experimental runs (Fern�andez-Ib�a~nez et al., 2000). For all experi-
ments using E3, a dark period (without radiation) of 20 min was
allowed during which E3 and the photocatalyst were stirred
without radiation source to ensure adsorption equilibrium in the
solution. Similar experimental conditions were carried out as
described for �OH generation experiments. Additionally, the ali-
quots taken from E3 solution were filtered using a 0.1 mm syringe
filter (Millex-VV, Millipore) to avoid damaging the HPLC column.

2.6. Analytical methods

Estriol was monitored using a High Performance Liquid Chro-
matograph (HPLC) system (Waters 1515) equipped with a UV de-
tector (Waters 2787) that had an injection volume of 20 mL. The
quantification of E3 was performed using the isocratic analytical
mode and an Inertsil® ODS-3 column (150 mm � 4.6 mm, 5 mm,
25 �C). The UV detector was set at l ¼ 280 nm based on the E3
maximum absorbance shown in Fig. 2a. The mobile phase was
methanol (49%) and distilled water (51%) at a flow rate of
1 mL min�1. The resulting retention time was 10 min and the limit
of E3 detectionwas 0.1 mM (0.029 mg L�1). The total organic carbon
(TOC) concentration of the water samples was determined using a
Shimadzu TOC-L CPN and the limit of E3 detection was also 0.1 mM
(0.029 mg L�1). The band gap energy of TiO2 was obtained from
diffuse reflectance spectra using Video Barelino with integrating
sphere coupling to spectrophotometer Varian Conc with baseline of
BaSO4.

3. Results and discussion

3.1. Photoreactor radiative characterization

Lamp emissions were characterized for emission spectra,
photon flux, and intensity. The emission spectra detector was
calibrated using a fluorescent lamp, obtaining a correlation
R2 ¼ 0.9997 (see Fig. 4a). For this lamp, a broad emission band
(Fig. 4b) was found between 356 and 410 nmwith a peak emission
at 387 nm.

The band gap of Aeroxide TiO2 P25 was found to be 3.3 eV



Fig. 4. Emission spectrum and intensity graph for a) the fluorescent lamp and b) the
F15T8 BLB black light lamp.

Fig. 5. Determination of the band gap energy for Aeroxide TiO2 P25.
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(376 nm) as shown in Fig. 5. The F15T8 BLB black light lamps were
selected due to the strong spectral overlap between the emission
band noted above and the absorption spectrum of Aeroxide TiO2.

Actinometric characterization was found to have a linear
dependence with the vertical position of the photoreactor. This can
be described by I ¼ �1.4d þ 39.6dwhere I is light intensity (mEin-
stein min�1) estimated for the volume and geometry of the pho-
toreactor (Murov et al., 1993) and d is the distance from the lamps
to the water-free surface in the photoreactor (cm)dand R2 ¼ 0.994,
as shown in Fig. 6. Changing the photoreactor's vertical position by
one centimeter produced a variation of 1.4 mEinstein min�1. The
radiation intensity chosen for all experiments was
28.1 mEinstein min�1.

The position of photoreactor (Fig. 3) allowed samples to be
withdrawn safely because there was a distance of 6 cm from the
water-free surface to the edge of the photoreactor and 2 cm from
the edge of the photoreactor to lamp surface, which was 8 cm from
the lamp. At the selected position, radiative intensity wasmeasured
at 1500 mW cm�2 using a radiometer.
3.2. The effect of TiO2 concentration on hydroxyl radical generation

To avoid misinterpreting between pNDA photolysis and photo-
catalytic pNDA bleaching, a photolysis experiment was developed
under lamp radiation without a catalyst. The results for the
photolysis experiments with pNDA were the only ones showing a
zero-order kinetics with a straight line of [pNDA]
[pNDA0]

�1¼�0.0008t-1.003 (Fig. 7). Such zeroeth order kinetics are
reasonable for a photochemical process operating at low photon
flux since light availability will limit the rate of reaction. This
assumption follows Simonsen et al. (2010) who found that pNDA
bleaching using only UV light followed zero order kinetics. The
present data are not sufficient to unambiguously rule out a first
order kinetic for the direct photolysis. However, this zeroeth order
assumption gave the better fit to the data. After 300 min of
photolysis, 20% of the initial concentration of pNDA had been
degraded and the initial reaction rate of pNDA photolysis bleaching
was found to be 8 � 10�3 mM min�1.

pNDA bleaching has been demonstrated to be useful for
measuring the photocatalytic performance of TiO2 (Kim et al., 2013;
Simonsen et al., 2010; Zang et al., 1997). This method has some
advantages:

1) it is selective of the reaction of pNDA with �OH (Kraljic and
Trumbore, 1965);

2) it has a high reaction rate between pNDA and �OH on the order
of 1010 M�1 s�1 (Farhataziz, 1977; Zang et al., 1997);

3) it is easy to observe bleaching at 440 nm following Beer's Law
(Fig. 8 shows pNDA bleaching form yellowish to transparent
solution); and

4) there is a 1:1 stoichiometry according to Equation (1) (Simonsen
et al., 2010) which means that one �OH can bleach one pNDA
molecule.

The photochemical bleaching of pNDA in the presence of UV-
illuminated TiO2 can be seen in Fig. 8. Equation (1) depicts a
feasible reaction accounting for pNDA bleaching and equation (2)
provides a kinetic expression for this reaction.

(1)

The pNDA photocatalytic bleaching could be modeled by a first

order equation (Muff et al., 2011) expressed by Equation (2) and for
derivation is obtained Equation (3):

�dpNDA
dt

¼ k½·OH�ss½pNDA� ¼ k1½pNDA� (2)

½pNDA� ¼ ½pNDA0�e�k1t (3)

where [pNDA] is the concentration of pNDA, k1 pseudo-first-order
constant, and [�OH]ss is the steady-state concentration of hydrox-
yl radical (�OH). Initial velocity (r0) rate was obtained by evaluation
of k1 in Equation (3) followed by evaluation of Equation (4) at initial
time (t ¼ 0). Half-life was obtained through evaluation of Equation
(3) when ½pNDA� ¼ ½pNDA0�=2 obtaining Equation (5).



Fig. 6. Photon flux in the photoreactor as a function of distance to the radiation source.

Fig. 7. Photolysis of pNDA bleaching (10 mM, pH 6, 20 ± 0.5 �C, Lamp GE F15T8 BLB).
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Fig. 8. pNDA with catalyst a) before and b) after UV exposure.
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d½pNDA�
dt t¼0

¼ r0 ¼ k1½pNDA� (4)

t1=2 ¼ lnð2Þ
k1

(5)

Photocatalytic bleaching of pNDA under different TiO2 loading
concentrations from 1 to 1500 mg L�1 followed a pseudo-first-
order reaction (k1) according to Equation (3), which is shown in
Fig. 9.
Fig. 9. Photocatalytic pNDA bleaching (10 mM, pH 6, 20 ± 0.5 �C, Lamp GE F15T8 BLB) using
320 mg L�1,⃟ 640 mg L�1, 1000 mg L�1, and ✖ 1500 mg L�1 with pseudo-first-order mo
All the tested catalyst loads showed pNDA bleaching to be faster
than the bleaching rate in the photolysis experiment (Fig. 7).

It was observed that the pseudo-first-order rate constant, k1, in
Table 1 shows an increase from 1 to 320mg L�1 and a decrease after
320 mg L�1 of catalyst loading (Fig. 10). Increases in the reaction
rate constant by an increase in the photocatalyst load between 1
and 360 mg L�1 may be related to the increase in the number of
surface active sites within the TiO2 particles, which was previously
suggested by Giraldo et al. (2010). Further increases in the photo-
catalyst load beyond 360 mg L�1 did not show any further increase
in the reaction rate, possibly because some the catalyst particles
- 1 mg L�1, B 5 mg L�1,: 10 mg L�1, D 20 mg L�1, A 40 mg L�1, C 160 mg L�1, ,
del ( ) according Equation (3).



Table 1
Kinetics of hydroxyl radical generation by photocatalytic pNDA bleaching.

TiO2 load, mg L�1 pNDA0, mM k1 min�1 Inverse fluence (cm2 mJ�1)a R2 Initial velocity rate, r mM�
OH min�1 Half-life, min OHI, �OH photon�1 g�1

1 10 0.003 (3.33 � 10�5) 0.949 0.03 266.6 0.93
5 10 0.02 (2.22 � 10�4) 0.998 0.17 41.8 1.18
10 10.5 0.03 (3.33 � 10�4) 0.935 0.32 23.0 1.13
20 7.7 0.06 (6.66 � 10�4) 0.988 0.49 10.8 0.88
40 7.9 0.09 (1.00 � 10�3) 0.954 0.69 7.9 0.61
80 9.4 0.14 (1.55 � 10�3) 0.971 1.35 4.8 0.60
160 9.1 0.40 (4.44 � 10�3) 0.976 3.66 1.7 0.82
320 9.7 0.42 (4.66 � 10�3) 0.933 4.05 1.7 0.45
640 8.2 0.30 (3.33 � 10�3) 0.875 2.45 2.3 0.14
1000 9.7 0.28 (3.11 � 10�3) 0.892 2.74 2.5 0.10
1500 8.2 0.22 (2.44 � 10�3) 0.944 1.78 3.2 0.04

Notes: Lamp type: F15T8BLB GE W; lmax ¼ 365 nm; photon flux ¼ 28.1 mEinstein min�1; radiative intensity ¼ 1500 mW cm�2; temperature ¼ 20.0 ± 0.04 �C; and pH ¼ 6.
a Inverse fluence was estimated using the incident fluence (not average fluence) rate computed from actinometry results.

Fig. 10. Pseudo-first-order rate constant for pNDA photocatalytic bleaching (10 mM, pH 6, 20 ± 0.5 �C) by TiO2 Aeroxide® P25 (1e1500 mg L�1) under black light lamp (GE F15T8
BLB).
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were fully illuminated and others were self-shading on the media,
which reduced radiation penetration (Hapeshi et al., 2010) and
increased radiation scattering (Han et al., 2012).

The maximum pseudo-first-order rate constant (k1) was 0.42
min�1 (4.66 � 10�3 cm2 mJ�1) for 320 mg L�1 of photocatalyst
loading. It was demonstrated that higher concentrations (over
320 mg L�1) of the photocatalyst overload the system (Table 1),
which leads to a decrease in the observed �OH generation and a
reduction of resource efficiency related with radiation scattering,
reduced radiation penetration, and agglomeration of the TiO2
particles.

The quantum yield (ɸ) is defined as the number of times a
molecule undergoes a given event per absorbed photon, which is
shown in Equation (6). In TiO2 heterogeneous photocatalytic ex-
periments, quantum yield is often difficult to estimate because it is
problematic to differentiate absorbed light from scattered light. The
extent of light scattering by the catalyst particles depends on a
number of physicochemical properties e.g. particle size, pH, surface
charge, ion strength, and catalyst loading. Consequently, it is a non-
trivial task to fairly assess the number of absorbed photons as
required for a quantum yield determination.

F ¼ number of reacted molecules
number of photons absorbed

(6)

To overcome this issue, we propose an alternative to express the
observed productivity of the photocatalytic process named �OH
generation index (OHI). OHI considers photon flux and catalyst
loading as inputs and observed �OH radicals as the output of the
photocatalyst, described in Equation (7).

OHI ¼ r0
Id

(7)

where r0 is the initial velocity rate (mol L�1 min�1) obtained with
Equation (4), I is the photonic flow (Einstein min�1), and d is the
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photocatalyst load (g L�1). Equation (8) shows the dimensional
analysis to obtain OHI and the units are �OH photon�1 g�1:

OHI½ ¼ � r0
Id

½ ¼ �mol·OH
L*min

min
Einstein

L
gcatalyst

Einstein
molPhotons

OHI½ ¼ � molOH
molPhotons*g

OHI½ ¼ � 6:022x1023 ·OH

6:022x1023Photons*gcatalyst

OHI½ ¼ �
·OH

Photons*gcatalyst

(8)

The OHI intrinsically measures the fraction of photon flux being
scattered or reflected by the particulate matter in the photocatalyst
suspension. Therefore, the OHI was proposed as an observed
measurement of resource efficiency in the process. It was found to
be affected by the operational condition and experimental setup.
The OHI was then plotted versus catalyst loading, as shown in
Fig.11. The highest OHI value found (Table 1) was 1.18 �OH photon�1

g�1, which was achieved using 5 mg L�1 of photocatalyst loading.
At photocatalyst load values less than 5 mg L�1, it is probable

that some photons were not absorbed by the photocatalyst parti-
cles. For photocatalyst loads above 5 mg L�1, almost all photons
were absorbed but some photocatalyst particles shaded other
particles within the photoreactor. The effect of TiO2 shading could
be demonstrated by the reduction in detected transmittance, as
shown by the pNDA and TiO2 effects in Fig. 12.

Considering themaximumOHI value, which was achieved using
5 mg L�1, and the maximum �OH initial velocity rate (see Table 1),
which was obtained using 320mg L�1, it could be proposed that the
best resource efficiency for the experimental photocatalytic system
is between these catalyst load values. The maximum OHI value
Fig. 11. Experimental values for OHI obtained
measures the resource efficiencies for which the highest amount of
�OH radicals were produce with the least amount of resources and
the maximum pseudo-first-order constant value describes the
conditions under which maximum �OH radical production can be
achieved for the tested system.

The slow decrease in radical production efficiency observed for
photocatalyst loads between 600 and 1500 mg L�1 is likely attrib-
utable to the interaction of radiation with the photocatalyst at the
top of the solution, which generated a significant shading effect to
the inner solution.

Maximum OHI was determined for photocatalytic, superficial,
and morphological properties of Aeroxide® TiO2 P25. It was found
that different TiO2 materials show variations in their photonic ef-
ficiency measurements because of differences in their crystalline
array, particle size, and shape; differences in the density of hydroxyl
groups on the particle surface and the number of water molecules
hydrating the surface; and differences in the number and nature of
trap sites (Serpone,1997). Additionally, photonic efficiency could be
affected by specific surface area and surface charge. Using OHI as an
observed efficiency resource measurement, the optimal opera-
tional values could be selected to determine conditions under
which the photocatalyst is fully activated by photons or to deter-
mine the amount of catalyst needed to produce the desired pho-
tocatalyst rate that allows for tradeoff resources between energy,
catalyst load, and initial degradation rate.

3.3. The effect of temperature on hydroxyl radical generation of
TiO2

Although photocatalysis has been studied for many years,
temperature dependence is unclear, which sometimes leads to
misinterpretations of the experimental results. Liu et al. (2014)
theorized that temperature affects the rate constant of interfacial
electron transfer (kIT) during a photocatalytic reaction following an
using different loads of Aeroxide® P25.



Fig. 12. Transmittance of solution with pNDA (10 mM, pH 6.20 ± 0.5 �C) , TiO2 (Aeroxide® P25, 20 mg L�1) , pNDA þ TiO2 (pNDA at 10 mM and TiO2 at 20 mg L�1) .

Fig. 13. Effect of temperature on photocatalytic pNDA bleaching (20 mg L�1, Lamp GE F15T8 BLB) with pseudo-first-order model according Eq. (3).
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Table 2
Temperature effects on photocatalytic kinetic reaction rate.

Temp, K pNDA0, mM k1, min�1 Inverse fluence (cm2 mJ�1)a R2 Half-life, min

278.15 7.65 0.04 (4.44 � 10�4) 0.999 17.3
283.15 7.62 0.05 (5.55 � 10�4) 0.989 13.9
288.15 7.37 0.06 (6.66 � 10�4) 0.997 11.6
293.15 7.65 0.08 (8.88 � 10�4) 0.985 8.7
303.15 7.62 0.11 (1.22 � 10�4) 0.972 6.3
313.15 8.18 0.15 (1.66 � 10�4) 0.977 4.6
323.15 7.83 0.19 (2.11 � 10�4) 0.994 3.6

a Inverse fluence was estimated using the incident fluence (not average fluence) rate computed from actinometry results.
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Arrhenius-type equation and the Fermi level of electrons in a
semiconductor. To demonstrate the effect of temperature on �OH
radical production as input resource, pNDA photocatalytic bleach-
ing was used in the photocatalytic system. The temperature range
studiedwas from 5 to 50 �C and a photocatalyst load was 20mg L�1.
The effect of temperature on �OH radical generation is shown in
Fig. 13. The photocatalyst load of 20 mg L�1 was selected because
the faster reaction (Table 1) minimized any changes in concentra-
tion due to solvent evaporation, which appeared negligible during
the twenty-five minute reaction.

Generation of �OH radical increased with increasing tempera-
ture following the pseudo-first-order reaction as shown in Table 2.

The pseudo-first-order rate constant for �OH generation that
was plotted and fitted using the Arrhenius model k1 ¼ Ae�

Ea
R

1
T in

Fig. 14.
The Arrhenius plot of ln (k1) versus T�1 found a good correlation

of experimental data with the equation ln (k) ¼ �3286.29 T-1 þ 8.58
and R2 ¼ 0.976. Considering R ¼ 8.31446 J mol�1K�1, the activation
energy for the process was found to be �27323.77 J mol�1 and the
Fig. 14. Effect of temperature on the photocatalytic bleaching rate constant of pNDA (10 m
frequency factor was 5312.56 min�1. The Arrhenius equation ob-
tained is shown in Equation (9).

k1 ¼ Ae�
Ea
R

1
T ¼ 5312:56e�3286:29 1

T (9)

The increase in the pseudo-first-order rate constant with
increasing temperature could be attributed to a more facile inter-
facial transfer of electrons and resulting reduction of the recom-
bination rate of the photogenerated charge carriers, according to
the e� and hþ system in Equation (10) (Liu et al., 2014):

eCBTiO2
þ hVBTiO2

4TiO2; vIT ¼ kIT
h
eCBTiO2

ih
hVBTiO2

i
(10)

where eCBTiO2
is electron in conduction band, hVBTiO2

is vacancies in
valence band, vIT is velocity of interfacial transfer, kIT is the rate
constant of the interfacial transfer. Knowing the photocatalytic
ratio dependence on temperature could be operationally useful
when an increased reaction rate is needed with an equal amount of
photocatalyst or when using solar irradiance where not all photons
M, pH 6) by TiO2 Aeroxide® P25 (20 mg L�1) under black light lamp (GE F15T8 BLB).



Fig. 15. E3 photolysis (10 mM, pH 6.20 ± 0.5 �C) under black light lamp (GE F15T8 BLB).
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are able to be absorbed but temperature could be helpful to in-
crease reaction kinetic rate.
3.4. Photolysis and photocatalytic degradation and mineralization
of E3

To avoid misinterpreting E3 photocatalytic degradation and
photolysis, a photolysis experiment was developed under lamp
radiation without a catalyst. Estriol photolysis under a black light
lamp (GE F15T8 BLB) was fit to a pseudo-first-order reaction
modeled by the equation ln([E3] [E30]�1) ¼ �0.00024 t, which
obtained correlation coefficient of 0.997 as shown in Fig. 15.

Only 40% of E3 was degraded by photolysis after 30 h of irra-
diation. Other reports have found direct photolysis of E3 fitting
with a pseudo-first-order kinetic value of 2.5 � 10�2 min�1 using a
20 W black light blue fluorescent lamp, and up to 9 � 10�2 min�1

using germicidal radiation lamps (Coleman et al., 2007). It is well-
known that only light absorbed by the system can cause a chemical
change (Grotthus-Draper law). Germicidal lamps have emission
peaks at 254 nm, the point at which E3 has significant molar ab-
sorption (as shown in Fig. 2a), whereas black light emission lamps,
which were used in this study, have emission peaks at 387 nm
(Fig. 4), the point at which E3 molar absorption is almost null.

While several different ROS may be produced during TiO2 UV
irradiation, hydroxyl radicals have been reported as the most sig-
nificant ROS being produced and capable to perform organic pol-
lutants oxidation. pNDA experiments were useful for obtaining the
best conditions for resource efficiency in �OH radical generation in
the studied photocatalytic system, the best conditions for the
system were used to evaluate E3 degradation and mineralization.
Degradation refers to changes in E3 moiety that can produce a
reduction in detection for HPLC analysis, whereas mineralization
refers to the conversion of E3 into CO2 as followed by TOC analysis.
The experimental conditions chosen for E3 photocatalytic degra-
dation and mineralization were a catalyst load in the range of
20e160 mg L�1, a temperature of 20 �C, and a photon flux of
28.1 mEinstein min�1. To trade-off with photocatalytic resources,
the TiO2 photocatalyst loads were in the range of 20e160 mg L�1,
conditions under which the catalyst dosage was sufficient for ready
degradation of E3 but below catalyst saturation. The effect of
catalyst loading for E3 degradation is plotted in Fig. 16a, and
mineralization is shown in Fig. 16b.

When the E3 solutionwas degraded using TiO2 and UV radiation
(Fig. 16a), the initial absorption of the solution was observed to
decrease as a function of time following pseudo-first-order kinetics
(see Table 3). Control experiments performed using a hydroxyl
radical scavenger (methanol) at different concentrations (data not
shown) were performed to evaluate the potential effect of other
ROS, different from HO�, in the photocatalytic degradation. It was
observed that the addition of the hydroxyl radical scavenger
significantly depleted the photocatalytic reaction process, sug-
gesting these species as the main involved in E3 photocatalytic
degradation. The change in molar absorption detected by HPLC was
probably because of E3 modification by exposure to the �OH radical
produced as proposed by Ohko et al. (2002) and Coleman et al.
(2004, 2005a, 2005b) that found that estrogen degradation oc-
curs via abstraction of the benzylic hydrogen by the �OH radical or
via the attack of the �OH group to form quinone-type compounds.



Fig. 16. Catalyst load effect on a) degradation with pseudo-first order model (-) and b) mineralization with zero-order model (- - -) of E3 (10 mM, pH 6.20 ± 0.5 �C) under black light
lamp (GE F15T8 BLB). Experimental data: - 20 mg L�1, B 40 mg L�1, : 80 mg L�1, and △ 160 mg L�1.
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Table 3
Kinetic reaction rate for mineralization and degradation of estriol (E3) using Aeroxide® TiO2.

Catalyst load
mg L�1

Mineralization Degradation

k1,
min�1

Inverse fluence
cm2 mJ�1 a

R2 k1,
min�1

Inverse fluence
cm2 mJ�1 a

R2 Initial velocity rate,
mME3 min�1

Half time,
min

Initial degradation efficiency
(IDE)

20 0.0005 5.55 � 10�6 0.969 0.021 2.33 � 10�4 0.996 0.21 33.01 2.4
40 0.0011 1.22 � 10�5 0.996 0.0248 2.66 � 10�4 0.996 0.23 27.9 3.5
80 0.0042 4.66 � 10�5 0.837 0.0589 6.54 � 10�4 0.989 0.56 11.8 2.7
160 0.0080 8.88 � 10�5 0.9683 0.0989 1.09 � 10�3 0.987 0.91 7.01 4.0

Note: Lamp type: F15T8BLB GE W; lmax ¼ 365 nm; radiative flow ¼ 28.1 mEinstein min�1; radiative intensity ¼ 1500 mWcm�2; temperature ¼ 20.0 ± 0.04 �C; and pH ¼ 6.
a Inverse fluence was estimated using the incident fluence (not average fluence) rate computed from actinometry results.
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Total organic carbon was measured (Fig. 16b) and it was observed
that E3 mineralization was considerably slower than E3 degrada-
tion (Fig. 16a).

The E3 mineralization rate was also fitted to a pseudo-first-
order model. The difference between degradation and mineraliza-
tion rates was likely because of hydroxyl insertion, reduction, or
opening of the ring at the estrogen moiety changing the HPLC
detection without significantly changing the TOC measurement.
The E3 mineralization rate follows a slow degradation rate, prob-
ably because of the slow breakdown of further intermediate
products of the initial photocatalytic degradation, which has also
been suggested for other similar estrogenic molecules e.g., ethy-
nylestradiol (EE2) by Li and Sun (2014) and estradiol (E2) by Mai
et al. (2008).

To evaluate the resource efficiency for E3 degradation, initial
degradation efficiency (IDE) was proposed as a measurement that
describes the relationship between the amount of �OH radical
produced and the amount of E3 degradation at the initial condition
which is in agreement with Equation (11).

IDE ¼
dð$OHÞ

dt

���
t¼0

dðE3Þ
dt

���
t¼0

¼ r0;$OH
r0;E3

(11)

where r0;$OH is initial velocity rate of OH generation and r0;E3 initial
velocity rate of E3 degradation. The IDE represents the amount of
�OH radicals that should be produced in the system to degrade one
E3 molecule at an initial time (t ¼ 0). The IDE should be obtained at
initial degradation time, when all molecules in the systems are E3
molecules, because after initial time, there may be E3 and addi-
tional degradation by-products because of unselective attack by the
�OH radicals.

The initial �OH generation in Table 1 and the initial degradation
rate of E3 in Table 3 were used to obtain the IDE values that are also
shown in Table 3. The higher IDE values mean that more �OH radical
were produced in the system to degrade one E3 molecule. The
lowest IDE value found was approximately 2.4 which means that
this amount of �OH radicals needs to be produced in the photo-
catalytic system before detecting any modification in the E3
chemicals structure. Differences in IDE values were related to the
efficient transport of E3 molecules to the catalyst surface or the
effect of the catalyst surface charge.

4. Conclusions

This research assessed the relationship between the amount of
�OH radical generation and estriol degradation and proposed two
indices to evaluate the efficient use of resources. As efficiency
values, OHI is more effective as the value increases, whereas IDE is
better as the value decreases. This relationship can be useful for
comparing operational conditions to understand the trade-offs and
supply recourse in photocatalytic operations and upscaling the
photocatalytic process from lab scale to pilot scale. Our main
findings are the following:

(1) It was demonstrated that E3 can be degraded and mineral-
ized under convenient experimental conditions previously
determined using the �OH probe pNDA.

(2) It was confirmed that pNDA can be useful as a scavenger to
determine �OH generation.

(2) Increasing hydroxyl radical generation by increasing tem-
perature is fairly well fitted using the Arrhenius model.

(4) The OHI and temperature function values could be beneficial
for photoreactor upscaling and trade-offs with materials,
energy, and degradation rate.

(5) The IDE could be associated with transport phenomena, su-
perficial catalyst charge, molecule charge, and adsorption
phenomena.

(6) The OHI and IDE could be used to evaluate the performance
of a photocatalyst and set up a photoreactor in lab-scale and
upscaling experiments.

Knowing the dependence of temperature and the pseudo-first-
order constant of �OH radical generation allows us to consider an
additional resource efficiency value for the trade-offs between the
energy supply, photon flux, catalyst loading, and degradation rate.
We suggest that the goals of future studies should include: 1)
modeling uncontrolled temperature experiments to confirm the
accuracy of using the Arrhenius model to predict �OH generation
using TiO2, 2) determining the �OH generation index and initial
degradation efficiency of E3 in a continuous photocatalytic reactor
using lamps that are set up axially, and 3) demonstrating that
photolysis and photocatalytic processes should both be considered
to significantly contribute to the overall organic degradation when
the catalyst load is low and the molecule studied has a high ab-
sorption at the main emissionwavelength of the irradiation source.
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