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a b s t r a c t

Zinc oxide (ZnO) was studied as a photocatalyst under artificial ultraviolet (UV) and solar irradiation for
degradation of estrone, a ubiquitous micropollutant widely detected in treated effluent from sewage
treatment facilities. Despite its lower specific surface area and larger agglomerate size in water, ZnO
enabled significantly more rapid estrone degradation in water under artificial UVA irradiation compared
to the benchmark photocatalyst, Aeroxide� titanium dioxide P25 (P25 TiO2). Dissolution of ZnO photocat-
alyst, predominantly driven by its aqueous solubility, occurred during the photocatalytic degradation
process which could be mitigated by pH adjustment. Solar irradiation was found to be a highly effective
UV source for estrone photocatalytic degradation using either ZnO or P25 TiO2. Previous comparative
studies on ZnO and TiO2 photocatalysts were reviewed, and the origin of the superior performance of
ZnO under artificial UVA irradiation was investigated. Diffuse reflectance spectroscopy measurements
showed that ZnO exhibited markedly higher UV absorbance than P25 TiO2 within the wavelength range
of 320–385 nm, which supports the observation that ZnO showed evidently better performance than P25
TiO2 for estrone degradation under weak artificial UVA irradiation. Furthermore, a detailed mechanism
was proposed on the role of intrinsic defects during ZnO optical excitation and charge transfer process,
and its potential effect on ZnO surface redox reactions. The mechanism was supported by the observation
that higher levels of hydrogen peroxide were generated in UV-irradiated ZnO suspension in the absence
of added electron donors, suggesting that the photocatalytic activity of ZnO may be enhanced by an effec-
tive charge separation mechanism induced by its intrinsic defects.

� 2012 Elsevier B.V. All rights reserved.
ll rights reserved.
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1. Introduction

Endocrine-disrupting compounds (EDCs) comprise a class of
trace organic contaminants in water that can interfere with the
normal functioning of endocrine systems in human and wildlife.
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Studies on human exposure linked environmental EDCs to low
sperm counts, neurological disorders, and increased incidents of
testicular, prostate, ovarian and breast cancer [1–3]. Until recently,
concerns on EDCs had been mainly related to the large-scale uses
of agricultural and industrial chemicals with endocrine-disrupting
effects, such as pesticides (DDT), plastic additives (bisphenol A)
and industrial detergents (alkylphenol ethoxylates). By imple-
menting regulatory measures and effective treatment processes,
it is feasible to contain these chemicals within their points of
use. Trace-level steroid estrogens in drinking water, on the other
hand, have recently attracted much attention from the public
due to their extremely high estrogenic potency and ubiquitous
presence in sewage treatment plant (STP) effluent and receiving
waters [4–7]. This is particularly driven by the increasing adoption
of wastewater reclamation as a means of water supply augmenta-
tion in regions experiencing significant water shortage.

Common steroid estrogens in STP effluents include estrone (E1),
17b-estradiol (E2), estriol (E3), and 17a-ethynylestradiol (EE2)
[4,8,9], of which E1, E2, and E3 are excreted naturally by humans
and animals, and EE2 is commercially synthesized as an active
ingredient in oral contraceptives. Their ubiquitous presence in
STP effluents stems from the fact that biological treatment pro-
cesses, as prevalently used in STPs today, are not completely effec-
tive in treating trace levels of steroid estrogens in wastewater [5,9].
As wastewater storage and treatment facilities become increas-
ingly centralized, inadequate treatment of steroid estrogens in
STPs may result in the discharge of large amount of estrogen-con-
taining effluent into the receiving environment, posing risks to ex-
posed aquatic species and health risk to human through ingestion
of affected food and drinking water. Such risks are highlighted in a
number of environmental surveys showing the detection of steroid
estrogens in surface water [6,10] and groundwater [11].

With its proven capability of degrading persistent organic pol-
lutants, titanium dioxide (TiO2) based photocatalysis has been re-
cently investigated as a particularly promising technology for
treating estrogenic contaminants in water [12–16]. With a wide
bandgap (3.3 3.4 eV) at room temperature, zinc oxide (ZnO) also
exhibits excellent photocatalytic properties under ultraviolet
(UV) irradiation [17]. As an environmental photocatalyst, ZnO has
been reported to efficiently degrade azo-dyes [18] and aromatic
compounds [19,20] in water. A recent review on the annual evolu-
tion of the number of publications devoted to alternative photocat-
alyst materials shows that ZnO has attracted substantial renewed
interest in the last decade [21]. Indeed, ZnO is an excellent alterna-
tive photocatalyst with good photocatalytic activity, versatile mor-
phologies, and an open and modifiable crystalline structure.

In this study, we investigate the feasibility of using ZnO photo-
catalysis as an efficient treatment process for the degradation of
elevated levels of steroid estrogens in water, which may be found
in the concentrates and membrane cleaning solutions from reverse
osmosis membrane processes in water recycling applications
[22,23], and regenerant solutions from the reversible polymeric
sorption process for estrogen removal [24,25]. E1 was selected as
the representative contaminant for its wide occurrence, high estr-
ogenicity, and persistence through biological treatment processes
[4,5,8]. E1 is also the metabolite and breakdown product of E2,
and often detected at higher levels than E2, E3, and EE2 in STP efflu-
ent [4,5,8–10]. The efficacy of ZnO photocatalysis was assessed, for
the first time, for the degradation of estrone in water under artificial
UVA and solar irradiation. Direct photolysis of estrone was moni-
tored under each UV source, and the stability of ZnO photocatalyst
was assessed. ZnO was comparatively studied with the benchmark
photocatalyst, Aeroxide� TiO2 P25 (P25 TiO2). The origin of the
superior performance of ZnO to P25 TiO2 under the artificial UVA
irradiation was investigated by characterizing the UV absorbance
of ZnO and P25 TiO2 and measuring the concentration of hydrogen
peroxide (H2O2) generated in UV-irradiated ZnO and TiO2 suspen-
sions. The potential role of ZnO intrinsic defects during optical exci-
tation and charge transfer processes was discussed in relation to
ZnO surface redox reactions. To put the results in literature context,
a general comparison was made on the treatment efficiency of ZnO
photocatalysis and other advanced oxidation processes reported in
literature. Finally, the potential application and limitation of the
studied treatment process was discussed.

2. Materials and methods

2.1. Materials and reagents

Zinc oxide (wurtzite type) nanopowder was purchased from Sig-
ma–Aldrich. Fumed titanium dioxide (Aeroxide� TiO2 P25, Evonik
Industries) was supplied free of charge and used as the benchmark
photocatalyst. The Brunauer–Emmett–Teller (BET) surface areas
were measured as 10.7 and 48.6 m2 g�1 for ZnO and P25 TiO2, with
particle sizes of 100 nm–1 lm (ZnO) and 20–50 nm (P25 TiO2) esti-
mated from scanning electron micrographs (Supplementary data,
Fig. S1). Estrone (3-hydroxy-1,3,5(10)-estratrien-17-one, P99%),
horseradish peroxidase (ca. 150 units mg�1), 4-hydroxyphenylace-
tic acid (HPA, 90%), tris(hydroxymethyl)-aminomethane buffer
(ACS reagent, P99.8%), sodium fluoride (ACS reagent, P99%) and
H2O2 solution (3 wt.% in H2O, reagent grade) were supplied by
Sigma–Aldrich. Acetonitrile (HPLC grade) and sodium hydroxide
(reagent grade) were supplied by Scharlau Chemie S.A. Deionized
water (18.2 MX cm) water was sourced from a laboratory Milli-Q
water purification system.

2.2. Material characterization

The micrographs of ZnO and P25 TiO2 nanoparticles were ob-
tained using a Philips XL30S field-emission scanning electron
microscope. The BET specific surface areas of ZnO and P25 TiO2

nanoparticles were measured by nitrogen adsorption isotherms
on a Micromeritics TriStar 3000 system. Specific surfaces areas
were determined from the nitrogen adsorption data by the BET
method using the built-in data acquisition program. The UV absor-
bance of ZnO and P25 TiO2 was measured on a UV–Vis–NIR spec-
trophotometer (Shimadzu UV-3600) equipped with an
integrating sphere. Samples were placed in the reflectance cell
and scanned in the wavelength range of 300–700 nm using a bar-
ium sulfate reference. Dynamic light scattering was used to mea-
sure the size distribution of ZnO and P25 TiO2 nanoparticle
agglomerates in aqueous solutions. To prepare the samples,
0.5 g L�1 ZnO or P25 TiO2 nanoparticles were added into 200 mL
of deionized water. The suspension was continuously stirred for
45 min at 250 rpm. Samples were taken at mid-depth of the sus-
pension and immediately analyzed on a Malvern Zetasizer Nano-
system which has a detection range of 0.3 nm–10 lm.

2.3. Photocatalytic degradation protocol

Deionized water was spiked with estrone to prepare estrone
stock solutions. The solution was stirred in dark for 24 h and fil-
tered by 0.2-lm regenerated cellulose filters before use. Photocat-
alytic degradation was conducted in a glass vessel under
continuous UV irradiation and magnetic stirring. A total of
200 mL estrone solution was transferred into the vessel, followed
by the addition of photocatalysts at a predetermined loading. The
fineness of photocatalyst particles and stirring enabled immediate
dispersion of photocatalysts in the solution. To allow stabilization
and pre-adsorption, the mixed solution was kept in dark for 45 min
under continuous stirring before it was exposed to UV irradiation.
Sample aliquots (1.5 mL) were collected intermittently during the
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pre-adsorption stage and photocatalytic degradation process. Sam-
ples were centrifuged for 30 min at 14,600 rpm on a bench-top
centrifuge (Eppendorf 5417C) and 0.5 mL supernatants were ex-
tracted for chromatographic analysis. Control experiments were
conducted to monitor the direct photolysis of estrone under each
UV irradiation source. In a separate set of control experiments,
the formation of H2O2 was monitored in UV-irradiated ZnO and
P25 TiO2 suspensions in the absence of estrone. Sodium fluoride
(10 mM) was added in the TiO2 suspension as a redox inert ligand
to prevent the chemisorption of H2O2 on TiO2 [26,27].

The artificial UVA irradiation was provided by an 18 W UVA
lamp (Osram Blue� UVA). The lamp emits UV light in a narrow
band (320–400 nm) with a peak intensity of 0.2 W m�2 at
369 nm (Supplementary data, Fig. S2). The distance from the solu-
tion (when stagnant) to the lamp was set as 16 cm to reduce the
heating of the irradiated solution. Photocatalytic degradation
experiments under solar irradiation were conducted on a clear
day from 13:00 to 13:30 local time. The reactor was placed on a
roof in the university campus (S36�51.1790; E174�46.1770) where
an unobstructed view to the sky could be obtained. Spectra of
the artificial UVA and solar irradiation were recorded by a UV/Vis
spectroradiometer (Apogee PS-200) at a wavelength resolution of
0.5 nm. The radiation intensity profile of local solar irradiation is
shown in the Supplementary data, Fig. S3. The spectrum represents
the average of three measurements taken during the photocata-
lytic degradation process. A magnification of the solar radiation
profile in the UV region is presented in the Figure S3 insert. Com-
parison with the spectrum of the 18 W UVA lamp shows that the
intensity of solar UV irradiation was, in fact, significantly higher
than that from the artificial UVA irradiation used in this study.
Integration in the sub-400 nm region of the solar irradiation profile
yields a total UV irradiation intensity of 39.0 W m�2, which is
nearly one order of magnitude higher than the equivalent result
from the 18 W UVA lamp measured at a distance of 16 cm
(4.3 W m�2).

2.4. Analytical methods

2.4.1. High-performance liquid chromatography (HPLC)
Samples were analyzed on a HPLC (Agilent 1100) equipped with

a UV detector at 205 nm. The analysis was performed using a C18
reverse-phase column (5 lm, 4.6 � 150 mm, Agilent) at 25 �C with
50 ll sample injection. Acetonitrile and deionized water were
mixed at a volumetric ratio of 45:55 and used as mobile phase at
a flow rate of 1.0 mL min�1. The retention time of estrone was
determined to be 8.6 min. Triplicate measurements were con-
ducted for a series of prepared estrone standard solutions to deter-
mine the measurement errors of the HPLC method (Supplementary
data, Table S1). The results showed that the method was reliable
with relative standard deviations (RSDs) within 1.0–2.8% in a range
of low estrone concentrations tested (2.5–100 lg L�1). The linear
fitting of the calibration curve yields a linearity coefficient (R2) of
0.9991 (Supplementary data, Fig. S4).

2.4.2. Atomic absorption spectroscopy
Concentrations of free zinc ions in reacting solutions were

determined by flame-mode atomic absorption spectroscopy (Var-
ian SpectrAA 50). Samples were pre-filtered by 0.45-lm glass
microfiber syringe filters (Whatman GF/D) and acidified prior to
the analysis.

2.4.3. UV/Vis fluorescence spectroscopy
The UV–Vis fluorescence method was adopted to determine the

H2O2 concentrations in UV-irradiated photocatalyst suspensions
[28,29]. The method has ultra-high sensitivities (10 nM) and
involves the oxidation of HPA by H2O2 in the presence a catalytic
enzyme, horseradish peroxidase. The reaction yields a highly fluo-
rescent product (kext: 315 nm; kem: 406 nm) which can be detected
by a fluorescence spectrometer. For H2O2 measurements, a HPA re-
agent was first prepared by adding 8 mg HPA and 2 mg horseradish
peroxidase into 50 mL of 0.1 M tris(hydroxymethyl)-aminomethane
buffer. Sample aliquots (5 mL) were extracted from UV-irradiated
photocatalyst suspensions (0.5 g L�1) and filtered by 0.45-lm syr-
inge filters. A total of 3 mL filtrate was added into 1 mL HPA reagent.
The fluorescence spectra of the product were recorded on a fluores-
cence spectrometer (PerkinElmer LS55) with the following instru-
ment settings: excitation slit: 5 nm; emission slit: 5 nm; emission
filter: 1% attenuator. A calibration curve was established using stan-
dard H2O2 solutions diluted from 3 wt.% H2O2 solution.
3. Results and discussion

3.1. Photocatalytic degradation of estrone under artificial UVA
irradiation

3.1.1. Photocatalytic degradation using ZnO photocatalyst
Consistent with reports of negligible estrone degradation from

photolysis under UVA irradiation [30,31], it was found that estrone
did not undergo direct photolysis under the 18 W UVA lamp in the
absence of photocatalyst. Fig. 1 shows that ZnO photocatalysts de-
graded estrone in aqueous solutions very efficiently under the arti-
ficial UVA irradiation. The original data plots (C/C0 vs. t) are
presented beside model-fitted plots (ln C=C00

� �
vs. t), where C0 rep-

resents the original estrone concentration in the solution and C00 is
the initial estrone concentration after 45 min of pre-adsorption but
before the photocatalytic degradation (t = 0). All data are fitted to
the first-order reaction kinetics model which allows quantitative
comparison of photocatalytic degradation rates (k, min�1). The
influence of catalyst loading on estrone degradation rates was
investigated as a critical parameter of slurry-type photocatalysis
systems [32]. The relatively wide range of catalyst loadings
(0.01–1.0 g L�1) was used to determine an optimal catalyst loading
for our system. It is known that photocatalytic degradation rate
generally increases with catalyst loading in heterogeneous photo-
catalysis systems due to the presence of a larger number of photo-
catalyst particles in reacting solution, increasing the total contact
area between photocatalysts and target compound species. How-
ever, an excessive amount of photocatalyst particles can also ad-
versely affect the UV transmissivity in reacting suspension due to
increased light scattering, which may suppress or inhibit photoca-
talysis mechanisms in areas further away from irradiation source.
Such effect is evident in the results shown in Fig. 1. At the lowest
catalyst loading (0.01 g L�1), the estrone in the initial solution
was decomposed by 95% within 45 min. The degradation process
accelerated as the catalyst loading increased to 0.05 and
0.5 g L�1, where 95% degradation was reached within 25 and
10 min, respectively. A reversal of trend was observed as the cata-
lyst loading further increased to 1.0 g L�1 where the estrone degra-
dation rate decreased significantly and became only marginally
higher than the result at the lowest photocatalyst loading. This re-
sult indicates that at the 1.0 g L�1 catalyst loading the benefit of a
larger photocatalyst/estrone contact area was entirely offset by re-
duced UV transmissivity in the solution. This was also evidenced
by visual observation that the solution became high opaque at a
catalyst loading of 1.0 g L�1.

To investigate the effect of initial estrone concentration on the
photocatalytic degradation rate, additional experiments were con-
ducted at lower concentrations (0.1–1.0 lM) using a low dosage
(0.01 g L�1) of ZnO photocatalysts under the artificial UVA irradia-
tion. The results are shown in Fig. 2 where the original data ob-
tained at 600 lg L�1 (ca. 2.2 lM) are also inserted for
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Fig. 1. Photocatalytic degradation of estrone in aqueous solutions (600 lg L�1, ca. 2.2 lM) by ZnO photocatalysts (0.01–1.0 g L�1) under artificial UVA irradiation.
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comparison. By comparing the first-order rate constants under the
three initial concentrations, a direct relationship can be seen be-
tween the initial concentration and the photocatalytic degradation
rate of estrone. We were unable to conduct further experiments at
lower concentrations due to the detection limit (ca. 1 lg L�1) of the
HPLC method for measuring estrone concentrations in water. How-
ever, the results in Fig. 2 imply that at environmentally relevant
concentrations (<1 lg L�1) [6,7,9], which is more than one order
of magnitude lower than the lowest initial concentration tested
in this study, lower estrone degradation rates can be anticipated
under similar experimental conditions.

3.1.2. ZnO photocatalyst dissolution and suppression
The activity deterioration of ZnO photocatalysts during photo-

catalytic degradation processes has been noted in several studies
[33,34]. Such effect is undesirable in photocatalysis applications
as the dissolution of ZnO photocatalyst will not only lead to partial
catalyst inactivation, but may also create secondary pollution due
to the release of free zinc ions into the solution. The free zinc ions
detected in our study indicated that ZnO photocatalysts indeed
suffered partial dissolution during the estrone degradation process.
As shown in Fig. 3a, such effects appeared to be more severe at low
catalyst loadings. ZnO photocatalysts suffered considerable disso-
lution (5.2 mg L�1, or 52%) after 60 min of reaction at the lowest
catalyst loading (0.01 g L�1). However, the dissolution of ZnO phot-
ocatalysts only increased marginally from 5.9 mg L�1 to 8.0 mg L�1

as the catalyst loading increased to 0.05 and 0.5 g L�1. This sug-
gests that the dissolution of ZnO photocatalyst was either dictated
by the aqueous solubility of ZnO if aqueous dissolution is the main
contributor, or the incident UV irradiation if the photo-induced
dissolution of ZnO is the main contributor.

The relative contribution of aqueous dissolution and photo-
induced dissolution was further assessed to develop a mitigation
method to suppress the dissolution of ZnO photocatalysts. Fig. 3b
shows the ZnO dissolution data in dark and under UV irradiation.
The results suggest that aqueous dissolution should be the pre-
dominant cause for the dissolution of ZnO photocatalysts, and
the UV-induced photo-dissolution was limited. The amphiprotic
nature of ZnO implies that its aqueous solubility is significantly af-
fected by pH. To minimize ZnO aqueous solubility, the initial react-
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ing solution was adjusted to moderate alkaline (pH 10) as the opti-
mum condition [35,36]. Higher pH was not used as ZnO would re-
act with OH� ions and form soluble hydroxo complexes including
ZnðOHÞ�3 and ZnðOHÞ�4 . Fig. 3b also presents the result of ZnO pho-
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Fig. 4. Photocatalytic degradation of estrone in aqueous solutions (600 lg L�1, ca. 2.2 lM) by P25 TiO2 photocatalysts (0.01–1.0 g L�1) under artificial UVA irradiation.
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tocatalyst dissolution after the initial pH adjustment. The suppres-
sive effect on ZnO dissolution was evident that, with the initial pH
adjustment, the concentration of free zinc ions was reduced by 46–
49% after the photocatalytic degradation process. This was also
accompanied by an increase of estrone degradation rate due to
the reduced ZnO photocatalyst dissolution (Supplementary data,
Fig. S5).

3.1.3. Comparison with benchmark TiO2 photocatalyst
P25 TiO2 nanopowder was used as the benchmark photocatalyst

in this study to assess the relative efficacy of ZnO photocatalysis for
estrone degradation. Fig. 4 shows the estrone degradation results
using P25 TiO2 photocatalyst under similar conditions. The data
was fitted to a pseudo-first-order reaction kinetics model to allow
quantitative comparison of reaction rates. It is clear that ZnO en-
abled more rapid photocatalytic degradation of estrone than P25
TiO2 at all catalyst loadings under the artificial UVA irradiation, ex-
cept at 1.0 g L�1 where both ZnO and P25 TiO2 appeared to be over-
dosed in the solutions. By comparing the first-order rate constants
(k, min�1) in Figs. 1 and 4, it is clear that ZnO enabled a ca. 2.05–3.0
times higher degradation rate for estrone in water than P25 TiO2

under the artificial UVA irradiation. The largest difference in their
treatment efficiency was observed at the lowest catalyst loading
(0.01 g L�1), which diminished as the catalyst dosage increases.
Under the optimal catalyst dosage (0.5 g L�1), the k value is
0.362 min�1 for ZnO photocatalyst and 0.177 min�1 for P25 TiO2,
respectively. This yields a difference of 105% in the estrone degra-
dation rate by 0.5 g L�1 ZnO and P25 TiO2 under the artificial UVA
irradiation.

3.2. Photocatalytic degradation under solar irradiation

As an advanced oxidation process, a key advantage of photo-
catalytic degradation process is its ability to utilize natural solar
energy source to break down organic contaminants in water
[37]. The efficiency of solar-driven photocatalysis was assessed
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for the degradation of estrone in water using ZnO and TiO2 pho-
tocatalyst catalyst Fig. 5 shows that estrone in 600 lg L�1

(ca. 2.2 lM) aqueous solutions was rapidly degraded by
0.05 g L�1 ZnO or P25 TiO2 photocatalysts under solar irradiation.
As direct photolysis was minimal (8.6%), the rapid estrone degra-
dation should be attributed to a highly efficient photocatalytic
degradation process. It is interesting to note that the different
efficacy of ZnO and P25 TiO2 photocatalysts for the degradation
of estrone in water, which was rather evident under the artificial
UVA irradiation, largely disappeared under solar irradiation. Com-
parison of the reaction rate constants shows that, using 0.05 g L�1

ZnO photocatalysts, the estrone degradation rate was 2.7 times
higher under solar irradiation compared to the result under the
18 W UVA lamp. The significantly higher estrone degradation rate
can be substantiated by spectroradiometric measurements of so-
lar irradiation (Supplementary data, Fig. S3), which showed that
the local solar irradiation provided a total UV irradiation intensity
of 39.0 W m�2 that is nearly one order of magnitude higher than
the equivalent result measured at 16 cm from the 18 W UVA
lamp (4.3 W m�2).
3.3. Superior performance of ZnO under artificial UVA irradiation

ZnO exhibits similar properties as TiO2 as a semiconductor pho-
tocatalyst, and for that it is often studied as an alternative photo-
catalyst and a close competitor of TiO2. Table 1 presents a
compilation of comparative studies on ZnO and TiO2 photocata-
lysts (principally P25 TiO2) where superior performance of ZnO
was noted [19,20,38–54]. A detailed analysis of the studies listed
in Table 1 revealed that this phenomenon has been, however, inad-
equately investigated to date. Few studies investigated its underly-
ing mechanisms with brief discussions found in 3 of the 19 studies
shown in Table 1 [43,45,46]. This represents a knowledge gap in
ZnO photocatalysis and in this study we attempt to provide some
insights into this interesting phenomenon.

P25 TiO2 consists of ca. 75% anatase and 25% rutile phases [55].
The rutile phase is reportedly less effective than anatase in photo-
catalysis applications [56]. Nevertheless, P25 TiO2 compares favor-
ably with ZnO photocatalyst which suffered considerable
dissolution particularly at low catalyst loadings. For instance, at a
catalyst loading of 0.01 g L�1 ZnO suffered 50.9% dissolution in



Table 1
A compilation of comparative studies on ZnO and TiO2 photocatalysts noting the superior performance of ZnO.

Target compound(s) ZnO photocatalyst TiO2 photocatalyst UV irradiation details Reaction rate constantsa Ref.

Supplier/crystal
phase

Particle size/
specific surface
area

Supplier/phase Particle size/
Specific surface
area

Azo dyes
Procion blue HERD Merck; hexagonal 5 m2 g�1 Degussa P25b;

anatase/rutile
21 nmc;
50 ± 15 m2/gc

4 � 30 W UV tubes (Philips);
2.4 � 10�6 Einstein min�1

kZnO = 0.077 min�1; kTiO2
¼ 0:075 min�1 [38]

Methyl orange Wurtzite Microsized 60 W low-pressure Hg lamp;
k: 254 nm

n.a [39]

Methyl orange; rhodamine 6G Merck 5 m2 g�1 5 � 30 W UV (Philips); k: 365 nm n.a [40]
Reactive red 2; acid red 27 Fluka 4.6 m2 g�1 8 W UV-lamp (Philips); k: 365 nm kZnO

(h�1)
kTiO2

ðh�1Þ

Reactive red 2 3.25 0.24
Acid red 27 1.39 0.34

[41]
Remazol red Merck <5 m2 g�1 66 W TUV G6T5 (Philips); k: 254 nm. n.a [42]
Acid brown 14 Merck; hexagonal 4.8 lm;

5.05 m2 g�1
Solar irradiation (9:00–14:00);
1.315 � 105 Lux (average)

kZnO = 7.48 � 104 s�1

kTiO2
¼ 3:08� 104 s�1

[43]

Reactive blue 19 Merck 5 m2 g�1 125 W UV lamp (Philips); k > 254 nm n.a [44]
Remazol brilliant blue R;

remazol black B; reactive
blue 221; reactive blue 222.

Nuclear n.a 125 W medium pressure Hg lamp
(Philips); k > 254 nm

n.a [45]

Methyl orange Merck and
synthesized

�40 nm Merck and
synthesized

�30 nm Low-pressure Hg lamp; k: 375 nm
(nominal)

n.a [46]

Orange II Zincite 30–40 nm;
25–35 m2 g�1

Anatase 10–30 nm,
70–120 m2/g;

�21 nm, �35–65 m2/g; 7–
25 nm,
100–250 m2/g

k: 300–400 nm n.a. [47]

Biebrich scarlet Zincite 30–40 nm Millennium
Chemicals PC-
105

– 7 � 18 W UV tubes (Philips); k:
365 nm; 0.5 mW cm�2

n.a. [48]

Acid red 18 Merck 0.1–4 lm; 10 m2

g�1
Aldrich;
Anatase

1 lm; 8.9 m2/g 8 � 8 W medium pressure Hg lamp; k:
365 nm

n.a. [49]

Phenol and phenolic compounds
Terephthalic acid Iranian parse

pigment
100 nm;
13 m2 g�1

Degussa P25b;
Anatase/rutile

21 nmc;
50 ± 15 m2/gc

8 � 8 W quartz tube Hg vapor lamps
(Philips); k: 253.7 nm; 21 lW cm�2

C0 (ppm) kZnO

(min�1)
kTiO2

ðmin�1Þ [50]

60 0.0558 0.044
100 0.099 0.028

Phenol Hexagonal 75–85 nm 400 W medium pressure Hg lamp; k:
365 nm

n.a [51]

Lignin Merck 5 m2 g�1 5 � 30 W UV (Philips); k: 365 nm n.a [19]
4-Chlorophenol Zincite 35–62 nm

(± 5 nm);
9–27 m2 g�1

450 W Henovoniea Hg lamp, filtered
by CuSO4 solution

Initial degradation rates:
RZnO > 0.4 mol min�1 g�1

RTiO2 < 0.2 mol min�1 g�1

[20]

2-Phenylphenol Vieille montagne
SA

9.4 m2 g�1 k: 300–450 nm; Intensity: 4 � 1015

photons cm�3 s�1
n.a [52]

Textile and pulp and paper
effluent

Merck n.a 250 W lamp (Philips); k > 254 nm n.a [53]

Phenol Fluka n.a 1000 W Hg/Xe arc lamp (oriel
corporation)

kZnO = 0.090 min�1; kTiO2
¼ 0:027 min�1 [54]

a Reaction rate constants are calculated from the results under optimal conditions.
b Degussa� P25 is the former product name of Aeroxide� TiO2 P25. The product is now supplied by Evonik Industries.
c P25 TiO2 consists of 75–80% anatase and 20–25% rutitle. Variations exist in literature.
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30 min, yet it still enabled three times faster estrone degradation
than P25 TiO2 under the artificial UVA irradiation. Furthermore,
it is important to note that the ZnO nanoparticles have a lower spe-
cific surface area than P25 TiO2 and a larger agglomerate size in
water (Supplementary data, Fig. S6). The result suggests that the
excellent photocatalytic activity of ZnO observed under artificial
UVA irradiation originate from its intrinsic properties.

Semiconductor photocatalysis process begins with optical
absorption of photons and subsequent transfer of electrons from
valence band to conduction band, generating holes in valence
band. Provided that recombination does not occur, electrons and
holes will undergo charge transfers to catalyst surface where they
can react with surface-adsorbed target compound molecules and
yield reactive oxidant species including hydroxyl radicals (�OH),
superoxides O�2

� �
, and hydrogen peroxides (H2O2) [56]. Because

photocatalytic degradation process relies on both holes and the
generated oxidants to decompose organic molecules, the apparent
activity of a photocatalyst is essentially a function of the produc-
tion rate of uncombined holes and reactive oxidant species which,
in turn, is determined by: (1) photon absorption efficiency and (2)
charge separation efficiency. The two aspects of the photocatalysis
process are comparatively studied on ZnO and P25 TiO2 and dis-
cussed in the following sections.
3.3.1. UVA absorbance
By comparing the first-order rate constants in Figs. 1, 4 and 5, it

can be seen that the difference in the efficacy of ZnO and P25 TiO2

photocatalysts for estrone degradation was only evident under the
monochrome artificial UVA irradiation (320–400 nm), but largely
disappeared under the polychrome solar UV irradiation (240–
400 nm). This provides a indirect evidence that ZnO may be able
to absorb incident UV more efficiently than P25 TiO2 within the
UVA region. To verify this, the UV absorbance on ZnO and P25
TiO2 photocatalysts was measured by diffuse reflectance spectros-
copy (DRS). This method is based on the Kubelka–Munk theory and
particularly suitable for measuring fine particles as it distinguishes
light dispersion (due to scattering) and optical absorption (due to
electronic transitions). Fig. 6 shows the UV absorbance spectra of
ZnO and P25 TiO2. The UV absorbance of ZnO photocatalyst rises
steeply from 395 nm to 365 nm, and maintained at high levels at
wavelengths below 365 nm. In comparison, the UV absorbance of
P25 TiO2 increases steadily but more slowly as the wavelength de-
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Fig. 6. Diffuse reflectance spectroscopy measurements of th
creases from 410 nm to 320 nm. The key difference is in the 320–
385 nm region where ZnO showed markedly higher UV absorbance
than P25 TiO2. This provides the perquisite for ZnO to exhibit
excellent photocatalytic activity under UVA irradiation.

3.3.2. Role of ZnO intrinsic defects
The higher UV absorbance on ZnO in the 320–385 nm region re-

flects more active electronic transitions on its surface. As a semi-
conductor photocatalyst a unique feature of ZnO is its open
structure and rich, complex defect chemistry [29,57–59]. ZnO has
a hexagonal close packed lattice where Zn atoms occupy half of
the tetrahedral sites, with all octahedral sites being empty. There
are plenty of sites available in ZnO to accommodate intrinsic de-
fects. In comparison, there is a limited amount of oxygen vacancies
present in the tetragonal structures of TiO2 anatase and rutile
phases and the creation of defects requires electron or ion bom-
bardment, sputtering, or high-temperature annealing [60]. The
intrinsic defects in ZnO have been extensively studied for their
implications on the optoelectronic properties of ZnO [17,57]. The
predominant defects in ZnO are Zn interstitials and oxygen vacan-
cies, formed by Frenkel and Schottky reactions:

ZnZn $ Znx
i þ Vx

Zn ðFrenkel reactionÞ

Znx
i $ Zn�i þ e0 ðIonizationÞ

Zn�i $ Zn��i þ e0 ðIonizationÞ

O$ Vx
Zn þ Vx

O ðSchottky reactionÞ

Vx
O $ V�O þ e0 ðIonizationÞ

V�O $ V��O þ e0 ðIonizationÞ

Fig. 7 shows the energy scheme of Zn interstitials and oxygen
vacancies between the conduction band and valence band. More
detailed descriptions on ZnO intrinsic defects are available from lit-
erature [57,61]. Ionic defects in crystal lattices are known to trap
charge carriers, therefore, it is suspected that Zn interstitials and
oxygen vacancies (both positively charged) can facilitate redox
reactions on ZnO by scavenging photo-generated electrons, there-
fore preventing the recombination of electrons and holes. The pro-
posed mechanism is illustrated in Fig. 7. First, a UV photon is
380 390 400 410 420 430 440 450

ngth (nm)
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e UV absorbance of ZnO and P25 TiO2 photocatalysts.



Fig. 7. Energy levels of predominant intrinsic defects in ZnO under ambient condition and potential effects on photocatalysis. Kröger–Vink notations are used. i = interstitial
site, Zn = zinc, O = oxygen, and V = vacancy. Superscript symbols indicate charges: a dot indicates positive charge, a prime indicates negative charge and a cross indicates zero
charge.
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Fig. 8. Hydrogen peroxide (H2O2) generated in 0.5 g L�1 ZnO or P25 TiO2 (10 mM
NaF) photocatalyst suspensions under 18 W UVA irradiation at 25 �C.
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absorbed by ZnO which excites an electron in the valence band to
move to the conduction band e�cb

� �
, leaving a positive charge (hole)

in the valence band hþvb

� �
(Step 1). In the absence of surface-ad-

sorbed electron acceptors (e.g. O2), the electron e�cb

� �
will recom-

bine with a hole, and no redox reaction could occur in this
scenario (Step 2). When there are ionic defects present at sub-con-
duction bands, the photo-generated electron will be trapped by
positively-charged Zn interstitials and oxygen vacancies (Step 3a/
b/c/d). Defects then become neutralized but would subsequently
undergo ionization reactions, releasing electrons e�d

� �
that can

again participate in redox reactions with electron acceptors on
ZnO surface (Step 4a/b/c/d). Meanwhile, valence band holes hþvb

� �

can react with surface OH- groups which act as donor species to
yield hydroxyl radicals (OH�). In this process, ZnO defects initially
act as harvesting sites for photo-generated electrons e�cb

� �
and a

source of electrons e�d
� �

at a later stage. The net effect is expected
to be an increased lifetime for both types of photo-generated
charge carriers e�cb=hþvb

� �
due to the charge isolation induced by

defects.
The formation of H2O2 in UV-irradiated ZnO and P25 TiO2 sus-

pensions was further investigated to verify this mechanism. The
absence of organic compounds as electron donors (i.e. scavengers
for holes and hydroxyl radicals) in the system means that recombi-
nation of photo-generated holes hþvb

� �
and electrons e�cb

� �
is more

likely to occur. Previous studies have shown that under such
circumstances dissolved oxygen is the main source of electron
acceptor, and the reduction of molecular oxygen by e�cb is the main
reaction pathway for H2O2 generation [29,56]. The concentration of
H2O2 generated in UV-irradiated suspensions can be used as an
indicator of the charge separation efficiency in ZnO and P25 TiO2

photocatalysts. Fig. 8 shows the time profile of the H2O2 concentra-
tions in ZnO and P25 TiO2 suspensions under the 18 W UVA lamp.
Under continuous UV irradiation H2O2 will be continuously gener-
ated in the suspension while it also undergoes direct photolysis
(homolytic scission) and eventually reaches a steady-state concen-
tration when the two rates become equal. As shown in Fig. 8, the
H2O2 concentration in P25 TiO2 suspension increased slowly and
reached a plateau (0.6 lM) after 30 min of irradiation. In contrast,
the H2O2 concentration increased rapidly during the entire course
of irradiation and reached 7.6 lM after 60 min of irradiation,
exceeding the H2O2 level in P25 TiO2 suspension (0.6 lM) by a fac-
tor of 12.7. The more efficient H2O2 production in UV-irradiated
ZnO suggests that, in the absence of added electron donors, a high-
er level of charge separation persists in ZnO compared to P25 TiO2.
The result provides support to the mechanism in Fig. 7 that the
excellent activity of ZnO under weak artificial UVA irradiation
may be contributed by a more effective charge separation mecha-
nism in ZnO induced by its intrinsic defects.

3.4. Comparison with other advanced oxidation processes

This study shows that elevated levels of estrone can be rapidly
degraded by ZnO photocatalysts under artificial UVA or solar irra-
diation. Depending on the initial estrone concentration in water
(0.1–2.2 lM), 90% of estrone can be degraded within 30–50 min
using 0.01 g L�1 ZnO under weak artificial UVA irradiation
(4.3 W m�2). Estrone degradation rate can be further increased
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by increasing the dosage of ZnO or using natural solar irradiation
as a stronger UV source (39.0 W m�2). To put our results in litera-
ture context, comparisons on treatment efficiencies were made
with other treatment processes reported in literature. Three main
categories of treatment processes, namely biological, physical (i.e.
adsorption and membrane rejection), and advanced oxidation pro-
cesses have been studied to date for the elimination of estrone in
water [62]. Given the fundamentally different removal mecha-
nisms in these treatment techniques, we have limited the scope
of comparison to advanced oxidation process which is recognized
as a competitive treatment technology for estrogens in water and
encompasses most of the competing technologies to photocatalytic
degradation [62].

Direct photolysis has been shown to be an effective means of
degrading estrone in water [63,64], although their treatment effi-
ciencies are generally lower than the UV-assisted photocatalysis
observed in this study. In a recent study, Chowdhury et al. [63] re-
ported the direct photolysis of estrone under solar irradiation,
where the estrone degradation followed first-order kinetics with
a rate constant of 0.014 min�1 and a half-life of 48 min for estrone
at an initial concentration of 3.7 lM (ca. 1.0 mg L�1). Caupos et al.
[64] studied the effects of dissolved organic compounds on estrone
photolysis under simulated solar irradiation. The authors obtained
first-order rate constants of 0.07–0.09 h�1 and half-lives of 3.9–
7.9 h from the estrone photolysis process. Ozonation has also been
studied as an effective method for degrading estrone in water. In
an early study, Ternes et al. [65] reported that 80% of estrone
was eliminated in wastewater effluent in 18 min using 5 mg L�1

ozone under a mean initial concentration of 15 ng L�1. Huber
et al. [66] conducted a pilot study on the ozonation of estrogens
in municipal wastewater effluents. The authors reported 80–90%
elimination of estrone in 0.5 lg L�1 estrone spiked effluents using
1–5 mg L�1 ozone with a hydraulic retention time of 4.2 min. De-
borde et al. [67] reported rapid estrone degradation by chlorina-
tion, where a half-life of 6.3 min was obtained for estrone in
1 lM aqueous solutions under a total chlorine concentration of
1 mg L�1. This rate is comparable to our results that a half-life of
9 min was obtained for estrone in a 1 lM solution using
0.01 g L�1 ZnO under artificial UVA irradiation. Other studies have
shown that sonolysis can also be used for degrading estrone in
water [68–70]. For instance, Suri et al. reported the ultrasound
degradation of estrogens in 10 lg L�1 solutions using a 2 kW
(20 kHz) sonication unit [70]. The estrone degradation followed
first-order kinetics with a rate constant of 0.034 min�1 at pH 7,
which is slightly lower than the reaction rate (k = 0.048 min�1) ob-
tained in this study using 0.01 g L�1 ZnO under artificial UVA irra-
diation at a higher initial concentration (27 lg L�1). Recently,
Shappell et al. [71] reported the exceptionally rapid degradation
of estrogens by Fe-TAML/H2O2 catalysis. The authors observed a
half-time of ca. 5 min for estrone using 83 nM Fe-TAML catalyst
and 4 mM H2O2 at an initial concentration of 80 lM. The degrada-
tion rate is likely to be higher than the highest degradation rate ob-
served in this study, where a half-life of ca. 3 min was obtained for
estrone in 2.2 lM aqueous solutions using 0.5 g L�1 ZnO or TiO2

photocatalysts under solar irradiation.

3.5. Potential application and limitation

This study provides preliminary evidences that ZnO photocatal-
ysis is highly efficient for degrading elevated levels of estrone, a
representative steroid estrogen contaminant in water. ZnO exhib-
ited high photocatalytic activity under artificial UVA irradiation
and enabled 2.05–3.0 times more rapid estrone degradation than
P25 TiO2 photocatalyst, driven by its higher UV absorbance in the
320–385 nm wavelength range and higher production rates of
H2O2 which is postulated to be contributed by its rich intrinsic de-
fects. Solar-driven photocatalytic degradation enabled very rapid
estrone degradation in water in the presence of either ZnO or
P25 TiO2 photocatalysts. The studied treatment process may be
particularly useful for treating elevated levels of estrogens in waste
streams such as the concentrates and membrane cleaning solu-
tions from reverse osmosis membrane processes [22,23] and the
regenerant solutions from the reversible polymeric sorption pro-
cess [24,25], where high levels of estrogens may be present due
to concentration and desorption effects. The treatment method in
its present form, however, is difficult to be implemented as a prac-
tical treatment process given the difficulties associated with the
separation of photocatalyst fine particles from treated water and
further suppression of the dissolution of ZnO photocatalysts in
water. Other issues that also need to be addressed include the
identification and toxicity assessment of estrone degradation inter-
mediates, and the effect of water chemistry on its treatment effi-
ciency. These will be the subjects of future studies.
4. Conclusions

The study demonstrates that ZnO photocatalysis is highly effi-
cient for degrading elevated levels of estrone in water under artifi-
cial UVA or solar irradiation. At an initial concentration of
600 lg L�1 (ca. 2.2 lM), 95% of estrone in water was degraded
within 40 min in the presence of 0.01 g L�1 ZnO under artificial
UVA irradiation (4.3 W m�2). An increase of ZnO catalyst loading
to 0.5 g L�1 enabled a 4.9-fold increase in the estrone degradation
rate, while a further increase to 1.0 g L�1 resulted in a reverse of
trend due to the high opacity of the reacting suspension. A direct
relationship was observed between the initial concentration of es-
trone and its photocatalytic degradation rate. As the initial concen-
tration decreased from 2.2 lM to 0.1 lM, the estrone degradation
rate decreased from 0.074 min�1 to 0.048 min�1 using 0.01 g L�1

ZnO under artificial UVA irradiation. ZnO suffered dissolution in
water with concentrations of free zinc ions ranged from 5.2 to
8.0 mg L�1, depending on the catalyst loading. The dissolution
was predominantly driven by the natural aqueous dissolution of
ZnO which could be suppressed by adjusting the initial pH of the
solution to 10. Local solar irradiation was found to be a highly
effective UV source for ZnO photocatalysts, providing nearly one
order of magnitude higher intensity of UV irradiation
(39.0 W m�2) than the artificial UVA irradiation used in this study
(4.3 W m�2). Comparison of first-order rate constants shows that,
under the optimum catalyst dosage (0.05 g L�1), ZnO enabled a
2.7 times higher estrone degradation rate under solar irradiation
compared to the equivalent result under the artificial UVA
irradiation.

Comparative studies on ZnO and the benchmark P25 TiO2 pho-
tocatalyst showed that, despite its lower specific surface area and
larger agglomerate size in water, ZnO consistently enabled higher
photocatalytic degradation rates for estrone in water than P25
TiO2 under the artificial UVA irradiation. The excellent activity of
ZnO originates from its intrinsic properties. DRS measurements
showed that ZnO exhibited markedly higher UV absorbance than
P25 TiO2 within the wavelength range of 320–385 nm. The result
supports the observation that the difference in the efficacy of
ZnO and P25 TiO2 photocatalysts for estrone degradation was evi-
dent under the weak artificial UVA irradiation (320–400 nm) but
largely disappeared under the relatively strong solar UV irradiation
(240–400 nm). Furthermore, ZnO may also benefit from its unique
open structure and intrinsic defects which could function as har-
vesting sites for photo-generated electrons during ZnO optical
excitation and enhance charge separation. This mechanism is sup-
ported by the result that significantly higher levels of hydrogen
peroxide were generated in UV-irradiated ZnO suspensions com-
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pared to P25 TiO2 in the absence of added electron donors. Finally,
comparisons with the results reported in literature on other ad-
vanced oxidation processes indicate that ZnO photocatalysis is a
competitive treatment process for estrone in water.
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