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• Photolytic behaviour of estrogens under
the radiation of 253.7 nm was investi-
gated.

• Estrone (E1) was the most sensitive to the
UVC radiance among the studied estro-
gens.

• The continuous flow mode favoured pho-
tolysis of estrogens compared to station-
ary mode.

• The surface water matrix taken from a
local lake promoted photolysis of estro-
gens.
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 Estrogens are endocrine disrupting chemicals that have been frequently detected in diversewatermatrices (e.g. surface
water, wastewater and drinking water) and caused a series of health risks. This study was aimed at investigating the
photochemical degradation of free estrogens estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethyl estradiol
(EE2) upon the monochromatic irradiation (253.7 nm). Concerning the practical installation of photolysis treatment,
exposing the impacts of photoreactor operation mode (stationary or up-flow) and the water matrix (ultrapure water or
natural surface water) on the photolytic behaviour of estrogens was of high importance. The pseudo-first-order rate
constants showed that E1 was the most susceptible to UV radiation among chosen estrogens due to its high molar ab-
sorption coefficient of 402.4M−1 cm−1 and quantum yield of 0.065mol E−1 atλ=253.7 nm.Moreover, the up-flow
mode and the surface water matrix collected from a lake in Regent's Park (London) were found to favour the
photodegradation of estrogens due to the introduction of more dissolved oxygens and promotion of reactive oxygen
species (ROS) formation. These findings may shed light on the photochemical behaviour of estrogens in some specific
scenarios.
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1. Introduction

Over the past decades, steroid estrogens have aroused considerable at-
tention due to their detrimental impacts on the natural or human-based
ecosystem at trace concentrations of ng L−1 (Dong et al., 2018; Mao
et al., 2010). According to published studies, estrogens potentially induce
disorders of the developmental or reproductive system in wild species
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and carcinogenicity in human beings (Capriotti et al., 2015; Gadd et al.,
2010; Xu et al., 2007). Compared to other endocrine-disrupting chemicals
(EDCs) such as nonylphenol and bisphenol A, natural estrogens estrone
(E1), 17β-estradiol (E2), and estriol (E3) exhibited 1000–10,000 times
greater biological efficacy (Tanaka et al., 2001). Additionally, it was also
documented that synthetic estrogen 17α-Ethinyl estradiol (EE2), the pri-
mary component for birth-control application, showed higher estrogenic
potency than the mentioned natural estrogens due to its stronger binding
affinity to the estrogen receptors (ERs) of animals and human beings
(Shyu et al., 2011). Except for the health hazard presented by E1, E2, E3,
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and EE2, their prevalent occurrence in multiple sources such as influents,
effluents of domestic sewage treatment plants (STPs), sludge, rivers,
aquatic sediments, and drinking water has been monitored all over the
world (Baronti et al., 2000; Belfroid et al., 1999; Desbrow et al., 1998;
Dudziak and Luks-Betlej, 2004; Fan et al., 2013; Kuch and Ballschmiter,
2001a; Kuch and Ballschmiter, 2001b; Kuster et al., 2004; Nie et al.,
2009; Nieto et al., 2008; Ternes et al., 1999; Vega-Morales et al., 2011).
As confirmed by previous studies, estrogens were found difficult to be elim-
inated through the treatment processes which were designed specifically
for conventional contaminants (Fukuhara et al., 2006). For example, as
one of the most common treatment techniques, the activated sludge
method was widely used for the purification of wastewater. However, it
was reported that estrogens were recalcitrant to the biological degradation
in (Dytczak et al., 2008)’s study, especially for EE2, being removed only 5%
in some cases. Removal of estrogens using membrane filtration (e.g. ultra-
filtration and nanofiltration) was also investigated in a previous study
(Yoon et al., 2007), and it was observed that the percentage retention var-
ied with the characteristics of the targeted molecules and membranes, but
generally limited removal (less than 60%) was observed for selected estro-
gens. Also, the removal of E3 was even negligible. However, the indispens-
able post-treatment of pollutant-concentrated sludge and the unavoidable
occurrence of irreversible membrane fouling are also concerns for the prac-
tical utilization of membranes. This further indicates the requirement for a
more effective and practically feasible method for alleviating the contami-
nation of estrogens.

Therefore, advanced oxidation processes (AOPs) which include photol-
ysis, photocatalysis, chlorination, ozonation, and Fenton reaction have
been proposed for producing water with high quality (Silva et al., 2012).
However, the advantages of these techniques are also accompanied by the
potential formation of toxic byproducts. The concerns over chlorinated
products of micropollutants transformed from their precursors were re-
ported previously, not only due to their maintained estrogen active proper-
ties but also the far stronger binding affinity to estrogen receptors than
what their parent compounds behaved (Hu et al., 2002; Xu et al., 2017).
Similarly, the degradation products derived from the reaction between
ozone andmicropollutants (e.g. clofibric acid)were also reported to display
toxicity to the V. fischeri and D. magna in published work (Rosal et al.,
2009).

Except for acting as an experienced application for being against water-
borne pathogens (S. J. Kim et al., 2016), the photolysis reaction under the
ultraviolet (UV) regionwas previously studied for achieving themineralisa-
tion of organic compounds (Chen et al., 2013; M. Li et al., 2017; Xu et al.,
2017). Herein, the photodegradation of hormones has been also carried
out in previous studies, and the destruction of surrogate estrogens was ob-
served (Cedat et al., 2016; Frontistis et al., 2015; Li Puma et al., 2010; Bin
Liu et al., 2003; Pereira et al., 2012). Additionally, in comparison with
other advanced oxidation processes (e.g. UV based photocatalysis and
Fenton reaction), the exemption of post-treatment such as the requirement
to remove catalyst or iron slurry from treated water renders the photolysis
process more suitable for practical application (Moon et al., 2011; Sanches
et al., 2013).

Photolytic removal of organic compounds in an aqueous solution was
mainly achieved via direct and indirect photolysis processes (Oliveira
et al., 2016). For direct photolysis, the cleavage of chemical bonds occurred
after the compound molecules absorbed the photon emitted by the light
source (B. Liu and Liu, 2004). Specifically, the absorption of photons pro-
vides targetedmolecules energy and induces the formation of excited states
(e.g. singlet or triplet), then the precursor molecules undergo photochemi-
cal transformation to produce different intermediate products
(Kalyanasundaram, 2012; Rosenfeldt and Linden, 2004). The occurrence
of this process is mainly associated with the abilities of molecular moieties
to absorb photons upon exposure to the given light source, and correspond-
ingly thesemoieties are collectively termed chromophores. Therefore, func-
tional groups such as alkenes, carbonyls, aromatic rings, heterocyclic rings,
and nitro groups are particularly reactive sites for photochemical reactions
(Zepp and Cline, 1977). Nevertheless, the indirect photolysis was initiated
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via producing photo reactants in the presence of photosensitisers and light
irradiation, and then the obtained reactive oxygen species (ROS) could fur-
ther oxidize the examined pollutants (Chen et al., 2013).

The solution chemistry was one of the most important factors affecting
the photodegradation performance. In order to scale up relevant techniques
for practical use, the impacts of solution properties should be taken into ac-
count. Especially for the natural water matrix, the most common constitu-
ents such as natural organic matter (NOM), nitrate, and nitrite were
considered the most important photosensitisers (Lin and Reinhard, 2005).

However, there have not been investigations carried out for studying
the photolysis mechanisms of E1, E2, E3, and EE2 simultaneously. Further-
more,most of the current studies evaluated the photolysis behaviour of pol-
lutants in stationary installation but did not consider the influence of flow-
through conditions (Carlson et al., 2015; Frontistis et al., 2015; Rosenfeldt
and Linden, 2004), while the latter was more prevalent in practical treat-
ment facilities for the huge demand of treated water.

In this study, the photolysis of estrogens under irradiation of UV light
was investigated. The photodegradation rate constants and related param-
eters such as molar absorption coefficients and corresponding quantum
yields were examined for depicting the photochemical degradation in de-
tail. As a novelty, the installed system in terms of the operation mode was
evaluated in this study for thefirst time. Besides, the photolytic degradation
of the chosen estrogens was also assessed in natural surface water to eluci-
date the relationship between water matrix and photolysis performance.

2. Methodology

2.1. Chemicals and installations

The studied estrogens (Fig. 1), i.e. estrone (E1), 17 β-estradiol (E2), es-
triol (E3), and 17α-ethyl estradiol (EE2), with purities greater than 98%,
were purchased from Sigma-Aldrich (Dorset, UK). Their physicochemical
properties are listed in Table S1 (Supplementary data). The stock solutions
of estrogens were prepared by dissolving 1mg of each of investigated estro-
gens in 10mLmethanol in a volumetricflask, getting stock solutions at con-
centrations of 100 mg L−1. The stability of stock solutions was maintained
for at least 3 months under −20 °C storage conditions. The working stan-
dard solution at a concentration of 1 mg L−1 was obtained through the di-
lution of stock solution with ultrapure water prior to the experiments.

The photoreactor employed for investigating the photolysis of estrogens
under direct ultraviolet (UV) light was designed by J. K. Kim et al. (2013).
The schematic diagram of the photolysis reactor is presented in Fig. 2. The
main part of the photoreactor (diameter: 58 mm, height: 230 mm) was
made of stainless steel. In the reaction chamber, a UVC lamp (11 W, 240
V) with dimensions (diameter: 19 mm, length: 251.8 mm) from Philips
(Holland) was installed as the light source of irradiation. The UVC lamp
emits monochromatic radiation at the wavelength of 253.7 nm according
to the manufacturer.

The light intensity in the reactor was determined using a radiometer
(Apogee MQ-100, USA), getting a mean photon flux value of 65.87 μmol
m−2 s−1 (21.5 W m−2) via averaging the photon flux measured at the sur-
face of the quartz sleeve. The rubber stopper, which tightly matches the top
opening of the reaction chamber, allows to hold the UV lamp vertically and
seal the reaction chamber in the meantime. In addition, the UV lamp is
wrapped by a quartz sleeve for protecting the lamp from contacting the so-
lution directly. The reaction chamber is embedded in a cooling-water
jacket, and the ongoing coolingwater inside is aimed at preventing heat im-
pact induced by the UV lamp and keeping solutions around ambient tem-
perature during the photolysis reaction. For achieving equilibrium of light
intensity, the UV lamp was pre-operated for at least 15 min before experi-
ments (Kim et al., 2013).

In order to evaluate the impact of the flowmode of the fluid on the pho-
tolysis performance, the photoreactor was selectively connected or discon-
nected with the feeding tank coupled with a peristaltic pump (Watson
Marlow 501 U), the valves on the inlet and outlet of the reaction chamber
were correspondingly controlled and then made available to feed



Fig. 1. The chemical structures of the target estrogens in this study.
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contaminant-containing solutions with continuous up-flow mode (15, 30,
45, 60, and 75 mL min−1 were tested) from the inlet to the outlet of the
chamber or to add the fixed amount of solution from the top opening of
the reaction chamber directly for investigating the photolysis performance
under stationary mode.

2.2. Irradiation experiments

The irradiation experiments were conducted at the Environmental
Engineering Laboratory of the Civil, Environmental, and Geomatic
Engineering Department (CEGE) at University College London.

Then aliquots (10 mL) of a mixed working standard solution of E1, E2,
E3, and EE2 (1 mg L−1) was added to an empty 1 L volumetric flask. To be
free of solvent effect, the methanol was evaporated before adding ultrapure
water (18 MΩ resistance) to the etched graduation marking. Then the free
estrogen solution with a nominal concentration of 10 μg L−1 with a
Fig. 2. Schematic diagram
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dissolved organic carbon (DOC) concentration of 0.024 ± 0.033 mg L−1

was finally obtained. The spiked concentration of the targeted compounds
was slightly higher than their naturally occurring level (ng L−1 ~ μg L−1)
(Souissi et al., 2012) due to the limitation of the analytical instrument.
The pH of the mixed estrogen solution prepared using ultrapure water
was determined as 6.58.

The stationary and continuous modes of the estrogen solution were ap-
plied for investigating the percentage removal of estrogens under the irra-
diation of a UVC lamp. For the stationary mode, prior to the experiment
the inlet and outlet of the photolysis chamber were closed, and then 600
mL of prepared estrogen solution with a concentration of 10 μg L−1 was
taken and transferred into the pre-cleaned photoreactor directly, setting
the irradiation time as 15, 30, 40, 60, 120, 180 and 240 min; for the up-
flow mode, the pre-calibrated peristaltic pump was employed to connect
the feeding tank containing the prepared estrogen solution (10 μg L−1) to
the inlet of the photolysis chamber. Then the estrogen solution was treated
of the photoreactor.
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using flow rates of 15, 30, 45, 60, and 75 mL min−1 for evaluating their ef-
fect on photodegradation of the targeted estrogens, and consequently, the
theoretical hydraulic time of 40, 20, 13.3, 10, and 8 min in the photolysis
chamber were also verified based on the corresponding flow rate and vol-
ume information of the chamber (600 mL), respectively.

The impacts of naturally occurring NOMon photochemical degradation
of estrogens were studied using the same experimental design described
above but with natural surface water collected from a lake of Regent's
Park, London (51°31′27.9”N0°09′13.7”W)with the same spiked concentra-
tion (10 μg L−1). To avoid the impact of different pH values, the pH of
spiked surface water was adjusted to 6.58 using NaOH and HCl. Addition-
ally, based on the method developed by Shi et al. (2010), the surface
water sample was sterilized by combining filtration through a 0.45 μm
membrane filter and radiation under ultraviolet light for 30 min prior to
the photolysis experiment for exempting overestimation of the removals
due to the presence of the enzymatic and microbial activity.

The spiked ultrapure water and natural surface water with the same
concentration of estrogens were put under dark conditions (via being
wrapped with aluminum foil) as a control group for verifying if there was
a loss of compounds due to the ambient background.

Cooling water (16.3 ± 0.7 °C) was introduced into the outer jacket for
preventing thermolysis as a result of overheating over the irradiation time,
thus keeping the temperature of the liquid in the reaction chamber ranging
from 34.5 °C to 38.6 °C.

2.3. Analysis of the samples

A sample with 500 mL volume was collected after the photolysis exper-
iment and then filtered through a 0.45 μm membrane filter using the vac-
uum filtration apparatus. The filtered sample was concentrated and
analysed according to the SPE protocol, developed derivatization, and the
LC-MS method described in our previous study (Huang et al., 2021).

In addition, the water samples used for investigating the matrix influ-
ences were characterised concerning water quality parameters (e.g. DOC,
UV254, and IC) following the method reported in the Supplementary data
(Text S1). The transmittance of UV light (UVT) at 254 nm to the solution
was calculated by (M. Zhang et al., 2021):

%UVT ¼ 10 � A (1)

where A (cm−1) is the UV254 absorbance of solutions.

2.4. Rate constants, molar absorption coefficient, and quantum yields

Rate constants for the photolysis of estrogens under the irradiance at a
wavelength of 254 nm were determined using the pseudo-first-order reac-
tion kinetics which is commonly applied to describe the rate of photolytic
removal of estrogen (Nasuhoglu et al., 2012; Whidbey et al., 2012).

The pseudo-first-order rate constants were calculated by the linear re-
gression of natural logarithmic concentration of compounds against irradi-
ation time as follows:

ln
C
C0

¼ � k1t (2)

where C0 (μg L−1) and C (μg L−1) are the concentration of estrogen at the
beginning and concentration after exposure to irradiance for time t (min),
respectively; k1 is the pseudo-first-order rate constant (min−1). The half-
life (t1/2) of the compound in the photolysis process could be obtained via
the equation:

t1=2 ¼ ln 2
k1

(3)

The absorption spectra of chosen estrogen were profiled over the range
of 200–400 nm wavelength using the Agilent Cary 60 UV–Vis (Cheshire,
UK) coupled with Cary WinUV software. The estrogen single solution
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with a concentration of 100, 50, 10, 5, and 1 mg L−1 was obtained via di-
luting each of their stock solutions, and 5% methanol was contained in
the final solutions. Each sample was loaded into a 1 cm path length quartz
cuvette and its absorbance was measured against the corresponding back-
ground solvent which contained methanol at the same concentration for
correcting their respective baselines. The equation for calculating the
molar absorption coefficient ɛ(λ) (M−1 cm−1) of individual estrogen was
as follows (Bonneau et al., 1991):

a λð Þ ¼ ɛ λð Þ �Mestrogen � l (4)

where a(λ) (cm−1) is the absorbance of solutions containing nominated
molar concentrations (Mestrogen, mol L−1) of individual estrogen with a
cell path length (l), being 1 cm in this study.

Apart from the molar absorption coefficient, quantum yield, Ф (λ) (E
mol−1) was also determined to describe the mechanism of
photodegradation using the equation proposed by (Schwarzenbach et al.,
2016):

Ф λð Þ ¼ k1 λð Þ
ks λð Þ (5)

ks λð Þ ¼ E0
pɛλ 1 � 10 � a λð Þz� �

a λð Þz (6)

where, k1 (s−1) is the pseudo-first-order rate coefficient obtained from the
irradiance exposure at a wavelength of 254 nm; ks value with a unit (E
mol−1 s−1) refers to the specific photon absorption rate of the studied com-
pounds under the radiation region of λ. In Eq. (6), Ep0 (λ) in a unit of mE
cm−2 s−1 is the photon fluence rate determined on the surface of the solu-
tion; z is the path length (cm) solution penetrated by the irradiance, accord-
ing to the aforementioned dimension information of photolysis reactor and
diameter of the lamp, it was assumed that the emission from the UVC lamp
was perpendicular to the surface of the solution in the photolysis chamber
without deviation (Carlson et al., 2015). As presented in Fig. 3, in the cylin-
drical chamber, the optical path length of the solution traveled by the light
ray was z, which was also confirmed via the top and side views of the sys-
tem, being verified as 1.95 cm in this study.

2.5. Statistical analysis

All experiments in this study were conducted in triplicate for checking
the repeatability. The statistical analysis was carried out using OriginPro
2019 software. The availability of pseudo-first-order kinetic in each irradi-
ation experiment was evaluated via the linear fit option of the analysis
method. The statistically significant differences in the operation mode (sta-
tionary and continuous mode) and water matrix (ultrapure water and sur-
face water) accounting for the photolysis performance of examined
estrogens were estimated using the one-way ANOVA method (p = 0.05).

3. Results and discussion

3.1. Photolysis of estrogens in ultrapure water

For dark controls of both stationary and continuous operation mode for
up to 4 h, no significant loss of estrogens was illustrated via the minor dif-
ference (−2.90% to 1.45%) between the concentrations before and after
reaction under the dark condition, which specifically indicated that the par-
ticipation of hydrolytic and thermolytic destruction, biodegradation, and
adhesion of estrogen to the inner wall of the photolysis chamber could be
ignored.

The photolytic removal of E1, E2, E3, and EE2 in ultrapurewater matrix
by the irradiance of UVC lamp was indicated via the pseudo-first-order ki-
netics derived via plotting ln(C/C0) against irradiation time (Fig. 4), the
corresponding rate constants (k1), photodegradation half-life (t1/2) and cor-
relation coefficients (R2) are reported in Table 1. The significant linear



Fig. 3. The simplified schematic for calculating z - the length of path solution penetrated by the irradiance. (a) the simplified structure of the photolysis chamber; (b) top view
of the photolysis chamber; (c) side view of the photolysis chamber.
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correlation coefficients (R2: 0.980–0.994, p < 0.05) demonstrated that the
obtained data fit well with the pseudo-first-order kinetics.

For the photolysis of four representative estrogens, their removal perfor-
mances were found to follow the order E1 > E2 > EE2 > E3 in terms of the
steepness of linear models, which were further evidenced by their pseudo-
first-order rate constant and degradation half-life. E1 was degraded under
irradiation atλ=254 nmwith a rate constant of 0.0177min−1 for station-
ary mode, which corresponded to the degradation half-life of 39.8 min. In
contrast to E1, E3 was found to be far more resistant to direct photolysis
with the rate constant of 0.0023min−1 under the identical exposure condi-
tion and approximately 7.6 times longer photodegradation half-life than
that of E1. The acquired degradation rate constants of E2 and EE2were sim-
ilar and slightly higher than E3.

It was confirmed from previous studies that the photolytic removal of
compounds was mainly associated with their decadic molar absorption co-
efficients and quantum yields at a given range of λ (Pereira et al., 2012).
Fig. 4. The photolytic removal of chosen estrogens in ultrapure water matrix under dif
B) running in up-flow mode.
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Therefore, these two parameters were investigated for explaining the differ-
ences in the photochemical destruction of selected estrogens in our study.

The spectra of studied estrogens within a range of 200–400 nm wave-
length were detected, then the obtained molar absorption coefficient data
implied the capacity of surrogate compounds to absorb the photon deliv-
ered by the light from the installed UVC lamp and played an important
role in the photolysis reaction (Yuan et al., 2009). According to published
work, the photon absorbed by targeted molecules could be capable of driv-
ing their photochemical reaction (Wells, 1972). As indicated in Fig. 5, the
absorbance of radiation for estrogen molecules was more abundant in the
UVC range (100–290 nm) than in regions UVA (320–400 nm) and UVB
(290–320 nm) (Dale Wilson et al., 2012; Lindblad et al., 2020). Moreover,
the negligible absorption probability in the visible light region was also no-
ticed. Therefore, the irradiation used for investigating the photolysis of es-
trogens was selected as UVC. As the most common commercially accessible
UVC lamp emitting UV light with specific wavelengths of 253.7 nm was
ferent operational modes of the photolysis reactor. A) running in stationary mode;



Table 1
Time-based pseudo-first-order rate constant (k1), correlation factor (R2), photodegradation half-life (t1/2), quantum yields (Ф) for the photolysis experiment of estrogens in
ultrapure water with stationary and continuous mode under the irradiation of UVC lamp.

Compounds Stationary mode Continuous mode

k1 (min−1) (R2) t1/2 (min) ks (λ = 254 nm) (E mol−1 s−1) Ф (mol E−1) k1(min−1) (R2) t1/2 (min) ks (λ = 254 nm) (E mol−1 s−1) Ф (mol E−1)

E1 0.0177 (0.994) 39.8 0.00473 0.065 0.0233 (0.995) 29.7 0.00522 0.107
E2 0.0043 (0.993) 161.2 0.00445 0.016 0.0088 (0.991) 78.8 0.00490 0.035
E3 0.0023 (0.980) 301.4 0.00250 0.015 0.0039 (0.981) 177.7 0.00276 0.029
EE2 0.004 (0.988) 173.3 0.00371 0.018 0.0069 (0.993) 100.5 0.00409 0.034
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applied correspondingly. Similarly, the photolysis of estrogens under the ir-
radiation of UVC light at 253.7 nm was also conducted in previous studies
(Li Puma et al., 2010; B. Liu and Liu, 2004; Nasuhoglu et al., 2012; Trudeau
et al., 2011; Z. Zhang et al., 2010), and some of the results indicated the bet-
ter photolysis performance achieved by UVC compared toUVB or UVA irra-
diation.

The molar absorption coefficients of the target estrogens at a given
wavelength (λ) of 253.7 nm are presented in Table 2. The values of
402.4 M cm−1 for E1, 378.0 M−1 cm−1 for E2, 212.7 M−1 cm−1 for E3
and 315.6M−1 cm−1 for EE2were found, collectively beingwithin the sim-
ilar range (less than 400M−1 cm−1) determined for E1, E2, and EE2 in pub-
lished work (Carlson et al., 2015; Rosenfeldt and Linden, 2004).

As another important parameter governing photolytic degradation rate,
the quantum yield of chosen estrogens underUVC lampwithλ=253.7 nm
ranged from 0.013 to 0.056 mol E−1 under the stationary mode, where E1
exhibited the highest quantum yield while the values of the remaining
three compounds were nearly the same, ranging from 0.013 to 0.016 mol
E−1. Overall, the quantum yield values determined in this study are within
the range obtained in other studies. For example, as reported by Lin and
Reinhard (2005), the quantum yields of E1, E2, E3, and EE2 under irradia-
tion by the monochromatic light source with a wavelength of 254 nmwere
0.0296, 0.0048, 0.0048, and 0.0048, respectively. Rosenfeldt and Linden
(2004) and Mazellier et al. (2008) found 0.043–0.067 mol E−1 for E2 and
0.026–0.062 mol E−1 for EE2 under exposure to the same wavelength. Al-
though similar values were expected for the four chosen estrogens owing to
their similar chemical structures, the differences observed in previous work
and this study was surprising. The structures of E1, E2, E3, and EE2 (Fig. 1),
all have a typical steroid structure with a phenolic A ring, and the apparent
discrepancies between them are different functional groups on the D ring.
Fig. 5.Molar absorption coefficients of estrogen
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According to a previous study carried out by Chan et al. (2013), it was em-
phasized that the phenolic A ring was the most sensitive chromophore and
responsible for the lowest energy π → π* absorption band in the estrogen
molecules, in another word, phenolic A ring was the primary contributor
upon the excitation state under the UV region irradiation. Thus, the differ-
ent photodegradation tendencies among the assayed estrogens in this study
were decided by the functional group constitutions on D ring. Differing
from E2, E3, and EE2, aside from the phenolic ring, the carbonyl group
on the C17 position of E1 also contributes to the excitation dynamics due
to the existence of a weak 1nπ* absorption band (Chan et al., 2012). Simi-
larly, Ahmad et al. (2016) and Lin and Reinhard (2005) also reported that
the carbonyl group, which is linked to the C-17 position of E1, was consid-
ered as one of the most important chemical groups for initiating the photo-
chemical reactions.

In summary, the relatively greater molar absorption coefficient and
quantum yield achieved for E1 may explain its higher photodegradation
than E2, E3, and EE2 which have different molecular structures.

3.2. Influence of operation mode

The variation of the tracer concentration at the outlet of the
photoreactor at flow rates of 15, 30, 45, 60, and 75 mL min−1 is shown
in Fig. S1 (Supplementary data). According to the Eq. ES.1 (Supplementary
data), the mean hydraulic time of 40, 20, 13.3, 10, and 8 min respectively
corresponding to flow rates of 15, 30, 45, 60, and 75 mL min−1 matched
with the experimental residence time (Table S2) (e.g. 41.41 min for 15
mL min−1, 21.39 min for 30 mL min−1, 13.88 min for 45 mL min−1,
10.72 min for 60 mL min−1 and 8.49 for 75 mL min−1) calculated based
on the data derived from the residence time distribution curve. This
s over a wavelength range of 200–400 nm.



Table 3
The water quality parameters of spiked surface water in terms of DOC, UV254, and
representative ions are characterised by IC with the standard deviation (SD).

Water quality parameters Spiked surface water sample

DOC (mg L−1) 3.75 ± 0.23
UV254 (cm−1) 0.0671 ± 0.002
SUVA254 (L mg−1 m−1) 1.79 ± 0.14
Nitrite, NO2

− (mg L−1 N.A
Nitrate, NO3

− (mg L−1) 6.63 ± 0.61
Chloride, Cl− (mg L−1) 74.23 ± 5.68

Table 2
Molar absorption coefficients of the targeted estrogens at λ=
253.7 nm.

Compound ɛ253.7 nm (M−1 cm−1)

E1 402.4
E2 378.0
E3 212.7
EE2 315.6

F. Huang et al. Science of the Total Environment 835 (2022) 155515
phenomenon indicated that the dead flow and sorption to the apparatus of
the photoreactor did not occur (Levenspiel, 1998).

The dispersion values D estimated based on the data in obtained resi-
dence time distribution and Eq. E. S3 for the tested flow rates are presented
in Table S2, ranging from 0.021 to 0.037. It has been reported previously
that the assayed reactor with a D value less than 0.05 could be regarded
as plug flow status. Therefore, the mean hydraulic time of 40, 20, 13.3,
10, and 8 min are valid for the calculation of pseudo-first-order kinetics
of estrogen photolysis in the continuous flowing mode.

The influence of the photolysis reactor operation mode on the degrada-
tion of estrogens was estimated by irradiating the same spiked ultrapure
water solution under the same condition besides changing a stationary
mode to a continuous flow mode. The degradation of the chosen estrogen
in the continuous mode was closely analogous to that observed in the sta-
tionary mode, following the same order E1 > E2 > EE2 > E3. Regarding
the residence time as the time-span of irradiation, the photolysis rate con-
stants obtained from the pseudo-first-order kinetics with significant correla-
tion coefficients (R2:0.981–0.995, p < 0.05) for E1, E2, E3, and EE2 were
0.0233, 0.0088, 0.0039 and 0.0069 min−1, respectively. Accordingly,
their t1/2 values were in the range of 29.7–177.7min. In addition, the quan-
tum yields increased to 0.107 mol E−1 for E1, 0.035 mol E−1 for E2,
0.029 mol E−1 for E3, and 0.034 mol E−1 for EE2.

It was noteworthy that both larger photolysis rate constant and higher
quantum yields for all four estrogens were determined in the continuous
flow mode in comparison with that derived from the stationary mode, ac-
cording to the data presented in Table 1. Therefore, this indicated that a
shorter irradiation time was required for reaching the same photochemical
removal of targeted compounds in continuous flow mode. Particularly,
after the analysis using the one-way ANOVA method, the difference of k1
between the stationary and continuous mode for each estrogen was signif-
icant (p < 0.05).

Concerning the impact of stationary and continuous flow modes, there
has not been a relevant discussion reported before. During the operation
of the stationary mode, all outlets and the top opening of the photoreactor
were closed via turning off the valves and covered with a tightly fitted rub-
ber stopper, respectively. In contrast, the valves of outlets remained open
for delivering the solution from the feeding tank to the reactor outlet
when the photolysis process ran in the continuous mode. Therefore, the
continuous operation mode was assumed to increase the dissolved oxygen
concentration of the solution in the photolysis reactor compared with the
stationary mode. Subsequently, the presence of oxygen probably promoted
the oxidation of organic compounds with UV exposure.

This assumption was also mentioned by Pailthorpe et al. (1973). Since
in the presence of dissolved oxygen, hydroxyl radicals ∙OH could be pro-
duced by water molecules upon absorption of photons emitted by the UV
lamp (A. Zhang and Li, 2014). The detailed reaction occurred as follows:

H2Oþ hv→e−aqu þ H∙þ ∙OHþ Hþ ð7Þ

The oxidation potential of 2.80 V owned by ∙OHwas capable of increas-
ing the decomposition percentage of estrogens via oxidation reaction via
∙OH (Buxton et al., 1988). A similar acceleration of photolytic removal
was also observed in studies of mineralising diafenthiuron, CGA-140408,
CGA-177960, naproxen under aerated conditions (Keum et al., 2002;
Marotta et al., 2013). Additionally, the photolytic removal of organic com-
pounds (e.g. 4-chlorophenol, EE2, and aniline) was also found to be
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elevated in the presence of dissolved oxygen (Du et al., 2011; Ren et al.,
2019; Zhao et al., 2013).

3.3. The impact of the solution matrix

To understand the impacts of the solution matrix on the photolytic de-
composition of estrogens, the irradiation experiment with continuous
flow mode was conducted using the surface water spiked with the same
10 μg L−1 of mixed estrogens. Based on the characterisation of the water
samples (Table 3) in terms of the DOC, UV254, SUV254, and IC, the results
indicated that the spiked natural water matrix had a DOC content of 3.75
± 0.25 mg L−1, UV254 of 0.067 ± 0.002 cm−1 and SUVA254 of 1.79 ±
0.14 L mg−1 m−1. The higher absorbance illustrated that the greater con-
tent of chromophore was contained in the natural surface water, which fur-
ther indicated that the natural surface water was more sensitive to photons
atλ=253.7 nm (Silva et al., 2016a; Silva et al., 2016b). From another per-
spective, the higher absorbance was likely indicative of the existence of the
inner filter effect of the surface water matrix (Oliveira et al., 2016). Addi-
tionally, the relatively rich ion composition in the surface water matrix
was also profiled. SUVA254 was employed here to indicate the concentra-
tion of organic compounds, the value obtained via dividing UV254 absor-
bance by the DOC concentration could illustrate the dissolved aromatic
carbon content in water samples (Weishaar et al., 2003). The higher
SUVA254 values refer to the greater molecular complexity such as higher
aromaticity, on the other hand, they also demonstrated decreased biode-
gradability (Hozalski et al., 1995).

Fig. 6 described the time-based pseudo-first-order rate constants of the
four surrogate estrogens in ultrapure water and natural surface water ma-
trix when the flow rate was fixed as 15 mL min−1. Contrary to the decline
of photolysis removal for methyl triclosan presented byW. Liu et al. (2018),
as a result of the drastically decreased transmittance of UV light (namely
light-shielding effects) with the presence of NOM, the higher content of
DOC and dissolved solids in natural water matrix did not impede the de-
composition of estrogens in this study, instead, a higher removal rate for
all chosen estrogens was noticed. However, there were no statistically sig-
nificant differences between ultrapure water and surface water for E2 and
E3 (p > 0.05), while a significant enhancement was found for E1 (p <
0.05) only at a 95% confidence interval. The degradation rate constants,
correlation coefficients, and t1/2 were calculated using pseudo-first-order
kinetics (Table 4). The contribution of the solution matrix to the accelera-
tion of photodegradation rate could be calculated in accordance with:

Contribution of solution matrix %ð Þ ¼ k1,matrix � k1,ultrapurewater
� �

k1,matrix
� 100 (8)

Compared to the photolytic degradation in ultrapure water, the degra-
dation rate constants for E1, E2, E3, and EE2 were 0.03, 0.0098, 0.0055,
and 0.0085 min−1, respectively. As a result, their t1/2 values were accord-
ingly shortened to 23.1, 70.3, 126.8, and 81.2 min, respectively. The short-
ened time of the photolysis process was attributed to the replacement of the
water matrix, and its contribution to the change of rate constants for
targeted estrogens ranged from 12.8% to 40.8%. Similarly, the enhance-
ment of photodegradation for E1, E2, and E3 in the presence of humic
acids or fulvic acids, which are the most common constituents of NOM in
water, has also been reported by Y. Zhang et al. (2007), Chen et al.



Fig. 6. The time-based photolytic degradation rate constants of estrogens in
ultrapure water and natural surface water.
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(2013), Oliveira et al. (2016) and Caupos et al. (2011). Furthermore, the
great increase in phototransformation of EE2 in natural water under UV
light irradiation was also described by Canonica et al. (2008).

NOM in water samples has dual effects on the behaviour of photochem-
ical destruction: 1) the inhibitory effect: NOM is well-known as an absorber
of UV light so that the available light for phototransformation of estrogens
was diminished due to the photon competition of NOM or scattering of ra-
diation; 2) the promotion effect: the transformation of NOM took place
once they absorbed light and the property of acting as a photosensitiser
allowed the further occurrence of indirect photolysis (Atkinson et al.,
2011; Canonica et al., 2008; Nasuhoglu et al., 2012).

In our study, even though the occurrence of light-screening was proven
based on the UV254 value, the calculated UVT of 85.7% for spiked surface
water and 94.5% for spiked ultrapure water showed that the loss of avail-
able light was not great because the difference between their transmittance
values was less than 10%. Consequently, it was inferred that the inhibitory
impact was limited to some extent.

As for the promotion effect, upon the absorption of photons, NOM
worked as a photosensitiser due to the involvement of aromatic, carboxyl
groups, and carbonyl-type chromophores in its complex structure, and
then the photo-induced transformation occurred with the production of
ROS, which specifically contained singlet oxygen(1O2), superoxide radical
(O2•−), hydroperoxyl radicals (HO2•) and hydroxyl radicals (•OH)
(Alegrı ́a et al., 1999; Atkinson et al., 2011; Caupos et al., 2011; W. Liu
et al., 2018). The emerging ROS subsequently participated in the oxidation
reaction with targeted compounds (Leech et al., 2009):

DOCþ O2 þ hυ ! ROSDOC (9)

ROSss ¼ ROSDOC þ ROSestrogen (10)
Table 4
The pseudo-first-order parameters for photochemical removal of estrogens in the
surface water matrix.

Compounds Natural water Contribution of solution
matrix (%)

p-value,k1

k1
(min−1)

R2 t1/2
(min)

E1 0.030 0.996 23.1 28.6 0.024
E2 0.0098 0.989 70.3 12.8 0.474
E3 0.0055 0.995 126.8 40.8 0.118
EE2 0.0085 0.990 81.2 23.2 0.0497
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ROSss þ estrogen ! products: (11)

In Y. Li et al. (2021)’s work, the impacts of NOM derived from Suwan-
nee River on the photolysis of 2,4-dichloro-6-nitrophenol was studied and
the result showed that NOM at low concentration (< 5 mg L−1) favoured
the photodegradation of the targeted compound, being consistent with
what was observed in our study.

The opposite impacts in terms of the presence of NOM, enhancement, or
hindrance observed in different studies might be ascribed to the types and
content of theNOMused in studies (Atkinson et al., 2011; Ge et al., 2009; A.
Zhang and Li, 2014). For example, the inverse correlation between aroma-
ticity of humic substances and the impact on the photolysis removal rate
constant was observed by Silva, Lima, Otero, et al. (2016), who suggested
that the humic substances with more aromatic or chromophoric groups
might induce more suppression on the rate of photodegradation.

Apart from NOM, nitrate and nitrite were also regarded as important
photosensitisers due to their capacity to produce the photoreactions after
exposure to light and then affect the photolysis of organic compounds
(Chowdhury et al., 2011; Hao et al., 2019; Oliveira et al., 2016). In assayed
surface water sample, the concentration of nitrite was negligible while the
average concentration of nitrate was characterised as 6.63 mg L−1. As dis-
cussed by Chen et al. (2013), once nitrate absorbed the light within the UV
range (λ < 350 nm), its photolysis reaction took place and further •OHwas
formed according to the following reactions (Machado and Boule, 1995):

NO3
� þ hυ ! NO2

� þ O (12)

NO3
� þ hυ ! NO2∙þ O∙ � (13)

O∙ � þ H2O ! ∙OHþ OH � (14)

The low molar extinction coefficient of nitrate within the UV visible
wavelength range (the maximum value was determined as 7.2 M−1 cm−1

atλ=302 nm) indicated that the light-shielding impact could be neglected
(Machado and Boule, 1995). Therefore, the influence of nitrate on
photodegradation was simpler compared with the dual effect of NOM.

Additionally, being one of the most prevalent constituents in studied
water, the chloride ion (Cl−) was also found to behave with dual effects
in previous publications (Mihas et al., 2007; Oliveira et al., 2016; Zhai
et al., 2008). Specifically, under irradiation of light with λ >200 nm, the
Cl− in solutions were found capable of inducing the formation of single ox-
ygen (1O2) and then increased the photolysis rate of florfenicol and
thiamphenicol (Ge et al., 2009). However, in some other research, the chlo-
ride ion could scavenge hydroxyl radicals in solutions and exhibit the sup-
pression of the indirect photolysis process (Sornalingam et al., 2016). In
light of the experiments conducted by Ge et al. (2009), the effects of Cl−

on the photolysis process were light source-dependent.
Carbonate (CO3

2−) and bicarbonates (HCO3
−) ions are themost common

salts in the natural environment, although their concentrations were not
profiled in the surface water matrix used in this study. Within a normal
pH range (6–9) of natural surface water, bicarbonate ion is the dominant
form of inorganic carbon (Vione et al., 2006). According to previous work
(Buxton et al., 1988; Vione et al., 2006), carbonate and its conjugated
acid-bicarbonate did not show UV absorption but both were the scavengers
of OH•. This was proved by Chowdhury et al. (2011)’s study, the photolysis
of E2 was inhibited along with the increasing concentration of HCO3

− by
scavengingOH•, even though the free radicals CO3•was produced in the fol-
lowing reaction:

∙OHþ HCO3
� ! HCO3

� þ H2O

Similarly, the negative impact of carbonate/bicarbonate on the
photodegradation of EE2 in pH = 8 deionised water was reported by
Albalawi and Zuo (2018), who also indicated that the oxidization of estro-
genswith HCO3•was apparently weaker than thatwith OH•. The inverse re-
sult was observed by Kang et al. (2018) and Orellana-García et al. (2015)
that carbonate and bicarbonate was found to favour the UV photolysis of
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bisphenol A and herbicide amitrole due to the formation of HCO3• and
CO3•−. The differences may be tightly related to the properties of targeted
pollutants and the pH value of solutions, which needs to be explored
further.

In our study, it was difficult to calculate the detailed positive or negative
impacts on the direct and indirect photolysis of estrogens induced by each
component in the natural water matrix due to its complex constitution. But
it could be concluded that the enhancement effect on the photolysis of es-
trogens resulting from the surface water matrix was more remarkable
than its inhibitory effects in this study. Further identification of ROS in
the future is required for understanding the mechanisms of photochemical
destruction of estrogens comprehensively. Moreover, the yields of ROS pro-
duced in presence of the surface water matrix concerning the constitutions
and themolecular size distribution of NOM should also be studied to obtain
a deep insight into the photodegradation process.

In the UV photolysis process, though the removal of estrogens was ob-
served in both ultrapure water and natural water matrix, the degradation
percentage of E1, E2, E3, and EE2 was still limited (69.6%, 38.8%,
24.5%, and 33.6%, respectively), considering the relatively prolonged
time of 40 min under UVC irradiation. The photolytic performance was
comparable with what was reported for the removal of E1 (80%) and E2/
E3/EE2 (25%) under nearly the same time of UVC irradiation in Li Puma
et al. (2010)’s work.

However, longer irradiation time was deemed to increase the financial
budget and energy cost drastically. So, it may be more appropriate to add
an extra barrier with low-cost demand such as a biofiltration process to
achieve an effective removal of estrogen. In a previous study, the integra-
tion of UV pretreatment with biofilter was found to provide 60% extra re-
moval compared with the sum of performance behaved by the single
process of UV photolysis or biofilter (Moussavi and Mohseni, 2007).

4. Conclusion

In this study, the removal of estrogens E1, E2, E3, and EE2 under irradi-
ation of UVC lamp were well-described by the pseudo-first-order kinetics
with correlation coefficients R2 > 0.981. According to their photolysis
rate constants and t1/2, the order of recalcitrance to the employed UV
light followed E3 > EE2 > E2 > E1. Out of all studied estrogens, E1 had
the largest molar absorption coefficient of 402.4 M−1 cm−1 and quantum
yield of 0.065 mol E−1 at λ = 253.7, which further explained that E1
was more prone to photodegradation than the other three estrogens
under the identical exposure conditions.

The operation mode of the photolysis reactor (stationary and continu-
ous flow mode) was found to produce a significant difference in the photo-
lytic performance of all selected compounds, whose t1/2 values were
respectively shortened to 29.7 min, 78.8, 177.7, and 100.5 min for E1,
E2, E3 and EE2 using the continuous flow mode. Compared with the t1/2
calculated for the stationary mode (39.8 min for E1, 161.2 min for E2,
301.4 min for E3, and 173.3 min for EE2), the increased time-based rate
constants in the flow-through systemwere mainly attributed to higher con-
tent of dissolved oxygen, which promoted the oxidation of estrogens.

Simultaneously, the impact of the surface water matrix on the photoly-
sis of estrogens was also assessed by comparing the rate constants with
those derived from the spiked ultrapure water treatment. The obtained
short t1/2 ranging over 23.1 to 126.8 min indicated the enhancement of es-
trogen photodegradation with involvement of surface water matrix, even
though a statistically significant difference was only attained for E1. It
was assumed that the most common constituents such as NOM, nitrate,
and chloride ion worked together under the UVC irradiation to achieve
an overall positive impact on the photolysis performance.

However, it was also observed that the degradation percentage of E1,
E2, E3, and EE2 under UVC irradiation was still limited for the operation
time of 40 min, being 69.6%, 38.8%, 24.5%, and 33.6%, respectively.
Therefore, improvement of this technique via changing the irradiation
source or combining it with other treatment processes (e.g. biodegradation)
will be investigated in the future. Additionally, considering the practical
9

utilization of this photodegradation method, the optimisation of operating
parameters should be further conducted on a pilot scale.
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