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A B S T R A C T

This study focused on developing surrogate indicators for predicting oxidation of phenolic groups in dis-
solved organic matter (DOM), suppression of halophenols' formation potential and abatement of estrogenic
activity during ozonation of water and wastewater. The evolution of pH-dependent differential absorbance
spectra suggests that O3 preferentially reacts with the DOM phenolic moieties and less so with the aromatic
carboxylic groups with increasing O3/DOC (dissolved organic carbon) ratios and changes of UV absorbance
and fluorescence. When ozonation used as pretreatment, the formation of halophenols in subsequent chlorina-
tion decreased linearly with increasing O3 doses or changes of UV absorbance until it reached 85% suppres-
sion of the halophenols' formation from unaltered DOM. The thresholds of decreases of UVA254, UVA280
and humic-like fluorescence corresponding to 85% suppression of halophenols’ formation were in the range
of 25%–30%, 30%–35% and 30%–45%, respectively. Pre-ozonation also showed a moderate suppression of
haloacetic acids (HAAs) formation potentials, ≤26.5% for reverse osmosis isolate of Suwannee River nat-
ural organic matter and ≤31.5% for Yangtze River at applied O3 doses. Measurement of changes of estro-
genic activity during ozonation of water and wastewater showed that to attain a >90% abatement of estro-
genic activity, the corresponding thresholds of decreases of UVA254, UVA280 and humic-like fluorescence
were ∼30%, ∼40%, and ∼70%, respectively. Bromate formation was also suppressed to below 10μg/L before
these thresholds. This study suggests that optimal ozonation conditions and a balance between control of dis-
infection byproducts (halophenols, HAAs and bromate) and elimination of estrogenic activity can be reached
based on online data.

© 2019.

1. Introduction

Ozonation has been widely employed in many full-scale water and
wastewater treatment plants due to its good performances in removal
of odor, color and various organic micropollutants, its broadband ac-
tion against many pathogens, and its maturity and relatively low en-
ergy demand (Gerrity and Snyder, 2011; von Gunten, 2003a; b, 2018).
Meanwhile, chlorination is the most widely used disinfection process
due to its inexpensive cost and ability of continuous disinfection.

However, the presence of dissolved organic matter (DOM) in wa-
ter and wastewater is a significant sink for chemical oxidants and
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tends to lower the efficiency of oxidation and disinfection
(Aeschbacher et al., 2012; Chon et al., 2015; Wenk et al., 2013).
Much of this is due to oxidation of phenolic moieties in DOM. Phe-
nolic moieties including mono- and poly-hydroxylated benzene units
with different substituents on the phenolic rings have been suggested
to be the major components that define the antioxidant properties,
UV absorbance and fluorescence spectra of DOM (Aeschbacher et
al., 2012; Barsotti et al., 2016; Hernes et al., 2009; Korshin et al.,
1997). Reactions between DOM-phenolic moieties and ozone can
form a number of toxic organic byproducts (e.g., benzoquinones, hy-
droquinones, cyclic α, β-unsaturated ketones and substituted cate-
chols) and assimilable organic carbon (Liu et al., 2015; Ramseier
and von Gunten, 2009). DOM might react with chlorine or bromine
species by oxidation or electrophilic aromatic substitution that results
in the generation of trihalomethanes (THMs) and haloacetic acids
(HAAs) (Criquet et al., 2015; Galapate et al., 2001; Oh et al., 2006).
On the other hand, the electrophilic aromatic substitution reactions

https://doi.org/10.1016/j.watres.2019.05.092
0043-1354/ © 2019.
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between chlorine/bromine and DOM-phenolic moieties might also
yield halophenols (Criquet et al., 2015). Although the concentrations
of halophenols in drinking water have been found to be in ng/L level
(Pan et al., 2017), these types of aromatic disinfection byproducts are
more toxic than the regulated THMs and HAAs (Yang and Zhang,
2013). In addition, bromophenols have been shown to cause off-fla-
vors in drinking water because their taste and odor thresholds are in
the range of sub-ng/L to μg/L (Acero et al., 2005). Thus, oxidation
of DOM-phenolic moieties might be a strategy for controlling DBPs
formation potentials in subsequent chlorination, especially for those
halophenols.

There are also increasing concerns related to the fate of endocrine
disrupting chemicals (EDCs) because they have been shown to pro-
duce endocrine disruption in aquatic organisms at sub-ng/L trace level
while most EDCs are not well removed by coagulation or biologi-
cal treatment (Maniero et al., 2008; Westerhoff et al., 2005). Exten-
sive studies in lab-, pilot- and full-scale conditions have shown that
ozonation results in significant elimination of those phenolic-contain-
ing micropollutants including EDCs (Chon et al., 2015; Lee et al.,
2013; Nakada et al., 2007). Some byproducts of EDCs degradation by
ozonation might also be estrogenic, and their generation as well as the
abatement of estrogenic activity has been relatively less studied. In ad-
dition, ozone has inherently high reactivity with most microorganisms
(such as E. coli, Bacillus subtilis spores, and Cryptosporidium parvum
oocysts) (Lee et al., 2016; von Gunten, 2003b). Whether the presence
of bacteria in water and wastewater affects the oxidation of EDCs re-
mains unclear and requires further investigation.

For suppression of halophenols formation and abatement of estro-
genic activity, there is a trade-off between oxidation efficiency and en-
ergy consumption during ozonation of water and wastewater. A num-
ber of indicators deemed to be suitable for optimizing ozone doses
have been proposed. These are based on O3/DOC (dissolved organic
carbon) mass ratio, differential UV absorbance (e.g., ΔUVA254 &
UVA280), differential total/component fluorescence (e.g., ΔTF) and
electron donating capacity (Chon et al., 2015; Gerrity et al., 2012; Li
et al. 2016, 2017; Wu et al., 2018). For online measurements, UV ab-
sorbance and fluorescence indices are most applicable, since minia-
turized UV absorbance and fluorescence spectroscopy prototypes and
deployment-ready devices that use UV light emitting diode have been
developed (Li et al., 2016; Tedetti et al., 2013). In recent years, these
spectroscopic indices have been studied as surrogate indicators for
predicting the abatement of micropollutants, microbial inactivation,
formation of bromate and assimilable organic carbon (Gerrity et al.,
2012; Lee et al., 2016; Li et al. 2016, 2017; Nanaboina and Korshin,
2010; Wu et al., 2018). In this context, further research is needed to es-
tablish relationships between these and/or other spectroscopic indices
indicative changes of the phenolic moieties in DOM caused by ozona-
tion and, on the other hand, effects of ozonation on halophenols and
other EDCs and their estrogenic activity.

The main objectives of this study were to apply relevant spectro-
scopic indicators to quantify three issues pertinent to the engagement
of DOM phenolic moieties during ozonation: (i) changes of the phe-
nolic moieties' abundance in DOM, (ii) suppression of halophenols’
formation potential in post-chlorination of ozonated DOM, and (iii)
abatement of EDCs and their estrogenic activity. This study suggests
that optimal ozonation conditions and a balance between control of
disinfection byproducts (halophenols, HAAs and bromate) and elimi-
nation of estrogenic activity can be reached based on online data.

2. Material and methods

2.1. Chemicals and regents

For halophenols analysis, 2,4,6-trichlorophenol, 2,4,6-tribro-
mophenol, 3,5-dichloro-4-hydroxybenzoic acid, 3,5-dichlorosalicylic
acid, 3,5-dibromo-4-hydroxybenzoic acid, and 3,5-dibromosalicylic
acid were purchased from Sigma–Aldrich. The EDCs standards, in-
cluding estrone (E1, 99%), 17β-estradiol (E2, 97.0%), estriol (E3,
99.0%) and bisphenol A (BPA, 99.9%) were purchased from Tokyo
Chemical Industry, and 17α-ethinyl estradiol (EE2, 98%) purchased
from Sigma–Aldrich. Isotopic labelled bisphenol A-d16 (BPA-d16,
98% from Sigma–Aldrich) was used as the internal standard for
LC-MS/MS analyses of EDCs and halophenols.

The E. coli strain (ATCC 8099) was purchased and cultivated in
the lab to prepare the E. coli suspension following the method de-
scribed by Wu et al. (2018). Unless otherwise noted, other chemicals
were used at least regent grade purity, and all solutions were prepared
in ultrapure water (18.2 MΩ/cm).

2.2. NOM isolates, water and wastewater samples

The reverse osmosis isolate of Suwannee River NOM (SR_NOM,
Catalog No. 2R101N, from International Humic Substances Society)
was purchased for preparation of DOM solutions. Surface water sam-
ple (DOC 1.6–2.2mg/L) was collected three times from the Yangtze
River in Nanjing, and secondary wastewater effluent sample (DOC
3.0mg/L) was collected from Nanjing Dachang wastewater treatment
plant (WWTP-DC), which uses the conventional A2/O process. An-
other natural water sample was taken from Lake Pleasant (LP), Both-
ell, WA. LP water has a high DOC concentration (∼15mg/L) and
UV254 absorbance (∼0.73cm−1) (Li et al., 2017). These and other rel-
evant water quality parameters are summarized in Table S1.

2.3. Batch ozonation and chlorination experiments

Ozone stock solution (∼60mg/L) was obtained by bubbling ice
cooled ultrapure water with ozone gas, and spectrophotometrically
standardized at λ= 258nm (ε258nm, O3 = 3000M−1cm−1) every time it
was prepared. In ozonation batch experiments, requisite volume of the
ozone stock solution was dosed into water samples to reach a desired
value of specific O3 dose (O3/DOC mass ratios were in the range of
0–1.7mg/mg). Ozonation was carried out at room temperature, and
samples were gently shaken in capped bottle until the residual ozone
naturally decayed for 1h. UV absorbance and fluorescence measure-
ments were done for all samples, and the fluorescence excitation and
emission matrixes are provided in Fig. S1. The conditions of all the
batch ozonation and chlorination experiments were summarized in
Table S2.

For studying changes of DOM-phenolic moieties, the working so-
lutions of SR_NOM with a 3.0mg/L DOC concentration were pre-
pared and transferred into 100mL clean sterilized glass bottles. After
ozonation, 50mL of each sample was taken for pH-titration differen-
tial absorbance spectra (DAS) analysis. The pH-titration DAS analy-
ses for Yangtze River and WWTP-DC failed due to formation of cal-
cite or struvite-like turbidity at pH > 8.

For assessing effects of pre-ozonation on the formation of halophe-
nols and HAAs during post-chlorination, the working solutions of
SR_NOM (3.0 mg/L as DOC) and Yangtze River were prepared by
spiking 100μg/L Br− and 5mM pH = 7 phosphate buffer. Each 400mL
of the working solutions was transferred into a 500mL
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clean glass bottle for pre-ozonation. After ozone naturally decayed, a
300mL aliquot of the ozonated working solution was transferred into
another clean glass bottle. To examine effects of post-chlorination,
the ozonated SR_NOM solution was spiked with 5mg/L of free avail-
able chlorine (FAC). Chlorine was dosed using hypochlorite solution
which was spectrophotometrically standardized at λ= 292nm (ε292nm,

FAC = 350M−1cm−1) (Forsyth et al., 2013). The concentration of resid-
ual FAC was measured by DPD colorimetry (λ= 515nm) immediately
after taking 1mL samples at specific contact times. After 24h FAC ex-
posure, the residual FAC was quenched with requisite amount of thio-
sulfate. During the post-chlorination of ozonated WWTP-DC waste-
water, significant formation of flocs was observed after FAC was
dosed. Thus the effect of pre-ozonation on the formation of halophe-
nols was not evaluated for WWTP-DC wastewater. After chlorination,
1mL of each sample was taken for HAAs analysis and 250mL of each
sample was taken for solid phase extraction of halophenols.

To evaluate effects of ozone on the abatement of EDCs and their
estrogenic activity, the working solution of SR_NOM (2.5mg/L as
DOC) was spiked with 500ng/L EDCs, 100μg/L Br− and 5mM pH = 7
phosphate buffer. The working solution of Yangtze River and DC
wastewater with or without E.coli (∼105 cell/mL) was also spiked with
500ng/L EDCs, 100μg/L Br− and 5mM pH = 7 phosphate buffer. The
spiked E.coli concentration was according to autochthonous bacteria
concentration of unfiltered Yangtze River and WWTP-DC effluent
measured by flow cytometer, which were in the range of 105∼106 cell/
mL (Wu et al., 2018). Each 300mL aliquot of the working solutions
was transferred into a 500mL clean glass bottle for ozonation. After
ozone naturally decayed, each 250mL aliquot of the ozonated work-
ing solution was transferred into another clean bottle for solid phase
extraction and EDCs analysis.

2.4. Analytical methods

2.4.1. The pH-titration DAS for quantitative analysis of phenolic
groups in DOM

As the method described by Dryer et al. (2008) and Young et al.
(2018), about 40mL of raw or treated DOM solutions was acidified
to pH ∼3.0 with 1M HClO4, and then gradually titrated adding requi-
site amounts of NaOH solutions (1 M, 2M and 5M) to increase a final
ca. 10.2 pH value. The absorbance spectra were recorded upon stabi-
lization of each pH, using a 5cm quartz cell and a Shimadzu UV2700
spectrophotometer. DAS were calculated using the following equa-
tion:

In this equation, the cell length lcell is 5cm, and the DOC concen-
tration is 3mg/L for both SR_NOM solution and diluted LP surface
water; ApH(λ) is the absorbance measured from 200 to 600nm at varied
pH; and ApH_Ref(λ) is the reference absorbance spectra acquired at pH
∼3.0.

2.4.2. LC-MS/MS method for halophenols and EDCs
Halophenols and EDCs were concentrated by solid phase extrac-

tion using Oasis HLB cartridge, as described in the supporting infor-
mation section, Text S1. The recovery rates for halophenols and EDCs
are listed in Table S3.

LC-MS/MS analyses were carried out on an Agilent Infinity 1290
LC system coupled to ABSciex 5500 triple quadrupole mass spec

trometer (ABSciex, MA, USA). Chromatographic separation was per-
formed using Waters@ BEH C18 reversed phase column
(2.1 × 100mm, 1.7μm). Ultrapure water (Solvent A) and methanol
(LC-MS grade) (Solvent B) were used as the mobile phase, as shown
in Table S4 for halophenols and Table S5 for EDCs. The optimized
MRM parameters for targeted halophenols and EDCs were summa-
rized in Table S6 and Table S7, respectively. The injection volume
was 10.0μL and the flow rate was 0.3mL/min. For all targeted chem-
icals, the MS/MS detection was performed in the negative ion mode.
All measurements were taken in duplicate, and the results were pre-
sented as mean values ± STD.

2.4.3. LC-MS/MS method for bromate and HAAs
Haloacetic acids and bromate were determined simultaneously us-

ing a non-suppressed ion chromatography with electrospray ioniza-
tion-tandem mass spectrometry (Wu et al., 2018). The IC-ESI-MS/MS
method also works on the Agilent 1290 series HPLC system coupled
with an QTRAP® 5500 LC-MS/MS operating with negative mode
electrospray ionization. Separation was performed using an ion ex-
change column Dionex IonPac AS-16 under isocratic conditions with
a mobile phase comprising 30% of a 1M aqueous methylamine solu-
tion (Solvent A) and 70% of acetonitrile (Solvent B) at a flow rate of
0.30mL/min for separation. This method utilizes the direct injection of
10μL volumes of 0.22μm membrane-filtered aqueous samples with-
out the need for pre-extraction, derivatization or concentration proce-
dures.

2.4.4. Estrogenic activity analysis
Estrogenic activity was evaluated using the yeast two-hybrid

(YES) assay of CASA-Estrogen (Aquality Technology, Wuxi, China).
In this assay, yeast was transcripted with human estrogen receptor-α
(hERα) and β-galactosidase was induced by estrogenic chemicals in
water samples (Routledge and Sumpter, 1996). E2 was used as a posi-
tive control, and pure water was used as a negative control. The estro-
genic activities of water samples determined by the YES assay were
represented as E2 equivalent values (EEQ). Although the YES is re-
ported less sensitive than the available reporter gene assays based on
mammalian cells, it is applicable to the working solutions spiked with
EDCs in this study (Leusch et al. 2010, 2017).

3. Results and discussion

3.1. Changes of DOM-phenolic moieties

The pH titrations of SR_NOM solution showed that for the wave-
length range of 240–450nm, consistent and monotonic increases of
the absorbance spectra were observed for increasing pHs (Fig. S2).
This is primarily associated with changes of the electron-transfer (ET)
transitions in a variety of aromatic chromophores characteristic for
DOM (Korshin et al., 1997). The deprotonation at increasing pHs
of the phenolic and aromatic carboxylic functional groups in DOM
changes their electronic properties and, as a result electronic transi-
tions in DOM molecules. These changes can be quantified via pH-dif-
ferential absorbance spectra (Dryer et al., 2008). Consistent with re-
cent literature (Young et al., 2018), the pH differential spectra of
SR_NOM and LP_NOM (Fig. S3a and Fig. S4, respectively) exhibit
two features: a narrow band centered at ∼280nm (DA280) associ-
ated with aromatic carboxylic acid groups, and a broad band cen-
tered at ∼340nm (DA340) that is primarily associated with phenolic
moieties. The DA340/DA280 ratio, which was determined when pH
was changed from pH∼3.0 to pH∼10.2, was proposed as an indicator
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reflecting the relative abundance of phenolic moieties over the aro-
matic carboxylic functional groups.

Fig. 1 depicts changes of the DA340/DA280 ratio normalized by
the data of non-treated SR_NOM as a function of O3/DOC ratio,
decrease of UV absorbance, decrease of humic-like fluorescence in
three batches of SR_NOM ozonation experiments. At low O3 doses
(O3/DOC <0.2), the absolute intensity of UVA254, UVA280, and hu-
mic-like fluorescence slightly decreased with an extent of 10%∼20%
inferred from the X-axes value of the related points in Fig. 1b–d, and
apparently the destruction of aromatic moieties resulted in decreases
of UV absorbance and fluorescence. However, the DA340/DA280 ra-
tios slightly increased in these conditions, suggesting that the relative
abundance of the protonation-active phenolic moieties vs aromatic
carboxylic functional groups increased. Tentscher et al. (2018) re-
cently reported that ozonation of para-substituted phenolic compounds
yields p-benzoquinones, cyclic α,β-unsaturated ketones, and substi-
tuted catechols. For most model phenolic compounds, catechol yields
were relatively high at low ozone doses ([O3]/[phenol] <0.3) and de-
creased with increasing ozone doses (Tentscher et al., 2018). Thus, the
increases of the relative abundance of phenolic moieties versus aro-
matic carboxylic groups as indicated by the corresponding DA340/
D380 ratios may be hypothesized to be indicative of the formation
of catechol moieties at low O3 doses. With O3/DOC ratios increasing
from ∼0.2 to ∼0.6 (Fig. 1 and Fig. S3), the normalized DA340/DA280
values decreased prominently from >1.0 to the range of 0.6–0.8. The
corresponding decreases of UVA254, UVA280 and humic-like fluo-
rescence were less than 25%, 35%, and 45%, respectively. At higher
O3 doses, although the UV absorbance and humic-like fluorescence
further decreased, the normalized DA340/DA280 ratios generally re-
mained in the range of 0.6–0.8. Consistently, with O3/DOC>0.5, the
DAS of SR_NOM solutions exhibited similar contour profiles (Fig.
S3).

Examination of the DAS data for LP surface water further con-
firmed that ozonation treatment resulted in consistent decreases of the
relative abundance of the phenolic versus carboxylic moieties in DOM
(Fig. S4).

3.2. Effect of pre-ozone on suppression of DBPs formation potential
during chlorination

3.2.1. Suppression of halophenolic DBPs formation
Phenolic moieties in NOM react with chlorine or bromine species

either by electron transfer or by electrophilic aromatic substitution
process, leading to the formation of aromatic or aliphatic DBPs.

Fig. 2 shows the formation potentials of halophenolic DBPs gen-
erated during chlorination of the pre-ozonated SR_NOM and Yangtze
River samples. In the case of chlorination of SR_NOM (DOC
∼3.0mg/L & [Br−] ∼100μg/L) buffered at pH = 7, 3,5-dibromosal-
icylate acid was the predominant species of the target halophenols
(∼73ng/L), followed by 3,5-dichlorosalicylate acid (∼34ng/L). Re-
sults for the chlorination of Yangtze River sample (DOC ∼2.2mg/
L & [Br−] >100μg/L) buffered at pH = 7 showed that 3,5-dibromos-
alicylate acid was still the predominant species (∼52ng/L) but much
less of 3,5-dichlorosalicylate acid (∼4ng/L) was formed compared
with the data for SR_NOM. The differences in the abundance of
halophenol species between SR_NOM and Yangtze River should be
attributed to their differences in [Br−]/[reactive DOC]. With increas-
ing initial [Br−]/[reactive DOC], the proportions of the chlorophe-
nols should be decreased, because bromine is more reactive with
phenolic compounds than chlorine (kHOBr/kHOCl≈3000) (Criquet et
al., 2015). In addition to humic substances that dominate SR_NOM,
Yangtze River DOM is likely to contain higher contributions of rela-
tively less reactive components operationally referred to as proteina-
ceous biopolymers, building blocks and small aliphatic

Fig. 1. Changes of the normalized DA340/DA280 ratios of SR_NOM at pH∼10.2 as a function of (a) O3/DOC mass ratio, (b) decrease of UVA254, (c) decrease of UVA280 and (d)
decrease of humic-like fluorescence in three batches of ozonation experiments.
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Fig. 2. Formation potentials (left axis) and relative suppression (right axis) of halophenolic DBPs during post-chlorination of (a) SR_NOM and (b) Yangtze River samples versus
specific O3 doses.

molecules (Huber et al., 2011). The formation potentials of 3,5-di-
bromo-4-hydroxybenzoic acid was also relatively low. A plausible ex-
planation might be that natural DOM contains more salicylic moieties
than 4-hydroxybenzoic moieties.

The other targeted halophenols including 2,4,6-trichlorophenol,
2,4,6-tribromophenol and 3,5-dichloro-4-hydroxybenzoic acid
showed low recovery rates during solid phase extraction (Table S3),
and thus their formation potentials are not presented in Fig. 2. Prior
studies that examined the chlorination of seawater spiked with 0.25,
0.5, and 1mg/L phenol found that 2,4,6-tribromophenol was the pre-
dominant species in such conditions (25.8, 172.4, and 687.4μg/L,
respectively) (Ding et al., 2018). However, in this study, the con-
centration of 2,4,6-tribromophenol was much less, i.e., ∼17ng/L for
SR_NOM and ∼8ng/L for Yangtze River.

The total formation potential of halophenols in Fig. 2 gradually de-
creased nearly linearly as a function of specific O3 doses, until 85% of
formation potential was suppressed (SR_NOM, R2 = 0.984; Yangtze
River, R2 = 0.971, Table S8). The specific O3 doses corresponding to
85% suppression of halophenol formation for SR_NOM and Yangtze
River were at O3/DOC∼0.6 or O3/DOC∼0.2, respectively. Over the
threshold of 85% suppression, increasing O3 doses contributed less
than 10% suppression of halophenols’ formation.

Fig. 3 further demonstrates the suppression of formation potentials
of individual and total halophenols versus the decreases of UVA254,
UVA280 and humic-like fluorescence. These plots also exhibited two
stages with different slopes. Before 85% suppression of halophe-
nols' formation, there were also good linear correlations between sup-
pression of halophenols' total formation potential and decreases of
UVA254 or UVA280 (R2 > 0.95), as listed in Table S8. The thresh-
olds of decreases of UVA254, UVA280 and humic-like fluorescence
corresponding to 85% suppression of halophenols' formation were in
the range of 25%–30%, 30%–35% and 30%–45%, respectively. It
suggests that measurements of the decrease of UV absorbance is ad-
vantageous compared with the measurements of the decrease of fluo-
rescence for indicating the suppression of halophenols’ formation by
pre-ozonation.

3.2.2. Suppression of HAAs
Fig. 4 shows the behavior of the formation potentials of HAAs

formed in the case of chlorination of the pre-ozonated SR_NOM and
Yangtze River samples. The data demonstrate that the main HAA
species were TCAA, BDCAA and BCAA during chlorination of both
SR_NOM and Yangtze River samples. For low ozone doses applied
to both SR_NOM (O3/DOC <0.4) and Yangtze River (O3/DOC<0.1),
the HAAs formation potentials slightly increased (SR_NOM) or min-
imally decreased (Yangtze River), while over 50% halophenols’ for-
mation potential could be suppressed at such O3 doses. As shown in

Fig. 1, low O3 doses slightly decreased the aromatic chromophores
and/or fluorophores, while on the other hand this may results in the
formation of some by-products (e.g., hydroquinone, catechol moi-
eties) that are also important precursors of HAAs (Oh et al., 2006).
With further increases of O3 doses, the HAAs formation potentials
gradually decreased, especially those of TCAA and BDCAA. For the
applied O3 doses, pre-ozonation resulted in a moderate suppression of
HAAs formation potentials, ≤26.5% for SR_NOM and ≤31.5% for
Yangtze River.

3.3. Abatement of EDCs and their estrogenic activity

3.3.1. Removal of EDCs
Fig. 5 shows the removal of the total concentrations of the selected

EDCs (E1, E2, E3, EE2 and BPA) as a function of O3/DOC ratio, de-
creases of UVA254, UVA280 and humic-like fluorescence. The re-
sults obtained for each individual EDC in batch ozonation experiments
with and without the presence of E.coli spiked in the solution are pro-
vided in Figs. S5–9. The data show that the removal of E1, E2, E3,
EE2 and BPA showed similar trends and all these species can be ef-
ficiently removed at low O3 doses (O3/DOC<0.2) across the different
DOM matrixes used in this study. This is in agreement with the re-
sults of prior research which has shown that phenolic micropollutants
could be efficiently removed at low O3 doses (Gerrity et al., 2012; Lee
et al., 2013). Chon et al. (2015) reported that >90% removal of EE2
can be reached with O3/DOC<0.2 during the ozonation of wastewater
effluents. This is related to the fact that the electron-donating capac-
ities of phenolic-moieties in the examined phenolic micropollutants
lead to their high reactivity with O3, i.e., the reaction rates of pheno-
lic micropollutants with O3 at pH = 7 are generally >105 M−1s−1 (Lee
and von Gunten, 2012). Bacterial membranes have also been shown
to have high reactivity with O3 in comparison with DOM (Wu et al.,
2018). However, no significant differences were observed for the data
of the batch ozonation experiments with and without the presence of
∼105 cell/mL E.coli bacteria. This further confirms that ozonation is
very effective for the removal of EDCs in a wide range of water and
wastewater matrixes.

The decreases of UVA254 and UVA280 corresponding to ∼90%
removal of EDCs were ∼15% and ∼20%, respectively; while the de-
creases of humic-like fluorescence related to these inflection points
were ∼20% for SR_NOM and Yangtze River water matrixes and
∼50% for DC wastewater effluents. In accord with the results reported
by Chon et al. (2015) and Gerrity et al. (2012), ∼20% elimination of
UVA254, 50%–60% elimination of total fluorescence or ∼50% de-
creases in electron-donating capacity during ozonation of wastewater
effluents was associated with >90% elimination of EE2, BPA and
other phenolic micropollutants.
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Fig. 3. Suppression of the formation potentials of individual halophenol species and to-
tal halophenols versus the decreases of (a) UVA254, (b) UVA280 and (c) humic-like
fluorescence.

3.3.2. Abatement of estrogenic activity
In addition to the removal of the individual EDC species, changes

of the estrogenic activity need to be quantified to make sure that it
is also removed. Fig. 6a demonstrates the abatement of estrogenic
activity measured by YES assay as a function of O3/DOC ratios in
different DOM matrixes. With low O3 doses (O3/DOC<0.20), where
the EDCs could be sufficiently removed, significant levels of resid-
ual estrogenic activity were still observed. At a 0.20 specific dose
of O3/DOC, the removal efficiencies of EEQ measured by YES as-
say were less than 80% for SR_NOM and Yangtze River samples
and were less than 60% for WWTP-DC samples. With increasing

O3/DOC ratios to ∼0.35 for SR_NOM and Yangtze River and to
∼0.50 for WWTP-DC wastewater, over 90% of estrogenic activity
were eliminated.

Fig. 7 compares the removal of the EEQ values measured by YES
assay versus the calculated removal of EEQ across different matrixes.
The EEQ calculation were carried out using Eq. (1) and the detected
EDC concentrations. Contributions of the individual EDC species in
the overall EEQ were estimated using the factors of the selected indi-
vidual EDC reported in prior literature (Furuichi et al., 2004). The de-
crease of the calculated EEQ showed similar trends with each individ-
ual EDC (Fig. S10 vs Figs. S5–9). For the plots of the decrease of the
measured EEQ values versus the decrease of the calculated EEQ, most
dots were under the diagonal line, suggesting the abatement of estro-
genic activity significantly lagged behind the oxidation of the parent
EDCs and estrogenic intermediates may be formed at low O3 doses
during ozonation. It might also arise from some unknown compounds
in the environmental samples, either acting as estrogens and not be-
ing degraded by low-dose ozone, or compounds being transformed by
ozone into more estrogenic compounds.

Prior studies suggest that the presence of a phenolic ring con-
tributes to the perfect bind of EDCs with estrogen receptor (Maniero
et al., 2008). Among the selected EDCs, EE2, E2 and E1 mainly
contribute to the estrogenic activity, as shown in Eq. (1). The oxi-
dation of EE2, E2 and E1 occurs primarily at two reaction sites: a
highly ozone reactive phenolic moiety (k∼3× 106 M−1s−1 at pH = 7) and
a significantly less reactive ethinyl group of EE2, k∼200M−1s−1, al-
cohol group of E2 or a keto group of E1 (Huber et al., 2004). This
also suggests that at low O3 exposures, the phenolic moiety in the
EDC will be mainly transformed. In this study, the phenolic ring of
EDCs might still remain intact at low O3 doses (O3/DOC<0.2); how-
ever, it might exist in the form of catechols, inferred from the re-
sults of model para-substituted phenols (Tentscher et al., 2018) and
changes of the DA340/DA280 ratios of SR_NOM (Fig. 1). Prior
studies have also proposed or identified the catechol-like byprod-
ucts during oxidation of EE2, E2 and 5,6,7,8-tetrahydro-2-naphthol
(Bila et al., 2007; Huber et al., 2004; Maniero et al., 2008; Ohko et
al., 2002). According to Bila et al. (2007), 2-hydroxyestradiol and
testosterone were identified as the oxidation byproducts of E2. Fur-
ther verified by YES assay tests, 2-hydroxyestradiol showed estro-
genic activity with an EC50 of 2.10μg/L whereas testosterone did-
n't (Bila et al., 2007). Additionally, Maniero et al. (2008) further
proposed estra-1,3,5(10)-trien-17-one,2,3-bis[(trimethyl)oxy] and es-
tra-1,3,5(10)-trien-17-one,3,4-bis[(trimethyl)oxy] as the oxidation
byproducts of EE2, which might also exhibit estrogenic activity.

Results shown in Fig. 6 b-d demonstrate that, to assure a >90%
abatement of estrogenic activity, the corresponding decreases of
UVA254, UVA280 and humic-like fluorescence should exceed the
thresholds of ∼30%, ∼40%, and 70%, respectively. At these thresh-
olds, the formation bromate was still <10μg/L for both water and
wastewater matrixes (Fig. S11). These and other results of this study
demonstrates that it is possible to reach a compromise or balance be-
tween control of DBPs formation (halophenols, HAAs, and bromate)
and elimination of estrogenic activity based on the application of

(1)
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Fig. 4. Formation potentials of HAAs generated in post-chlorination of (a) SR_NOM and (b) Yangtze River samples at varying O3/DOC ratios.

Fig. 5. Removal of the total concentrations of the selected EDCs as a function of (a) O3/DOC ratio, (b) decreases of UVA254, (c) decreases of UVA280 and (d) humic-like fluores-
cence.

spectroscopic indicators that predicting the performance of oxidation
and disinfection in ozonation.

4. Conclusions

● The DA340/DA280 ratios determined via differential absorbance
spectroscopic measurements in pH-titration analyses, can be used
to quantify the evolution of the relative abundance of phenolic
groups versus aromatic carboxylic groups during ozonation. These
data show that while O3 preferentially reacts with DOM-phenolic
moieties, applications of low O3 doses (O3/DOC <0.2) cause the
DA340/DA280 ratios to slightly increase; this effect may be related
to the formation of catechol-like moieties.

● When ozonation used as pretreatment, the formation of halophe-
nols in subsequent chlorination decreased linearly with O3 dose
until it reached 85% level of suppression. The thresholds of de-
creases of UVA254, UVA280 and humic-like fluorescence corre-
sponding to an 85% suppression of halophenols' formation were in

the range of 25%–30%, 30%–35%, and 30%–45%, respectively.
Ozonation pretreatment caused the formation potentials of HAAs
to increase slightly at low O3 doses, and high O3 doses were ob-
served to result in mild decreases of the HAAs formation poten-
tials, ≤26.5% for SR_NOM and ≤31.5% for Yangtze River at ap-
plied O3 doses.

● During ozonation of water and wastewater, the abatement of estro-
genic activity significantly lagged behind the elimination of EDCs.
To assure a >90% abatement of estrogenic activity, the correspond-
ing decreases of UVA254, UVA280 and humic-like fluorescence
had to be > ∼30%, ∼40%, and ∼70%, respectively. At these thresh-
olds, the formation bromate was still <10μg/L for both water and
wastewater matrixes

● The use of O3/DOC ratios or spectroscopic indicators allows reach-
ing a compromise or balance between optimal controls of DBPs
formation (halophenols, HAAs, and bromate) and the elimination
of estrogenic activity of ozonated surface water and wastewater.
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Fig. 6. Removal of the estrogenic activity measured by YES essay as a function of (a) O3/DOC mass ratio, (b) decreases of UVA254, (c) UVA280 and (d) humic-like fluorescence.

Fig. 7. Comparison of the removal of the YES assay measured EEQ values versus the
calculated EEQ removal levels determined for different matrixes.
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