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• Biological treatment enhanced the for-
mation of a series of DBPs, especially
Br-DBPs.

• Biological treatment reduced the DOC
and UV254 but increased the DON
and SUVA.

• Biological treatment increased the DON/
DOC ratio and bromide/DOC ratio.

• SMP- and humic acid-like matters in-
creased significantly after OD and AAO
treatment.

• High MW fractions were transformed
into low MW fractions after OD and
AAO processes.
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The high chlorine dosages in wastewater treatment plants during the COVID-19 pandemic may result in in-
creased formation of disinfection by-products (DBPs), posing great threat to the aquatic ecosystem of the receiv-
ing water body and the public health in the downstream area. However, limited information is available on the
effect of biological wastewater treatment processes on the formation of CX3R-type DBPs. This study investigated
the effect of oxidation ditch (OD) and anaerobic-anoxic-oxic (AAO), two widely used biological wastewater
treatment processes, on the formation of five classes of CX3R-type DBPs, including trihalomethanes (THMs),
omochloroacetic acid; BCAL, Bromochloroacetaldehyde; BCAN, Bromochloroacetonitrile; BDCAA, Bromodichloroacetic acid;
loroacetonitrile; BDCM, Bromodichloromethane; BIFs, Bromine incorporation factors; Br-DBPs, Brominated disinfection by-
ts; Cl-DBPs, Chlorinated disinfection by-products; COVID-19, Coronavirus Disease 2019; DBAA, Dibromoacetic acid; DBAL,
BCAA, Dibromochloroacetic acid; DBCAL, Dibromochloroacetaldehyde; DBCAN, Dibromochloroacetonitrile; DBCM,
DCAA, Dichloroacetic acid; DCAL, Dichloroacetaldehyde; DCAN, Dichloroacetonitrile; DCNM, Dichloronitromethane; DHANs,
C, Dissolved organic carbon; DOM,Dissolved organicmatter; DON, Dissolved organic nitrogen; EEM, Excitation-emissionmatrix;
ation; GC/ECD, Gas chromatography/Electron capture detection; GC/MS, Gas chromatography/Mass spectrometer; HAAs,
etonitriles; HBrO, Hypobromous acid; HClO, Hypochlorous acid; HNMs, Halonitromethanes; MBAA, Monobromoacetic acid;
DBPs, Nitrogenous disinfection by-products; OD, Oxidation ditch; SEC, Size exclusion chromatography; SMPs, Soluble microbial
ibromoacetic acid; TBAN, Tribromoaceonitrile; TBM, Tribromomethane; TBNM, Tribromonitromethane; TCAA, Trichloroacetic
nitrile; TCM, Trichloromethane; TCNM, Trichloronitromethane; TDN, Total dissolved nitrogen; THANs, Trihaloacetonitriles;
plants.
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haloacetic acids (HAAs), haloacetaldehydes (HALs), haloacetonitriles (HANs) and halonitromethanes (HNMs),
during chlorination. Experimental results showed that biological treatment effectively reduced the dissolved or-
ganic carbon (DOC) andUV254, while it increased the dissolved organic nitrogen (DON), and therefore the ratio of
DON/DOC. In addition, increases in the contents of soluble microbial product- and humic acid-like matters, and
the transformation of high molecular weight (MW) fractions in the dissolved organic matter into low MW frac-
tions were observed after OD and AAO processes. Although biological treatment effectively decreased the forma-
tion of Cl-THMs, Cl-HAAs, Cl-HANs and Cl-HNMs, the formation of DBCM, DBAA, BDCAA, DBCAA, DCAL, TCAL and
DBAN (where C= chloro, B= bromo, D= di, T= tri) all increased significantly, due to the increased formation
reactivity. Moreover, biological treatment increased the ratio of bromide/DOC and bromine incorporation into
THMs, HAAs and DHANs except for HALs and THANs. Different from previous studies, this study revealed that bi-
ological treatment increased the formation of some DBPs, especially brominated DBPs, despite the efficient re-
moval of organic matters. It provides insights into the DBP risk control in wastewater treatment, particularly
during the COVID-19 pandemic.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Reclamation and reuse of treated wastewater are important for sus-
tainable water resource management (Tian et al., 2017). In order to
minimize the potential public health risks, disinfection is of vital impor-
tance to inactivate pathogens and prevent the transmission of water-
borne diseases (Costán-Longares et al., 2008). For instance, it was
reported that prolonged virus sheddingwas observed in the feces of pa-
tients infected with 2019 novel coronavirus (2019-nCoV) (Jiehao et al.,
2020), and it is known that the toilet water enters thewastewater treat-
ment plants (WWTPs) via the sewer. Therefore, the wastewater could
contain the 2019-nCoV. The chlorine disinfection is able to inactivate
the 2019-nCoV in wastewater, blocking the virus transmission, and
therefore has played an important role in effectively controlling the
spread of Coronavirus Disease 2019 (COVID-19) in China during the
past few months. However, a variety of disinfection by-products
(DBPs) will be unintentionally formed when chlorine disinfection is
practiced (Richardson et al., 2007), which were shown to be associated
with adverse health effects, such as cancer induction (Plewa and
Wagner, 2015). Moreover, the DBP formation potentials (FPs) were
found to be higher in bio-treated wastewater than drinking water due
to the higher disinfectant dosages and the abundant organic composi-
tions, which are the main precursors of DBPs (Sirivedhin and Gray,
2005). Du et al. (2017) reported that carbonaceous DBPs (C-DBPs)
such as trihalomethanes (THMs), haloacetic acids (HAAs) and chloral
hydrate, and nitrogenous DBPs (N-DBPs) like N-nitrosodimethylamine
in reclaimed water were present at higher levels than those in drinking
water. In addition, a recent study conducted by the same group also
found that chlorinated effluent organic matter formed more N-DBPs
and total organic halogen than natural organic matter, accompanied
by higher toxicity (Du et al., 2020). Additionally, during the COVID-19
pandemic, most WWTPs have increased their chlorine dosages to en-
sure the disinfection effectiveness. A study conducted during the
COVID-19 pandemic reported that among the 56 WWTPs surveyed,
the chlorine dosages applied in 14% of them were too high (>6 mg/L),
with the highest being 11.3 mg/L (Li et al., 2020). This may result in
enhanced formation of DBPs during chlorination and hence pose great
threat to the aquatic ecosystem of the receiving water body (Liu and
Zhang, 2014; Luan et al., 2020). Moreover, when the effluents
discharged fromWWTPs is utilized downstreamas a potablewater sup-
ply, the DBPs as well as their precursors in the effluents will be simulta-
neously introduced into the downstream drinking water treatment
plants (Pehlivanoglu-Mantas and Sedlak, 2006), increasing potential
health risks. Therefore, improving the quality of wastewater effluents
is of great significance not only for reducing the ecological risk, but
also for controlling the potential DBP risks in the downstream area.

Oxidation ditch (OD) process, a modification of conventional acti-
vated sludge process, is widely used due to easy management, low
2

energy demand and stable effluent quality (Zhang et al., 2016). Owing
to its longer sludge retention time, the sludge yield of OD process is rel-
atively lower than that of conventional activated sludge process.
Anaerobic-anoxic-oxic (AAO), another widely applicable biological
wastewater treatment process, has good removal performance of nitro-
gen and phosphorous with low operation cost (Lim et al., 2009).

Since biological wastewater treatment processes are mainly
designed to remove organic matters and nutrients such as chemical ox-
ygen demand, nitrogen and phosphorous to meet the wastewater
discharge standards, most studies focused on these water quality
indicators, whereas the impact of biological wastewater treatment pro-
cesses on the formation of DBPs during subsequent disinfection has
remained largely unknown. During biological treatment, microbial ac-
tivities may alter the concentrations, compositions and properties of
the organic materials in the influents, thus affecting the DBP formation
during subsequent disinfection. On the other hand, soluble microbial
products (SMPs), which mainly consist of polysaccharides, proteins,
humic acids, fulvic acids, amino acids and nucleic acids (Parkin and
McCarty, 1981; Urbain et al., 1998), are released into the water through
substrate metabolism and microbial cell decay (Barker and Stuckey,
1999), contributing to various DBP formation during disinfection (Wu
et al., 2019). Taken together, the characteristics of dissolved organic
matter (DOM) may be different after biological treatment, which may
lead to different DBP formation and speciation during chlorination.
However, up to now, only a few studies have evaluated the effect of bi-
ological wastewater treatment processes on DBP formation (Han et al.,
2018; Xue et al., 2017), and the DBP species involved in these studies
were quite limited (e.g., THMs and HAAs). Moreover, the effect on the
formation of brominated DBPs (Br-DBPs), which are more toxic than
their chlorinated analogues (i.e., Cl-DBPs) (Wagner and Plewa, 2017),
was neglected. Hence, a systematic study on the effect of biological
wastewater treatment processes on DBP formation (C- and N-DBPs,
Cl- and Br-DBPs) is quite necessary to further understand DBP risk con-
trol in wastewater treatment.

Though emerging DBPs with higher toxic potency have been identi-
fied recently (Zhang et al., 2018), the focus of most studies remain on
several classes of DBPs such as THMs, HAAs, haloacetaldehydes
(HALs), haloacetonitriles (HANs) and halonitromethanes (HNMs)
owing to their higher concentration levels and/or greater toxicity
(Bond et al., 2011; Shah and Mitch, 2012), which can also be termed
as CX3R-type DBPs (X = H, Cl, Br or I) due to their similar molecular
structure (Ding et al., 2019; Hou et al., 2018).

Therefore, the objectives of this study were to 1) examine the varia-
tion of DOMcharacteristics after ODandAAO treatment, including spec-
troscopic characteristics and molecular weight (MW) distribution;
2) investigate the effect of OD and AAO processes on CX3R-type DBP
formation, especially to assess the formation reactivity and speciation
of CX3R-type DBPs, during subsequent disinfection. This study would
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be helpful to better understand the DBP risk control in wastewater
treatment, particularly during the COVID-19 pandemic.
2. Materials and methods

2.1. Materials and samples

Detailed information on the DBP standards involved in this study is
listed in Table S1. Free chlorine stock solution was prepared by diluting
a sodium hypochlorite solution (active chlorine >5%). The ultrapure
water was produced with a Millipore Milli-Q Gradient water purifica-
tion system (Billerica, USA). All other materials were of at least analyti-
cal grade and obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) unless otherwise noted.

Water samples were collected more than three times from October
2019 to December 2019, from two different WWTPs in Shanghai, in-
cluding the influents and effluents of biological wastewater treatment
processes. WWTP A adopts OD process, while WWTP B uses AAO pro-
cess, both of which fed with domestic wastewater. The operating pa-
rameters of OD and AAO processes including capacity, food to mass
ratio (F/M), mixed liquor suspended solids (MLSS), sludge retention
time (SRT) and hydraulic retention time (HRT) are listed in Table S2.
Once collected, the water samples were filtered through a 0.45 μm
glass fiber filter (Millipore, USA) and stored at 4 °C for less than
2 weeks until use. The water quality characteristics of the studied
water samples are listed in Table S3.
Fig. 1. Fluorescence EEMspectra of theDOM in (a)OD influent; (b) OD effluent; (c) AAO influen
regions (I: aromatic protein I; II: aromatic protein II; III: fulvic acid-like; IV: SMP-like; V: humi

3

2.2. Experimental procedures

To avoid detector saturation, chlorination experiments were con-
ducted in 500 mL headspace-free brown glass bottles in the dark at
25 ± 0.5 °C with dissolved organic carbon (DOC) diluted to 2.0 mg/L
and buffered at 7.0 ± 0.2 with 10 mM phosphate buffer. The chlorine
dosage for each water sample was determined according to a prelimi-
nary demand test such that a final free chlorine residue of at least
1–2 mg/L remained after 72 h (Ma et al., 2013; Meng et al., 2016).
After 72 h incubation, stoichiometric amounts of sodium sulfite were
added to quench the disinfectant residuals, and the water samples
were analyzed as soon as possible. Error bars in the figures represent
the relative standard deviation of two replicates.

2.3. Analytical methods

DOC and total dissolved nitrogen (TDN) were measured using a TOC
analyzer (Shimadzu TOC-VCPH, Japan). Concentrations of different dis-
solved inorganic nitrogen (DIN) species (i.e. ammonia, nitrite and nitrate)
weremeasured using their respective HACH test kits with a UV–vis spec-
trophotometer (HACH DR6000, USA). Dissolved organic nitrogen (DON)
was determined by subtracting DIN from TDN. UV254 was measured
using theHACHDR6000 spectrophotometer (Loveland,USA) aswell. Spe-
cific ultraviolet absorption (SUVA) was calculated as the ratio of UV254 to
DOCmultiplied by 100. Free chlorine was measured with a HACH Pocket
Colorimeter™ II spectrophotometer (Loveland, USA). Bromide concentra-
tion was determined by ion chromatography (Dionex 2000; USA).
t; (d) AAO effluent. SolutionDOCwas adjusted to 1mg/L. EEM spectrawas divided into five
c acid-like).



Fig. 2. MW distribution of the DOM in the influents and effluents of (a) OD and (b) AAO
processes determined with SEC.
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Three-dimensional spectrofluorometry (F-7100 Fluorescence,
HITACHI, Japan) was used for DOM characterization. Fluorescence
scans (λex: 200–500 nm; λem: 210–550 nm) were performed with
5 nm slits for excitation and emission. Fluorescence excitation-
emission matrix (EEM) spectra was divided into five regions (I:
aromatic protein I; II: aromatic protein II; III: fulvic acid-like; IV: SMP-
like; V: humic acid-like) (Chen et al., 2003). Fluorescence region
integration (FRI) method was utilized for the quantitative analysis of
EEM spectra (Chen et al., 2003):

φi ¼
Z
ex

Z
em
I λexλemð Þdλexdλem ð1Þ

where Φi is the EEM volume at region i, which represents the
cumulative fluorescence response of DOMwith similar properties at each
region; I(λexλem) is the fluorescence intensity at each excitation-
emission wavelength pair. Given that the fluorescence intensities of or-
ganics in different regions were inconsistent, the Φi of different regions
might not be comparable. Hence, the variation of fluorescence response
in the same region was evaluated to investigate the effect of OD and
AAO processes on DOM characteristics.

Size exclusion chromatography (SEC)was utilized to evaluate theMW
distribution of DOM. SEC was carried out using a polymethacrylates-
packed column (250 mm × 20 mm, 3 μm), which was installed on a
Waters Alliance high performance liquid chromatography (e2695, MA,
USA) equipped with a Sievers M9 SEC DOC detector. Polyethylene glycol
standards were used for MW calibration. A mobile phase solution of
5.6 mMdisodium hydrogen phosphate and 14.4mM sodium dihydrogen
phosphate was pumped at 1.0 mL min−1, and the injection volume was
250 μL.

THMs,HALs, HANs andHNMswere detected using gas chromatogra-
phy/electron capture detection (GC/ECD, QP2010plus, ShimadzuCorpo-
ration, Japan) while HAAs were measured with a gas chromatography/
mass spectrometer (GC/MS-QP2020, ShimadzuCorporation, Japan). De-
tailed information on the analytical methods of these DBPs was pre-
sented in previous studies (Fang et al., 2019a; He et al., 2020b) and is
summarized in Table S4.

To examine the variation of bromination extent after biological
treatment, bromine incorporation factors (BIFs) for CX3R-type DBPs
were calculated, based on Eq. (2).

ΒIF ¼ ∑n
m¼1m� CΗ3−nCln−mΒrmR

n�∑n
m¼0CΗ3−nCln−mΒrmR

,n ¼ 1, 2 or 3 ð2Þ

where m and n represent the number of bromines and halogens,
respectively.

3. Results and discussion

3.1. Variation of water quality characteristics after OD and AAO processes

The water quality characteristics of the influents and effluents of OD
and AAO processes are presented in Table S3. Considering the variation
trends presented by the water samples collected from October 2019 to
December 2019 were the same, here we only show the results of one
of them. As expected, DOC was effectively removed after biological
treatment, decreasing by 66.8% and 75.3% for OD and AAO processes, re-
spectively. However, the DON levels were significantly higher in the ef-
fluents than the influents, even though the concentrations of TDN and
ammonia declined substantially. Accordingly, a substantial increase in
the DON/DOC ratio was observed after biological treatment. Although
biological treatment reduced the UV254, it led to an increase in the aro-
maticity of DOM (e.g., phenolic structures), as indicated by the in-
creased SUVA. This is in agreement with previous studies showing
that low UV-absorbing fraction was preferentially removed during bio-
logical treatment (Han et al., 2018; Krasner et al., 2009b; Xue et al.,
2017). Besides, the relatively low SUVA values (<2) of the studied
4

water samples indicated that the DOM were mostly non-humics and
featuring low hydrophobicity and low MW (Edzwald and Tobiason,
1999). This is in agreement with the results of DOM characterization
which will be discussed in Section 3.2. After OD and AAO processes,
the bromide concentrations only decreased by 10.2% and 22.8%, respec-
tively, suggesting that biological treatment had little effect on bromide
removal, which was consistent with previous studies (Han et al.,
2018; Krasner et al., 2009a). As a result, a significant increase in the bro-
mide/DOC ratio was also observed.

3.2. Variation of DOM characteristics after OD and AAO processes

3.2.1. Fluorescence EEM spectra
Fluorescence EEM spectra of the DOM in the influents and effluents

of the two investigated biological wastewater treatment processes is
shown in Fig. 1. As is shown in Fig. 1, the DOM in the influents of OD
and AAO processes were both dominated by aromatic proteins and
SMP-like substances. Fig. S1 (Supplementarymaterial) shows the varia-
tion of fluorescence intensity of different EEM regions of DOM before
and after biological treatment. The fluorescence intensity of SMP-like
peak after OD and AAO processes increased by 78.8% and 38.0%, respec-
tively, indicating the formation of SMP-like substances during biological
treatment. In addition, significant increases in the fluorescence intensity
of humic acid-like peak were also observed after biological treatment
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(by 78.9% and 134.4% for OD and AAO processes, respectively), which
was probably due to the ineffective removal of humic acid-like sub-
stances during biological treatment as reported in previous studies
(Han et al., 2015; Liu and Li, 2010). Although the fluorescence intensity
of aromatic protein I both decreased (by 13.5% and 58.7% for OD and
AAO processes, respectively), the fluorescence intensity of aromatic
protein II increased by 18.9% after OD process while decreased by
19.4% after AAO process. This could be explained by the fact that the
content of aromatic proteins depends on their formation and degrada-
tion. On the one hand, the aromatic proteins in the influents may un-
dergo degradation during biological treatment, while on the other
hand, microbial cell decay can also release aromatic proteins. As is
shown in Table S2, the SRT of OD process is longer than that of AAO
process, suggesting that higher proportion of microorganism may
decay and release more aromatic proteins during OD process, thus
may lead to the different variation trends of the aromatic protein
contents for OD and AAO processes.
3.2.2. Molecular weight distribution
TheMWdistribution of the DOM in the influents and effluents of the

two investigated biological wastewater treatment processes is pre-
sented in Fig. 2. OD and AAO processes exhibited similar trends in the
variation of MW distribution. After biological treatment, compounds
with MW of 20–100 kDa and 2–3 kDa decreased dramatically, while
those with MW of 3–10 kDa increased. A minor increase in the com-
pounds with MW of 1–2 kDa was also observed. In addition, the MW
of the DOM in the influents was mainly in the range of 100 Da–
100 kDa, while the MW of the DOM in the effluent was mainly in the
Fig. 3. Effect of OD and AAO processes on Cl-DBP FP. Experimental conditions: DOC = 2 mg/L,

5

range of 100 Da–20 kDa. These results indicated that the higher MW
changed to lower MW after biological treatment, which was in agree-
ment with a previous study (Han et al., 2018). This is probably because
the breakdown of high MW substances played a major role, even
though the polymerization of microorganism metabolites and
DOM may produce high MW substances. However, the compounds
with MW of 100–1000 Da increased after OD process while de-
creased after AAO process. This could be explained by the differ-
ences in F/M and SRT between OD and AAO processes. As is shown
in Table S2, the F/M of OD process is slightly higher than that of
AAO process, suggesting that the degree of degradation of com-
pounds with MW of 100–1000 Da may be relatively lower for OD
process. On the other hand, the SRT of OD process is also longer, im-
plying that higher proportion of microorganism may undergo decay
during OD process and release more compounds with MW of
100–1000 Da.
3.3. Effect of OD and AAO processes on Cl-DBP formation

Fig. 3 shows the FP of Cl-DBPs during chlorination of the influents
and effluents from OD and AAO processes. It is noteworthy that to
avoid detector saturation, the chlorination experimentswere conducted
with a diluted DOC concentration of 2 mg/L, and certain amounts of
chlorine were dosed to reach a final free chlorine residual of at least
1.0–2.0 mg/L after 72 h reaction. Afterwards, the DBP FP corresponding
to the original DOC concentrations in the influents and effluents of OD
and AAO processes were calculated. As is shown in Fig. 3, biological
treatment effectively reduced the formation of Cl-THMs, Cl-HAAs, Cl-
chlorine dose= 1.0–2.0 mg/L residual after 72 h reaction, T = 25± 0.5 °C, pH= 7 ± 0.2.



Fig. 4. Effect of OD and AAO processes on Cl-DBP formation reactivity. Experimental conditions: DOC= 2mg/L, chlorine dose= 1.0–2.0mg/L residual after 72 h reaction, T= 25± 0.5 °C,
pH= 7 ± 0.2.

L. Peng, F. Wang, D. Zhang et al. Science of the Total Environment 770 (2021) 145344
HANs and Cl-HNMs. However, an evident increase in Cl-HAL formation
was observed, despite the effective reduction of DOC. This is likely due
to the increase in the DBP formation reactivity of DOM. Therefore, a sys-
tematic evaluation of the DBP formation reactivity of DOM may foster
our understanding of the Cl-DBP FP variation.

According to previous studies (He et al., 2020a; Meng et al., 2017;
Xue et al., 2017), DBP FP per unit of DOC can be used to assess the reac-
tivity of DOM in DBP formation. As is shown in Fig. 4, the formation re-
activity of Cl-THM and Cl-HAA decreased after OD and AAO treatment,
despite the increased aromaticity of DOM (i.e., increased SUVA) may
lead to increased THM and HAA formation. This is probably because
the impact of SUVA increasewas offset by theproduction of less reactive
precursors of THMs and HAAs during biological treatment. For instance,
polysaccharides, one of the major components of SMPs, were reported
to have low THM andHAA yields upon chlorination due to the low reac-
tivity of aliphatic and alcohol groups toward chlorine (Bond et al.,
2009a; Bond et al., 2009b; Hong et al., 2008). A recent study reported
that increased production of polysaccharides led to a higher proportion
of hydrophilic organics in DOM and ultimately contributed to the sub-
stantial decrease (>80%) in THM formation reactivity (Xia et al.,
2016). Moreover, Hong et al. (2009) found that the THM yields of 20 se-
lected amino acids were rather low except for tyrosine and tryptophan.
This could be another reason for the decrease of Cl-THM formation reac-
tivity, since amino acids is another major component of SMPs, which
were found to increase after OD and AAO processes (Figs. 1 and S1). De-
creased formation reactivity of Cl-THMs and Cl-HAAs, together with the
efficient removal of DOC, led to the substantial reduction in the forma-
tion of Cl-THMs and Cl-HAAs. In addition, the trichloromethane (TCM)
6

formation reactivity for AAO effluent was much higher than that for
OD effluent. It could be explained by that AAO effluent contained higher
content of humic substances (Figs. 1 and S1), whichwere reported to be
the main THM precursors (Adin et al., 1991).

Unlike Cl-THMs and Cl-HAAs, the formation reactivity of Cl-HALs
increased significantly after OD and AAO processes. For instance,
the formation reactivity of trichloroacetaldehyde (TCAL) after OD
and AAO treatment increased by 665.0% and 956.5%, from 7.8 nM/
mg-C and 6.0 nM/mg-C to 59.9 nM/mg-C and 63.1 nM/mg-C, re-
spectively. This may be ascribed to the increase of phenolic struc-
tures, which were reported to be the predominant HAL precursors
(Chuang et al., 2015). Significant concentrations of phenols were
identified in SMPs by solid phase extraction plus GC/MS in a previ-
ous study (Trzcinski and Stuckey, 2009). In addition, a relatively
strong correlation between SUVA and HAL yields was recently ob-
served (Jian et al., 2016), suggesting that the increase in SUVA
may result in the increase in HAL formation. Because the effect of
formation reactivity increase overweighed the effect of DOC reduc-
tion, the formation of Cl-HALs increased abundantly after biological
treatment.

Unexpectedly, the formation reactivity of Cl-HANs was observed to
increase after OD and AAO processes. This was mainly due to the in-
crease of the DON/DOC ratio (Table S3). More specifically, the increase
in the formation reactivity of Cl-HANswas probably induced by the pro-
duction of proteins and/or amino acids during OD and AAO processes,
both of whichweremain components of SMPs and reported to have rel-
atively high HAN yields (Chu et al., 2016; Fang et al., 2019b). Neverthe-
less, the concentrations of Cl-HANs in effluents were still lower than in



Fig. 5. Effect of OD and AAO processes on Br-DBP FP. Experimental conditions: DOC = 2mg/L, chlorine dose = 1.0–2.0 mg/L residual after 72 h reaction, T = 25 ± 0.5 °C, pH= 7± 0.2.
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influents, due to the efficient removal of DOC. Besides, the formation
reactivity of dichloroacetonitrile (DCAN) for OD effluent is much
higher than that for AAO effluent. It could be explained by that OD ef-
fluent contained higher contents of aromatic proteins and SMP-like
substances (Figs. 1 and S1), which were reported to have high HAN
yields (Fang et al., 2019b; Wu et al., 2019). After biological treat-
ment, the formation reactivity of dichloronitromethane (DCNM) in-
creased while that of trichloronitromethane (TCNM) decreased,
which was probably due to the different properties of precursors.
But after OD and AAO treatment, the formation of DCNM and TCNM
both decreased.

3.4. Effect of OD and AAO processes on Br-DBP formation

In the presence of hypochlorous acid (HClO), the bromide in the
water is rapidly oxidized to hypobromous acid (HBrO), a stronger
halogenating agent than HClO, which can then react with DOM to
form Br-DBPs. Therefore, apart from the DBP formation reactivity of
DOM, bromide also plays an important role in the formation of Br-
DBPs. Fig. 5 presents the FP of Br-DBPs during chlorination of the
influents and effluents from OD and AAO processes. Given that only
one Br-HNM, tribromonitromethane was investigated in this study,
the results related to Br-HNMs were not comprehensive enough and
thus were not discussed here. As shown in Fig. 5, after biological treat-
ment, the formation of dibromochloromethane (DBCM), dibromoacetic
acid (DBAA), bromodichloroacetic acid (BDCAA), dibromochloroacetic
acid (DBCAA) and dibromoacetonitrile (DBAN) all increased, while the
formation of Br-HALs all decreased, which was quite different from
7

the variation of Cl-DBPs. Surprisingly, from the perspective of formation
reactivity, it can be observed that the formation reactivity of Br-THMs
and Br-HAAs all increased while the formation reactivity of Br-HALs
decreased (Fig. 6). The variation of BIF values also indicated increased
bromine incorporation into THMs, monohaloacetic acids (MHAAs),
dihaloacetic acids (DHAAs) and trihaloacetic acids (THAAs) (Fig. S2).
This was likely due to the increase in the bromide/DOC ratio
(Table S3), enhancing the generation of HBrO during chlorination.
Moreover, as discussed in Section 3.2.2, high MW fractions in the
DOM were transformed into low MW fractions after biological treat-
ment (Fig. 2), which were reported to be more prone to form Br-DBPs
(Farré et al., 2013).

As for Br-HALs, however, although the elevated bromide/DOC
ratio may increase the formation of Br-HALs, the Br-HALs are less
stable in water and more prone to degrade into corresponding
THMs than their chlorinated analogues (Koudjonou and LeBel,
2006), thus resulting in the decreased formation reactivity of Br-
HALs in this study. As is shown in Fig. S2, the BIF values of
dihaloacetaldehydes (DHALs) and trihaloacetaldehydes (THALs)
both decreased, which was consistent with the variation of the Br-
HAL formation reactivity. Decreased Br-HAL formation reactivity,
accompanied by DOC reduction, led to the substantial decrease in
Br-HAL formation (Fig. 5).

HANs can also undergo degradation in water, but contrary to HALs,
brominated dihaloacetonitriles (Br-DHANs) are more stable (Yu and
Reckhow, 2015), together with the increased bromide/DOC ratio, lead-
ing to the substantial increase in the formation reactivity of Br-DHANs.
For instance, the formation reactivity of DBAN after OD and AAO



Fig. 6. Effect of OD and AAO processes on Br-DBP formation reactivity. Experimental conditions: DOC=2mg/L, chlorine dose= 1.0–2.0mg/L residual after 72 h reaction, T= 25± 0.5 °C,
pH= 7 ± 0.2.
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treatment increased by 1199.4% and 471.4%, respectively, due to which
the DBAN concentrations in effluents were much higher than those in
influents (Fig. 5). However, after biological treatment, the formation re-
activity of brominated trihaloacetonitriles (Br-THANs) decreased. In ad-
dition, the variation of BIF values also revealed decreased bromine
incorporation into THANs (Fig. S2). This distinction might lie in the na-
ture of precursors.

4. Conclusions

Biological treatment effectively reduced the DOC and UV254 but in-
creased theDON, SUVA, DON/DOC ratio and bromide/DOC ratio. In addi-
tion, increases in the contents of SMP- and humic acid-like substances,
and transformation of highMW fractions in the DOM into lowMW frac-
tions were observed after OD and AAO processes. Although biological
treatment effectively decreased the formation of Cl-THMs, Cl-HAAs,
Cl-HANs and Cl-HNMs, the formation of DBCM, DBAA, BDCAA, DBCAA,
DCAL, TCAL and DBAN all significantly increased, due to the increased
formation reactivity. Moreover, biological treatment increased bromine
incorporation into THMs, HAAs andDHANs except for HALs and THANs.
As is known, biological wastewater treatment process is able to effec-
tively control the formation of DBPs. However, for the first time this
study revealed that biological treatment increased the formation of
some DBPs, especially Br-DBPs (e.g., DBAN), despite the efficient
removal of organic materials. Furthermore, during the COVID-19 pan-
demic, the high chlorine dosages in WWTPs may lead to increased for-
mation of DBPs, posing great threat to the aquatic ecosystem of the
8

receiving water body and the public health in the downstream area.
Therefore, apart from the main water quality indicators regulated by
wastewater discharge standards, enough attention should also be paid
to the reduction of DON and bromide in WWTPs to achieve the inte-
grated risk control.
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