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ABSTRACT

Drinking water treatment plants (DWTPs) produce filter backwash water (FBW) and sedimentation sludge
water (SSW) that may be partially recycled to the head of DWTPs. The impacts of key disinfection condi-
tions, water quality parameters (e.g., disinfection times, disinfectant types and doses, and pH values), and
bromide concentration on controlling the formation of trihalomethanes (THMs), haloacetic acids (HAAs),
haloacetonitriles (HANs), and haloacetamides (HAMs) during disinfection of FBW and SSW were investi-
gated. Concentrations of most disinfection byproducts (DBPs) and associated calculated toxicity increased
with extended chlorination for both FBW and SSW. During chlorination of both FBW and SSW, elevated
chlorine doses significantly increased THM yields per unit dissolved organic carbon (DOC), but decreased
HAN and HAM yields, with minimum effect on HAA yields. Chloramine disinfection effectively inhib-
ited C-DBP formation but promoted N-DBPs yields, which increased with chloramine dose. Calculated
toxicities after chloramination increased with chloramine dose, which was opposite to the trend found
after free chlorine addition. An examination of pH effects demonstrated that C-DBPs were more read-
ily generated at alkaline pH (pH=8), while acidic conditions (pH=6) favored N-DBP formation. Total DBP
concentrations increased at higher pH levels, but calculated DBP toxicity deceased due to lower HAN and
HAM concentrations. Addition of bromide markedly increased bromo-THM and bromo-HAN formation,
which are more cytotoxic than chlorinated analogues, but had little impact on the formation of HAAs
and HAMs. Bromide incorporation factors (BIFs) for THMs and HANs from both water samples all sig-
nificantly increased as bromide concentrations increased. Overall, high bromide concentrations increased
the calculated toxicity values in FBW and SSW after chlorination. Therefore, while currently challenging,
technologies capable of removing bromide should be explored as part of a strategy towards controlling
cumulative toxicity burden (i.e., hazard) while simultaneously lowering individual DBP concentrations
(i.e., exposure) to manage DBP risks in drinking water.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

or known human carcinogens and cause bladder and colon can-
cer (Cantor et al., 2010; Costet et al., 2011; Rahman et al., 2010;

Disinfection is the primary operation for ensuring the biosafety
of drinking water that is used in drinking water treatment plants
and prevents transmission of illness by water (Richardson et al.,
2007; Shannon et al., 2008). A now predictable consequence of
disinfection is the reaction of the chemical oxidants (e.g., free
chlorine, chloramines) with natural organic matter in water to
form disinfection byproducts (DBPs), some of which are potential
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Villanueva et al., 2004, 2006). Approximately 600-700 DBPs, in-
cluding carbonaceous DBPs (C-DBPs, e.g., trihalomethanes (THMs),
haloacetic acids (HAAs)) and nitrogenous DBPs (N-DBPs, e.g., ni-
trosodimethylamine, haloacetonitriles (HANs), and haloacetamides
(HAMs)), have been detected in treated waters (An et al., 2019;
Chen et al, 2010; Hanigan et al, 2015; Krasner et al, 2018;
Vu et al., 2018). With the development of high sensitivity instru-
ments and sensitive toxicity screening assays, N-DBPs have been
detected in drinking water and potentially pose orders of magni-
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tude greater toxicity than C-DBPs (Bond et al., 2011; Krasner et al.,
2013; Lau et al. 2020; Plewa et al., 2017).

Many countries have established maximum contamination lev-
els for some of DBPs in finished water to reduce the potential ad-
verse effects on human health (Chuang et al., 2019; Zeng et al,,
2016). The United States Environmental Protection Agency (USEPA)
regulates the sum of four THMs at 80 ug/L and 60 ug/L for five
HAAs (US EPA, 2006). In China, the maximum concentrations of
individual THMs (trichloromethane (TCM), bromodichloromethane
(BDCM), dibromochloromethane (DBCM), and tribromomethane
(TBM)) in finished water must not exceed 60, 60, 100, and 100
ug/L, respectively, and the sum of the ratios of the detected
concentrations and their maximum concentrations must not ex-
ceed 1 (Standardization Administration of the People’s Republic of
China, 2006). A guideline value of 100 ng/L was adopted for max-
imum nitrosodimethylamine concentrations by the World Health
Organization (WHO), while the state of California and other juris-
dictions limits nitrosodimethylamine to 10 ng/L (California Depart-
ment of Public Health, 2013; Massachusetts Office of EEA, 2004;
WHO, 2008). However, there are many DBPs which remain un-
regulated, such as HANs and HAMs, which are more toxic than
THMs and HAAs (Wagner and Plewa, 2017). Therefore, correspond-
ing strategies should be applied to control DBP formation in fin-
ished water to reduce the health risks.

Chlorine is the most commonly used disinfectant due to its
low cost and ability to effectively inactivate microorganisms and
viruses. However, large numbers of C-DBPs (e.g., TCM, BDCM and
dichloroacetic acid (DCAA)) are produced when chlorine is used as
a disinfectant (Sedlak and Gunten, 2011). Therefore, many DWTPs
have used alternative disinfectants such as chloramines, which re-
duced formation of C-DBPs compared to chlorine (Hua and Reck-
how, 2007). However, chloramines increase the formation of some
N-DBPs, which also tend to exhibit greater toxicity than the cur-
rently regulated C-DBPs (Guay et al., 2005; Hanigan et al., 2017;
Wagner and Plewa, 2017). Previous studies have shown that Chi-
nese hamster ovary cell cytotoxicity and genotoxicity of unregu-
lated N-DBPs were 1-3 orders of magnitude higher than those
of the regulated C-DBPs (Plewa et al., 2008, 2017). Therefore, N-
DBPs are often the driver of toxicity among the DBPs measured,
despite being present at low concentrations in finished water
(Muellner et al., 2007; Verdugo et al., 2020).

Water resources are strained due to population growth and in-
creased pollution. Therefore, DWTPs attempt to maximum inter-
nal plant recycling of wash- and waste-water flows. Filter back-
wash water (FBW) and sedimentation sludge water (SSW) are be-
ing considered as raw water sources for DWTPs (Hong et al., 2016;
King et al., 2020). FBW and SSW produced during water treatment
account for approximately 2-10% of total water flow in DWTPs
(Gottfried et al., 2008). Therefore, recycling FBW and SSW not
only reduces the costs of treatment and transportation but also
increases net water production rates in DWTPs (Bourgeois et al.,
2004; Krasner et al, 2009). However, we have recently shown
that FBW and SSW contain large quantities of DBPs and precur-
sors which result in the formation ofTHMs, HAAs, HANs and HAMs
when chlorinated (Qian et al., 2020). A recent study also showed
that nitrosamines were produced during recycling of settled sludge
supernatant due to polymer residue (Westerhoff et al., 2019). FBW
and SSW had high levels of bromide, with concentrations of 105-
214 pug/L and 160-885 ug/L, respectively, in our previous study
(Qian et al., 2020) and bromide enhances formation of higher toxi-
city bromo-DBPs (Krasner et al., 2016; Plewa et al., 2008 and 2010).
While the effects of these disinfection conditions and water qual-
ity parameters on DBP formation have been extensively studied in
surface water (Hong et al,, 2013; Yang et al., 2007), little is known
regarding the formation of DBPs during FBW and SSW recycling.
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The objective of this research was to determine the effects of
disinfection conditions (i.e., contact time, disinfectant chemistry,
and dose) and water quality parameters (i.e., pH and bromide) on
the formation of C- and N-DBPs during FBW and SSW recycling.
The formation of four THMs, nine HAAs, seven HANs and six HAMs
was measured, and cytotoxicity was calculated using published po-
tency data. The results of this study are expected to provide useful
information for controlling C- and N-DBP formation during of FBW
and SSW recycling.

2. Materials and methods
2.1. Water sample collection

Water samples in this study consisted of sand filter backwash
water (FBW) and sedimentation sludge water (SSW) that were col-
lected from a typical drinking water treatment plant with a con-
ventional treatment process, including coagulation, sedimentation,
filtration and disinfection. The water source was the Qingcaosha
Reservoir which is located in southern China. FBW and SSW were
collected from the overflow of a gravity thickener which treated
the filter backwash water and sedimentation sludge. Sodium thio-
sulfate was immediately added to the collected water samples to
quench any residual chlorine. All samples were filtered with a 0.45
pm glass fiber filter and were then stored at 4°C in ice boxes un-
til use. The water quality characteristics of the FBW and SSW are
listed in Table S1.

2.2. Chemical reagents

C- and N-DBPs (e.g.,, THMs, HAAs, HANs and HAMs) in FBW
and SSW were investigated in this study. Pure DBP standards in
solvents were purchased from Dr. Ehrenstorfer (Augsburg, Ger-
many). The THMs included TCM, DBCM, DBCM, and TBM. The
HAAs included chloroacetic acid (CAA), bromoacetic acid (BAA),
DCAA, trichloroacetic acid (TCAA), bromochloroacetic acid (BCAA),
and dibromoacetic acid (DBAA), bromodichloroacetic acid (BD-
CAA), chlorodibromoacetic acid (CDBAA), and tribromoacetic acid
(TBAA). The HANs included chloroacetonitrile (CAN), bromoace-
tonitrile (BAN), dichloroacetonitrile (DCAN), bromochloroacetoni-
trile (BCAN), trichloroacetonitrile (TCAN), dibromoacetonitrile
(DBAN), and iodoacetonitrile (IAN). The HAMs included 2-
chloroacetamide (CAM), 2-bromoacetamide (BAM), dichloroac-
etamide (DCAM), bromochloroacetamide (BCAM), trichloroac-
etamide (TCAM), and dibromoacetamide (DBAM). Methyl tert-butyl
ether (MTBE, high performance liquid chromatography (HPLC)
grade) was purchased from Sigma Aldrich (St. Louis, MO, USA). Ul-
trapure water was prepared using a Gradient A10 ultrapure water
system (Milli-Q®, Millipore Corporation, Bedford, MA, USA). An-
hydrous sodium sulfate (Na,SO4, analytical research grade, 99%)
and other reagents (analytical grade) were obtained from the
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.3. Experimental procedures

The roles of disinfectant contact time, disinfectant dose and
chemistry, pH, and bromide concentration on THM, HAA, HAN, and
HAM formations during FBW and SSW disinfection were investi-
gated. Disinfection experiments were conducted in sealed 250 mL
amber glass bottles at room temperature (254+1°C) in the dark.
The disinfectant contact time and disinfectant (chlorine and chlo-
ramine) doses were 10-120 min and 5-20 mg-Cl,/L, respectively,
for simulating the disinfection process. pH of the water samples
was adjusted to 6-8 with 2 mM phosphate buffer. The initial bro-
mide concentrations in FBW and SSW were 0.05 and 0.42 mg/L,
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respectively (Table S1). 0.1-1.0 mg/L bromide was added to investi-
gate the effects of bromide concentration on DBP formations. The
experimental processes were conducted in triplicate.

2.4. Analytical methods

Four THMs, seven HANs, six HAMs, and nine HAAs were mea-
sured using the modified EPA Methods 551.1 and 552.2 (US EPA,
1995, 2003). Briefly, separation and analysis was conducted via
liquid-liquid extraction (LLE), followed by gas chromatography-
electron capture detector (GC-ECD, 7890B, Agilent Technologies,
USA) equipped with a 30 m x 0.25 mm x 0.25 pm DB-1701 col-
umn (J&W Scientific, USA). Detailed information on the analyti-
cal methods for DBPs are described in previously published proce-
dures (An et al., 2017; Qian et al., 2020) and in the Supplemental
Information.

Free chlorine was measured by the N,N-diethyl-p-
phenylenediamine (DPD) powder pillow photometric method
(APHA, 2005). Dissolved organic carbon (DOC) was measured
using a total organic carbon (TOC) analyzer (Multi N/C 2100,
Analytik Jena AG, Germany). Bromide was measured with a
Finnigan ELEMENT XR double focusing magnetic sector field in-
ductively coupled plasma (ICP)-MS instrument (Thermo Electron
Corporation).

2.5. Calculations of bromide incorporation factors (BIFs) and
cytotoxicity

Bromide incorporation factors (BIFs) indicate the proportion of
bromine atoms incorporated into DBPs. BIFs were calculated ac-
cording to previous research Jones et al.,, 2011; Petronijevic et al.,
2019; Zhang et al., 2019) and Egs. (1)-((4), in which all concentra-
tions are on a molar basis.

B = G 2+ o
S

Cgaa + Cocaa + Copcan + 2Cppaa + 2Ceppaa + 3Crpaa
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3. Results and discussion
3.1. Effects of disinfection time on DBP formation

3.1.1. Carbonaceous DBPs

Fig. 1a and b show THM and HAA formation in both FBW and
SSW increased with longer disinfection contact time. We plot mo-
lar, rather than mass concentration units to facilitate comparison
among DBP species and to more accurately compare DBP yields
(mole DBP per unit DOC) from precursors. Additionally, through-
out this work we present the formation of DBPs in undiluted FBW
and SSW samples, which is likely to be significantly greater than
would be expected at a treatment plant which dilutes FBW and
SSW supernatants significantly with plant influent water. However,
the precursors present in FBW and SSW samples are chemically
unchanged by dilution and thus the trends and potential mitiga-
tion strategies identified here are representative of those which
would be expected at full-scale. Among four THMs, TCM was the
primary THM species in all samples and accounted for 47-60% of
the total THM formation. TCM concentrations during chlorination
of FBW and SSW reached 358 nM and 387 nM, respectively af-
ter a 120 min reaction time. Bromo-THMs (Br-THMs) accounted
for 42% and 53% of the total THM yield in FBW and SSW after
120 min., respectively. Br-THMs in SSW were greater than those in
FBW due to the greater bromide concentrations in SSW. Br-THMs
formed more rapidly than chloro-THMs, reaching 58% at 10 min
of their total 120 min formation, compared to chloro-THMs which
formed 52% of their total formation at 10 min. B--THMs are more
easily and rapidly generated in the presence of high bromide con-
centrations because hypobromous acid (HOBr) preferentially sub-
stitutes Br atoms more than hypochlorous acid (HOCI) substitutes
Cl (Allard et al., 2015; Westerhoff et al., 2004). Although chloro-
THMs accounted for greater molar concentrations of the total THM
load, Br-THMs should not be ignored given their rapid formation,
particularly in cases with high Br~ concentrations.

HAA yields also increased with disinfection time, which was
mostly attributed to the increase of chloro-HAAs. CAA concentra-
tions were 45-111 nM in SSW and accounted for 66-76% of the
total HAA yield, compared to 12-47% of the HAA yield in FBW at-

BIF, =
A% ™ Cean + Caan + 2Cacan + 2Cpean + 2Cpgan + 3Cancan + 3Ceoan + 3Crcan + 3Cram
BlFiuns — Cpan + Cpcan + 2Cppan
7 Cean + Coan + 2Cpcan + 2Cpcan + 2Cpgan + Gian + 3Crcan
(3)
BlFyus = Cgam + Cpcam + 2Cppam 4

Ceam + Cam + 2Cscam + 2Cpcam + 2Cppam + 3Cream

Water sample cytotoxicity after disinfection was investigated.
The aggregate cytotoxicity was calculated as was done in previ-
ous research (Cuthbertson et al., 2019, 2020; Krasner et al., 2016;
Plewa et al., 2017) and with Eq. (5) where the DBP concentrations
were divided by their published cytotoxicity concentrations (LCsg
cytotoxicity values) with the assumption that toxicities are addi-
tive. The LCsq cytotoxicity values are the DBP concentrations that
are associated with a 50% reduction in Chinese hamster ovary cell
growth after 72 h of exposure (Table S3) (Plewa et al., 2002, 2008,
2010; Plewa and Wagner., 2009).

n

) CDBP
Calculated toxicitypgps = Z == (5)
— LC50i

i=

(2)

tributable to CAA. The difference in CAA concentration is reflec-
tive of the overall difference in HAA concentrations, where forma-
tion in FBW (30-52 nM) was less than SSW (68-167 nM). This
is likely due to lower DOC concentrations in FBW (1.9 compared
to 3.1 mgC/L, Table S1). Another reason may be that SSW con-
tained more reactive HAA precursors than FBW (Du et al., 2017;
McCormick et al,, 2010). In FBW, BCAA was the dominant HAA
species within 60 min, but decreased with increasing contact time.
HAA may hydrolyze but hydrolysis kinetics are much slower than
other DBPs (Wang et al., 2018). However, there was a negative lin-
ear correlation between Br-THMs and BCAA in FBW (R? = 0.92, p
< 0.05, Fig. S1) indicating that BCAA further reacted with HOBr
to form corresponding Br-THMs. Previous research has also de-
termined that HAAs can decompose to THMs (Wang et al., 2019;
Zhang and Minear, 2002).

3.1.2. Nitrogenous DBPs

As shown in Fig. 1c, HANs were rapidly generated within the
first 10 min and subsequently increased gradually with disinfection
time which is attributed to the increased levels of bromo-HANs
(Br-HANs). HANs reached their maximum yields at 120 min in FBW
and SSW which were 31 and 36 nM, respectively. Among the seven
HANSs, four HANSs (e.g., CAN, DCAN, BCAN and DBAN) were detected
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Fig. 1. Effect of disinfectant contact time in FBW or SSW (illustrated as left or right sides of dashed lines) on (a) THM, (b) HAA, (c) HAN, and (d) HAM formation. Experimental
conditions: [NaOCl] = 20 mg-Cl,/L, pH = 7, T = 25+1 °C. Error bars represent one standard deviation of experimental replicates (n = 3).

in FBW and SSW. Br-HANs were the primary HANs in SSW and ac-
counted for 53-66% of the total HAN formation, which contrasted
with the formation of HAAs. This result indicated that Br-HANs
were generated with increased disinfection times. Br-HANs, espe-
cially DBAN, are the most cyto- and genotoxic HANs for which data
are available (Wagner and Plewa, 2017). Fig. 1d shows that the to-
tal yields of HAMs in FBW and SSW also demonstrated an increas-
ing trend over time which indicated that longer disinfection times
enhanced HAM formation. Chloro-HAMs were the main HAM dur-
ing chlorination. The maximum yields of HAMs in FBW and SSW
were observed at 120 min and eventually reached 41 nM and 46
nM, respectively.

In general, total DBP concentrations and calculated toxicities
showed a similar trend which increased over time (Figs. S2a and
S2c). Although THMs and HAAs predominated among the mea-
sured DBP classes at all disinfection times, the calculated toxicities
of THMs and HAAs accounted for less than 4% of the total calcu-
lated DBPs toxicity due to their low toxic potency (Plewa et al.,
2017). Others have also recently shown that THMs are unlikely
to be the drivers of toxicity in disinfected samples (Chuang and
Mitch, 2017; Li and Mitch, 2018). At low oxidant exposures (Cxt,
mg-min/L), HAMs are the main DBP that contributed to the calcu-
lated toxicity but did not increase over time. The increase in total
calculated toxicity is attributed to the increase of HAN formation.
HANs constituted 30-53% and 42-66% of the total calculated toxi-
city, respectively, during FBW and SSW disinfection, and the group
toxicity was dominated by DBAN. Therefore, contact times between
disinfectant and water should be minimized to reduce DBP forma-
tion and associated toxicity.

3.2. Effects of disinfectant dose and type on the DBP formation

3.2.1. Carbonaceous DBPs

The formation of THMs and HAAs in FBW and SSW with 120
min disinfection times at different chlorine and chloramine doses
are shown in Fig. 2a and b. The THM yields in both water samples
exhibited gradually increasing trends as the chlorine or chloramine

doses increased from 5 mg-Cl,/L to 20 mg-Cl,/L. THM concentra-
tions in SSW during chlorination were higher than those in FBW
due to the high DOC and bromide concentrations in SSW. The max-
imum yields of THMs in FBW and SSW during chlorination reached
646 nM and 958 nM, respectively, at the highest chlorine dose (20
mg-Cl,/L). Compared with the chlorination process, THM concen-
trations in FBW and SSW at a 20 mg-Cl,/L dose of chloramine de-
creased by 21% and 50% to 509 nM and 575 nM, respectively. This
result showed that THM formation can be effectively controlled by
reducing disinfectant dose or by using chloramine as the disinfec-
tant instead of chlorine.

HAA formation was not affected by chlorine dose which was
different from THM formation (Fig. 2b). The DCAA and BCAA for-
mations rose continuously with chlorine dose whereas CAA for-
mation had an opposite trend. The reason may be that halogen
atoms (Cl and Br) further substituted in the presence of high
chlorine doses, so that CAA progressed to form DCAA and BCAA
(Wang et al., 2019). In SSW, HAA concentrations decreased by 40—
68% during chloramination compared to chlorination, which is at-
tributed to the reduced concentration of CAA. HAA yields were
higher at the highest chloramine dose (NH,Cl concentration = 20
mg-Cl, /L) than at other doses.

3.2.2. Nitrogenous DBPs

Fig. 2c and d show HANs and HAM formations in FBW and
SSW at different chlorine and chloramine doses. The HANs in
FBW remained at 31.9 nM to 32.9 nM, respectively, which indi-
cated that the chlorine dose only slightly affected HAN formation.
However, HAN yields decreased with increasing chlorine doses
in SSW, likely because HANs were hydrolyzed to HAMs or other
DBPs (Huang et al., 2012). Previous studies have also reported
that HAN degradation rates increased with chlorine concentrations
(Chu et al., 2009; Reckhow et al., 2001). As the chloramine dose in-
creased, HAN concentrations reached their maxima at the highest
chloramine doses for both water samples. FBW and SSW exhibited
the same HAM formation trend during disinfection (Fig. 2d). HAM
yields in both water samples decreased as the chlorine dose in-
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creased, which was consistent with the formation of HANs in SSW
at different chlorine doses. However, there was an opposite trend
of HAM formation during chloramination of both water samples
when compared to chlorination, indicating that high chloramine
doses favored HAN and HAM formations, consistent with a pre-
vious publication (Hong et al., 2013). As shown in Fig. 2c and d,
the HAN and HAM concentrations produced by chloramination of
FBW and SSW at the highest dose (20 mg-Cl,/L) exceeded those
produced by chlorination. Therefore, DIWTPs should focus DBP mit-
igation efforts on HAN and HAM formation when chloramines are
applied to the return flows.

As shown in Fig. S3, the calculated toxicity decreased steadily
with increasing chlorine doses which is attributed to the decreased
HAN and HAM concentrations. Thus, there may be an opportu-
nity to reduce toxicity by increasing chlorine dose and destroy-
ing some more toxic DBPs. This does not however take into ac-
count non-detected (i.e., unknown) DBPs, for which the contribu-
tion to total toxicity is likewise unknown, but may be substantial
(McKenna et al., 2020; Stalter et al., 2020). In both samples and
at the highest chlorine/chloramine dose, calculated toxicities with
chloramination exceeded those at the highest chlorine dose. Thus,
minimizing chloramine dose or use of free chlorine may be prefer-
ential to control DBP formation in situation with recycling of SSW
and FBW.

3.3. Effects of pH on DBP formation during chlorination

3.3.1. Carbonaceous DBPs

The formation of THMs and HAAs in FBW and SSW at vary-
ing pH are shown in Fig. 3a and b. The THM and HAA yields in
FBW and SSW gradually increased as the pH increased from 6 to
8. This is because THM and HAA formation by base-catalyzed hy-
drolysis prevails under alkaline conditions (Liang and Singer, 2003).
During SSW chlorination, the maximum THM and HAA formation
were higher than those of FBW, and reached 1,072 nM and 198 nM,
respectively at pH 8. Among four THMs and nine HAAs, TCM and

CAA were affected the most by pH. Moreover, BDCM and DBAM
yields also increased with increasing pH and these results agree
with previous studies which showed that alkaline environments fa-
vor formation of THMs and HAAs (Fang et al., 2019).

3.3.2. Nitrogenous DBPs

HANSs exhibited a trend that was opposite to THMs and HAAs,
such that HANs were produced to a greater extent at acidic and
neutral conditions compared to alkaline conditions (Fig. 3c). These
results are consistent with previous studies showing that HAN hy-
drolysis increases with pH (Reckhow et al, 2001; Yu and Reck-
how, 2015). Previous studies have also determined that HAN yields
reached peaks at pH 7 for some model precursors (Fang et al.,
2019).

HAM formation steadily decreased from 57 nM to 14 nM in
FBW, and from 61 nM to 34 nM in SSW, as the pH increased
from 6 to 8. Both HAMs and HANs hydrolyze under alkaline con-
ditions, eventually to the corresponding HAAs. Although hydrolysis
of HANs to HAMs should increase measured HAM concentrations
(Ding et al., 2018; Huang et al., 2013; Yu and Reckhow, 2017), it
is likely that the corresponding HAM hydrolyzed to HAAs before
measurement and instead account for some formation of measured
HAAs.

Hydrolysis of HAMs and HANs to HAAs is notable because
nitrogenous DBPs are generally more toxic than carbonaceous
(Wagner and Plewa, 2017). In Fig. S4 we show the calculated toxic-
ities after chlorination of both water samples versus pH. Total DBP
formation increased with increasing pH but calculated DBP toxic-
ity deceased steadily due to minimization of HAN and HAMs. The
unadjusted pH of the FBW and SSW samples was 7.5 and 7.7 (Ta-
ble S1), however, FBW and SSW are typically recycled to the head
of the plant and thus are subject to chlorination at the pH of the
finished water. Thus, pH at the point of chlorination and in the
distribution system should be monitored and adjusted to increase
hydrolysis of HAMs and HANs. Again, this is based on the toxicity
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of the measured DBPs, which does not encompass all potentially
toxic organic matter in the chlorinated samples.

3.4. Effect of bromide on the DBP formation during chlorination

3.4.1. Carbonaceous DBPs

As shown in Fig. 4a, THM formation decreased at bromide addi-
tions between 0 mg/L and 0.8 mg/L, followed by an increase with

addition of 1 mg/L bromide. THM formation tended to decrease
with increasing dose due to the decrease of TCM and BDCM for-
mation. As bromide levels increased, DBCM formation also grad-
ually increased from 56 nM to 95 nM and from 9 nM to 44 nM
in FBW and SSW, respectively. TBM formation increased at greater
doses of bromide, from 86 nM to 174 nM and from 30 nM to 103
nM, for FBW and SSW, respectively. However, the sum of the in-
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crease of DBCM and TBM was lower than the losses of TCM and
BDCM indicating that the increase in more brominated THMs was
due partially to oxidation of additional organic matter rather than
further oxidation of lesser brominated THMs. BIF values for THMs
in both water sources also continuously increased (Fig. 5a).

HAA formation during chlorination of both water samples at
different bromide doses increased with bromide concentrations
due mostly to increased CAA formation. DCAA, BCAA, CDBAA and
TBAA also slightly increased with bromide concentrations. With in-
creasing bromide, BIF was modestly increased, to much less of an
extent than for THMs, illustrating that THMs are more subject to
bromine substitution than HAAs.

3.4.2. Nitrogenous DBPs

The total HAN formation during chlorination of FBW and SSW
remained relatively stable with increasing bromide doses (from
26 nM to 33 nM in FBW and from 32 nM to 39 nM in SSW
(Fig. 4c)). DCAN formation was decreased to the greatest extent
at higher bromide doses (decreased in FBW and SSW from 14 nM
to 7 nM and from 10 nM to 6 nM, respectively) but was offset
by the formation of DBAN. DBAN formation increased from 5 nM
to 9 nM and from 11 nM to 25 nM, respectively. A total bromide
(spiked plus background) concentration of 0.4 mg/L was the inflec-
tion point where Br-HANs began to dominate the HAN pool over
chloro-HANs.

Similar to the formation of HAAs, HAM formation increased
with bromide, although a plateauing was apparent at bromide con-
centrations above 0.65 mg/L (FBW) and 1.22 mg/L (SSW). The rea-
son for this plateauing is not clear but the maximum formations
of HAMs in FBW and SSW were found at the highest bromide dose
and reached 76 nM and 73 nM, respectively.

The BIF values of HANs for both water samples all rose no-
ticeably with increasing bromide concentrations and exhibited the
greatest BIF values among the four measured DBPs (Fig. 5). The
greater incorporation of bromide into HANs is consistent with pub-
lished literature (Fang et al., 2019). HAM BIF did not increase with
increasing bromide dose.

Total DBP concentrations and calculated toxicities from the
chlorination of both water samples at varying bromide dose are
shown in Fig. S5. THM concentrations were much greater than any
other group of DBP. However, increasing calculated toxicity as a
function of bromide dose is attributable to increasing formation of
DBAN and CAM rather than THMs. HANs accounted for 3.2-4.7%
of the total DBPs but contributed 54-68% of the calculated toxic-
ity. Therefore, strategies for bromide removal from FBW and SSW
should be considered to reduce DBP formation, especially bromo-
DBPs, during FBW and SSW recycling.

4. Conclusion

This study investigated the formation of THMs, HAAs, HANs and
HAMs during disinfection of FBW and SSW and specific conclu-
sions are as follows:

(1) When pH, disinfectant concentration, and bromide concentra-
tions were held constant, nearly all detected DBP concentra-
tions increased with increasing contact time. Calculated toxicity
also tended to increase with increasing chlorine contact time.
Reducing chlorine dose reduced THM formation but promoted
HAN and HAM formation, resulting in increased calculated tox-
icity. For chloramination of FBW and SSW, formation of N-DBPs
was greatest at the highest applied chloramine dose.

Alkaline pH effectively controlled N-DBP formation but in-
creased C-DBP formation likely due to hydrolysis of the N-DBPs.
Hydrolysis of the more toxic N-DBPs reduced calculated toxic-
ity.

BIFs for THMs and HANs increased with increasing bromide
concentration, but were relatively constant for HAAs and HAMs.
Increasing bromide concentrations caused an increased in cal-
culated toxicity due mostly to the formation of DBAN.
Reducing disinfection contact time, increasing chlorine dose or
decreasing chloramine dose, and removing bromide from FBW
and SSW are effective strategies for reducing DBP formation
and the calculated toxicity of THMs, HANs, HAAs, and HAMs
during FBW and SSW recycling.

Hydrolysis of DBPs via pH control may be an effective strategy
in reducing risk to consumers
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