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Haloacetonitriles (HANs) and haloacetamides (HAMs) are nitrogenous disinfection byproducts that are
present in filter backwash water (FBW) and sedimentation sludge water (SSW). In many cases FBW and
SSW are recycled to the head of drinking water treatment plants. HAN and HAM concentrations in FBW
and SSW, without additional oxidants, ranged from 6.8 to 11.6 nM and 2.9 to 3.6 nM of three HANs and
four HAMs, respectively. Upon oxidant addition to FBW and SSW under formation potential conditions,
concentrations for six HANs and six HAMs ranged from 92.2 to 190.4 nM and 42.2 to 95.5 nM, respec-
tively. Therefore, at common FBW and SSW recycle rates (2 to 10% of treated water flows), the precursor
levels in these recycle waters should not be ignored because they are comparable to levels present in
finished water. Brominated HAN and chlorinated HAM were the dominant species in FBW and SSW, re-
spectively. The lowest molecular weight ultrafiltration fraction (< 3 kDa) contributed the most to HAN
and HAM formations. The hydrophilic (HPI) organic fraction contributed the greatest to HAN precursors in
sand-FBW and SSW and were the most reactive HAM precursors in both sand- or carbon-FBWs. Fluores-
cence revealed that aromatic protein-like compounds were dominant HAN and HAM precursors. There-
fore, strategies that remove low molecular weight hydrophilic organic matter and aromatic protein-like

compounds will minimize HAN and HAM formations in recycled FBW and SSW.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Coagulation, sedimentation, and filtration are the primary unit
operations to remove dissolved organic matter in drinking water
treatment plants (DWTPs). Large volumes of filter backwash water
(FBW) and sedimentation sludge water (SSW) are produced dur-
ing water treatment, accounting for approximately 2-10% of total
water flow in DWTPs (Shafiquzzaman et al., 2018; Walsh et al,,
2008). Suspended solids, natural organic matter (NOM), disinfec-
tion byproduct (DBP) precursors, bacteria, and inorganic metals
(e.g., Fe, Mn, and Al) are present in abundance in FBW and SSW
(Chen et al., 2015; Mccormick et al., 2010). Recycling of partially-
treated FBW or supernatant from SSW treatment is common at
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DWTPs to maximize efficiency. In China, FBW and SSW are usu-
ally treated only via thickener-induced precipitation prior to dis-
charging the supernatant to surface waters, impacting receiving
ecosystems. In response to economic development concerns stem-
ming from adverse impacts of surface water discharges, new stan-
dards for FBW and SSW discharge were recently issued in China.
Therefore, FBW and SSW recycling has attracted considerable in-
terest not only to reduce receiving-water pollution but also to im-
prove net water production rates within DWTPs (Bourgeois et al.,
2004). In the USA, FBW and SSW are typically pumped to inter-
mittent storage tanks, where much of the solids precipitate, be-
fore being recycled and blended with incoming raw water at the
head of the DWTPs (Tobiason et al., 2003). Recent work showed
that recycling sludge supernatant containing polymer residuals
and preformed DBPs contributes to one specific DBP class (ni-
trosamines) that eventually impacts DBPs in treated drinking water
(Westerhoff et al., 2019). While characteristics of natural organic
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matter (NOM) that serve as precursors for unregulated DBPs have
been well studied in source water (Ersan et al., 2019; Krasner et al.,
2013), little is known about the nature of organic material (unreg-
ulated DBPs or DBP precursors) in FBW or SSW that are recycled
to the head of DWTPs (Mccormick et al., 2010; Tan et al., 2017).

All disinfectants react with NOM in water to form DBPs,
some of which are potential or known human carcinogens
(Ackerson et al., 2018; An et al., 2019; Plewa et al., 2002, 2009).
More than 600 DBPs have been identified in water, including tri-
halomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles
(HANs), and haloacetamides (HAMs) (Chen et al., 2010; Plewa et al.,
2008a; Richardson et al., 2007, 2011; Vu et al., 2018). HANs and
HAMs are nitrogenous DBPs with substantially greater cytotoxic-
ity and genotoxicity than THMs and HAAs (Karanfil et al., 2008;
Muellner et al., 2007; Plewa et al.,, 2008b). HANs and HAMs are
typically present at lower concentrations than THMs and HAAs, but
they still contribute, in many cases, the greatest to overall toxic-
ity of a treated water sample (Y.H. Chuang et al,, 2019; Dad et al,,
2018; Komaki et al., 2014; Plewa et al, 2010; Wagner et al.,
2017). HANs and other emerging DBPs are predicted to exert
the majority of the DBP-related toxicity risk in drinking water
(Cuthbertson et al., 2019; Kimura et al., 2019; Krasner et al., 2016).
HANs and HAMs (primarily dichloroacetonitrile (DCAN) and 2,2-
dichloroacetamide (DCAM)) have been frequently detected in raw,
drinking, and reuse water sources (Liew et al., 2012; Krasner et al.,
2006). For instance, six HAM species were detected in drinking wa-
ter in Japan (Kosaka et al., 2016), three HAM species were detected
in drinking water in England (Bond et al., 2015), four HAN and
HAM species were detected in reuse water in the US. (Zeng et al.,
2016), and four HAN and HAM species were detected in drinking
water in China (Huang et al., 2017). Because of their high toxic-
ity and occurrence, strategies to control HAN and HAM formations
relative to other DBPs are emerging as an important research area
(Krasner et al., 2006; McKenna et al., 2020).

Removing HAN and HAM precursors before disinfection is more
practical than removing the associated DBPs after formation be-
cause they are nonvolatile, rendering practical methods such as
air stripping ineffective (Hanigan et al., 2012; Jiang et al., 2017).
NOM is composed of a complex mixture of heterogenous or-
ganic compounds, which act as DBP precursors (Krasner et al.,
2018; Yang et al., 2012). The organic composition and the chem-
ical structure of NOM in-plant recycled water are more complex
and at higher concentration than in raw and treated drinking wa-
ter (Krasner et al., 2009). Studies have shown that recycled FBW
and SSW water increases formation of selected DBPs, although the
number of studies is few, and there are even fewer studies of the
recycled precursors (Hou et al., 2016; Tan et al., 2017). Therefore,
to control DBP formation during in-plant recycling in DWTPs, it is
necessary to better understand the physicochemical properties of
NOM in reuse water.

Molecular weight (MW) distribution and hydrophilicity of
NOM are common tools used to characterize DBP precursors
(Finkbeiner et al., 2020; Wang et al., 2013; Xu et al.,, 2007). Low
MW compounds (<3 kDa) often disproportionately contribute to
DBP formation (An et al., 2017, 2019; Hua et al.,, 2007). Synthetic
resins (e.g., XAD® -4 and XAD®—8) are used to fractionate NOM
into hydrophilic (HPI), transphilic (TPI), and hydrophobic (HPO)
fractions (Fabris et al., 2008; Golea et al.,, 2017; Hanigan et al.,
2013). In the USA, Australian, Norwegian, UK, and Japan, HPO frac-
tion was the most dominant part of NOM in the source water
(Fabris et al., 2008; Finkbeiner et al., 2020; Golea et al., 2017;
Hanigan et al., 2013; Hua et al, 2007; Phetrak et al., 2016). In
China, Canada, and Turkey, HPI fraction was the dominant NOM
in source water (Chu et al., 2010; Hu et al., 2016; Karapinar et al.,
2014; Lamsal et al., 2012; Xu et al., 2007; Wang et al., 2013). The
characteristics of DOM fractions may be due to industrial contam-

inants, DOM origins, catchment geochemistry, rainfall and other
factors. Croué et al. (2000) showed that the HPO fraction provided
the most reactive THM and HAA precursors at least for the stud-
ied water source. Chu et al. (2010) found that HPI organic material
had the highest DCAM reactivity in a major DWTP source water of
China. These results indicate that different water sources and dif-
ferent NOM fractions contain varying DBP precursors.

The goal of this research was to characterize and quantify HAN
and HAM precursors in FBW and SSW recycled water from two
DWTPs. HAN and HAM precursors were characterized using MW
and hydrophilicity fractionation plus fluorescence spectral analy-
sis to relate DBP formation to NOM reactivity. Potential treatment
methods are also discussed to lessen the DBP impact from FBW
and SSW recycling.

2. Materials and methods
2.1. Water sample collection

Water samples were collected from two DWTPs (i.e., DWTP-A
and DWTP-B) in Shanghai, China. Water samples were collected in
pre-cleaned 5 L glass bottles, and residual chlorine was quenched
by immediately adding sodium thiosulfate. All samples were stored
at 4 °C in ice boxes after being filtered by a 0.45 nm glass fiber fil-
ter. Additional details on water sources and sampling are provided
in Supplemental Information.

2.2. Chemical reagents

Pure DBP standards in solvents included HANs (chloroacetoni-
trile (CAN), bromoacetonitrile (BAN), dichloroacetonitrile (DCAN),
bromochloroacetonitrile (BCAN), trichloroacetonitrile (TCAN), di-
bromoacetonitrile (DBAN), and iodoacetonitrile (IAN)) and HAMs
(2-chloroacetamide (CAM), 2-bromoacetamide (BAM), dichloroac-
etamide (DCAM), bromochloroacetamide (BCAM), trichloroac-
etamide (TCAM) and dibromoacetamide (DBAM)), which were pur-
chased from Dr. Ehrenstorfer (Augsburg, Germany). High perfor-
mance liquid chromatography (HPLC) grade methyl tert-butyl ether
(MTBE) and anhydrous sodium sulfate (Na;SOy4, analytical research
grade, 99%) were supplied by Sigma Aldrich (St. Louis, MO, USA).
Ultrapure water was prepared using a Gradient A10 ultrapure wa-
ter system (Milli-Q®, Millipore Corporation, Bedford, MA, USA).
Other reagents (analytical grade) were purchased from Sigma
Aldrich.

2.3. Chlorination of water samples

HAN and HAM formation potential (FP) tests were performed
according to the methods detailed in Krasner et al. (2006). Briefly,
water samples were chlorinated at 25 °C for 72 h in the dark at pH
7 (20 mM phosphate buffer solution). Chlorine dose for the DBP
FP tests was calculated by Eq. (1). Residual chlorine was quenched
using excess sodium thiosulfate. Samples were then analyzed for
HANs and HAMs. HAN and HAM FPs in different water samples
were calculated according to Eqs. (2) and (3).

Cl,dose(mg/L) = 3 x DOC(mgC/L) + 7.6 x NH3(mgN/L) + 10
(1)

Ceuan rpy = C(nany (after chlorination) — Cyany (before chlorination)

(2)

Citiam Fpy = C(ram (after chlorination) — Cyanmy (before chlorination)

(3)
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2.4. Fractionation and characterization of HAN and HAM precursors

2.4.1. MW fractionation

Water samples were fractionated into nominal MW fractions
of < 3, < 10, and < 100 kDa fractions by a MinimateTM II tan-
gential flow filtration (TFF) system (Pall Corporation, USA) us-
ing Ultracel®-PL ultrafiltration (UF) membranes (Millipore Sigma,
USA). Measurements were performed on both fractionated and
raw water samples to conduct mass balances (additional informa-
tion provided in Supplemental Information). DOC concentrations in
fractionated water samples and different MW fractions are shown
in Table S1 and S2. The concentrations in MW fractions were ob-
tained either directly (e.g., < 3 kDa) or by subtraction (e.g., con-
centration in 3 to 10 kDa fraction equal to that measured in the <
10 kDa filtrate minus the concentration in the < 3 kDa filtrate).

2.4.2. Hydrophilicity fractionation

XAD®_—4 and XAD®—8 nonionic resins (AmberLiteTM, DuPont,
Inc., USA) were used to fractionate water samples into XAD® —4
and XAD®-8 components. The concentrations of the HPI, TPI,
and HPO fractions were obtained by subtraction from the non-
fractionated samples (additional information provided in Supple-
mental Information).

2.4.3. EEM spectral analysis

Fluorescence excitation-emission matrix (EEM) spectra were
measured using a fluorescence spectrophotometer (Cary Eclipse,
Agilent Technologies, USA). The excitation wavelength (Agy) was
varied from 200 to 500 nm, and emission (Agy,) was varied from
250 to 600 nm, each in 10 nm increments. Slit widths of the exci-
tation and emission monochromators were set at 5 nm, and scan
speed was set to 1200 nm/min.

Using a analytical approach termed fluorescence regional inte-
gration (FRI), the EEM spectra were divided into five regions rep-
resenting specific organic matter components Chen et al., 2003):
region I (representing aromatic protein-like compounds such as
tyrosine, Agy < 250 nm, Agy < 330 nm); region II (represent-
ing aromatic protein-like compounds such as tryptophan, Agx <
250 nm, Ag, < 380 nm); region III (representing fulvic acid-like
compounds, Agx <250 nm, Agy, > 380 nm); region IV (repre-
senting soluble microbial products including tryptophan-like and
biologically-related tyrosine-like compounds, Agy > 250 nm, Agy <
380 nm); and region V (representing humic acid-like compounds,
Agx > 250 nm, Agy, > 380 nm). The integral volume (®;) of a spe-
cific fluorescent region was calculated and normalized to the vol-
ume of the full EEM, resulting in an integrated standard volume
(®;,) of the specific fluorescent region. Relevant calculations are
given by Egs. (4)-((7).

q)i = f f [()\-ex)\-em)d)\.exd)\,em’ (4)
exem

®; , = MF;®;, (5)

q)T,n = Z (D,‘,n, (6)

P, = ®; /P x 100%, )

Where I(AexAem) is fluorescence intensity (au) at each
excitation-emission wavelength pair, ®1, is total fluorescence area
integrated to produce a volume (au-nm?), MF; is a multiplication
factor equal to the ratio of total integrated area to the ith inte-
grated fluorescence area, and P;, is proportion of the ith integrated
volume to the total integrated standard volume of the fluorescence
area (%).

2.5. Analytical methods

Seven HANs and six HAMs were analyzed by liquid-liquid ex-
traction (LLE) and gas chromatography (GC, 7890B, Agilent Tech-
nologies, USA) equipped with a 30 m x 0.25 mm x 0.25 pm DB-
1701 column (J&W Scientific, USA) and an electron capture detec-
tor (ECD, Agilent Technologies, USA). HAN and HAM quantification
methods are described in Supplemental Information.

Dissolved organic carbon (DOC) and dissolved nitrogen (DN)
of filtered solutions were measured by a total organic carbon
(TOC) analyzer (Multi N/C 2100, Analytik Jena AG, Germany). Dis-
solved organic nitrogen (DON) was calculated by subtracting ni-
trate, nitrite, and ammonia concentrations from the DN concen-
tration (APHA, 2005). Free and total chlorine concentrations were
measured by the N,N-diethyl-p-phenylenediamine (DPD) powder
pillow photometric method (APHA, 2005). Bromide incorporation
factors (BIFs, the fractional extent of bromination of the methyl
group) for HAN and HAM were calculated as shown in Supplemen-
tal Information. The experimental process for MW and hydrophilic-
ity fractionations and analyses were conducted in triplicate.

3. Results and discussion
3.1. Water quality

Table 1 shows the water quality characteristics for FBW and
SSW from the two DWTPs. Both plants use sand filters and gener-
ate sand-filter backwash water (sand-FBW). Additionally, DWTP-B
also has a granular activated carbon filter that generates carbon-
filter backwash water (carbon-FBW). SSW contained 2.7-5.8 mg-
DOC/L and 0.28-0.46 mgDON/L. These concentrations were higher
than the DOC and DON in FBW (Table 1). Aromaticity, as measured
by SUVA, was greater in the FBW than the SSW. Bromide was up to
4x higher in the SSW than the FBW. Collectively, the higher organic
matter and bromide in SSW samples suggests they have greater
potential to form DBPs compared with FBW samples.

3.2. HAN, HAM, and precursor concentrations

3.2.1. HANs and HAMs

Fig. 1 shows preformed HAN and HAM in FBW and SSW. Total
HANs were greater in FBW (6.8-11.6 nM) than SSW (2.9-3.6 nM).
Among the seven HANs, BCAN was the most prevalent, at 3.6-
4.1 nM and 2.9-3.6 nM in FBW and SSW, respectively.

Finished water containing free chlorine is used to backwash
the sand and carbon filters. Therefore, HANs in the FBW form in
the finished water before backwashing and also react with organic
matter in filters (Fig. S3a). HAN concentrations and speciation in
sand- and carbon-FBWs were different than the finished water, in-
dicating that HANs were primarily generated by reactions between
the residual disinfectant with organic matter in the filter, while a
small fraction (15%-18%) was from the finished water (Fig. S3c).

Total HAMs were 5.3-10.5 nM and 2.3-9.9 nM in FBW and SSW,
respectively. Among the six HAMs, DCAM was present at the high-
est concentration across all samples and both treatment plants,
which is consistent with another study of HAMs in recycled water
from 12 DWTPs in Japan (Kosaka et al., 2016). Other HAM species
(i.e., CAM, BAM, and BCAM) were present only at very low con-
centrations. HAM concentrations in sand- and carbon-FBWs were
higher than in SSW, which were similar to concentrations in raw
water (Fig. S3 (b)). Notably, the concentrations of the few DBPs
present in the raw water were somewhat greater than the fin-
ished waters (Fig. S3), suggesting that the source waters are pol-
luted at low levels with chlorinated and brominated organic mat-
ter, and that the treatment plants removed at least some of these
compounds.
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Table 1
Water quality characteristics. Error represents the standard deviation of triplicates.
DWTP-A DWTP-B
Parameters
Sand-FBW  SSW Sand-FBW  SSW Carbon-FBW
Ph 7.7 £ 0.0 7.8 £ 0.0 7.6 £ 0.0 7.8 £ 0.0 7.6 £0.1
Turbidity (NTU) 6.9 + 0.2 17.7 £ 0.3 6.0 £0.2 232+ 1.7 8.1+04
DOC (mgC/L) 17402 27+02 23+00 5800 2.7 +0.1
UVys4 (cm~1) 0.04+0.00 0.05+0.00 0.04+0.00 0.06+0.00 0.06+0.00
SUVA (L/mg-m) 21+£05 2.0+ 0.1 1.6 £ 0.1 1.1 £ 0.1 2.1 +02
DON (mgN/L) 0.20+0.01 0.28+0.01 0.224+0.02 0.46+0.03 0.21+0.02
Br- (ng/L) 21442 88546 11444 16042 10544
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Fig. 1. (a) HAN and (b) HAM concentrations in FBW and SSW. Error bars represent one standard deviation (n = 3).
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Fig. 2. Precursors of (a) HANs and (b) HAMs in FBW and SSW. Error bars represent one standard deviation (n = 3).

3.2.2. HAN and HAM precursors

Fig. 2a and 2b show HAN and HAM formation potentials in

FBW and SSW, which are higher in SSW than sand- or carbon-
FBWs. This is likely due to more DOM being present in SSW than
in FBW, and there was a linear correlation between HAN FP and
DON (R? = 0.92, p < 0.05, DWTP-A; RZ = 0.99, p < 0.05, DWTP-

B) when data were aggregated from raw water, SSW and FBW
(Fig. 3a and 3b). This indicates that NOM, particularly DON, were
the major sources of HAN and HAM precursors. Fig. 3c shows that
HAN FP strongly correlated with HAM FP (RZ = 0.94, p < 0.05),
suggesting that both of these N-DBPs may originate from a com-
mon precursor pool. Another reason may have been the hydrolysis
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of HANs to HAMs (Huang et al., 2012). Among the seven HANS,
only iodoacetonitrile (IAN) was not detected after chlorination, and
DBAN formed to the greatest extent in all samples except for
carbon-FBW. HAN formation can be influenced by bromide con-
centration because hypobromous acid (HOBr) preferentially sub-
stitutes the halogen atom more than HOCI (Allard et al., 2015;
Westerhoff et al., 2004). DBAN is one of the most cyto- and geno-
toxic HANs for which data are available (Wagner et al., 2017) and
DBAN (38.9-101.2 nM) was formed during FP tests, but not formed
at detectable levels in the treatment plant from reactions with
residual disinfectant. This may be attributable to the much lower
concentrations formed in the plant, where DBAN may have formed,
but at levels that were below the detection limit. As expected,
bromide incorporation factors (BIFs) of HANs and HAMs increased
with increasing bromide concentrations, although a similar trend
was not observed for HANs (Fig. 3d). SSW formed more HANs than
FBW, which could be associated with the bromo-haloacetonitriles
(Br-HANs) production. In SSW, Br-HANs were 73-147 nM, which
was higher than FBW (27-79 nM).

Total HAM FP ranged from 56.4 to 62.9 nM and 73.6 to 95.5 nM
in FBW and SSW, respectively (Fig. 2b). CI-HAM FPs were higher
than Br-HAM FPs in FBW and SSW, despite a strong relationship
between Br— and HAM FP. This is similar to the findings reported

by Chu et al. (2013) in Lake Tai water (China), where the Cl-HAM
was the main HAM during chlorination.

3.3. Fractionation and characterization of HAN and HAM precursors

3.3.1. MW distribution

Low MW (< 3 kDa) organic material was the primary DOM in
nearly all samples, regardless of treatment plant or unit process.
The DOC in this fraction accounted for > 40% of the total DOC
(Fig. 4a and b). In SSW collected from DWTP-B, the > 100 kDa
fraction also contributed 42% of the total DOC.

Fig. 4 also shows HAN and HAM FPs from the fractionated DOM.
The fraction with MW < 3 kDa contributed the greatest amount of
HAN and HAM precursors in all samples, accounting for 47-75%
and 58-78% of the nonfractionated FPs, which indicates that low
MW organic matter was the primary HAN and HAM precursor. This
finding agrees with previous results by Huang et al. (2016), who
found the low MW compounds had the greatest DCAM yields, ac-
counting for more than 54% of the FP. The low MW fraction (<
3 kDa) also had the greatest Br-HAN and Br-HAM FPs in all sam-
ples, accounting for 61-79% and 66-87% of total Br-HAN and Br-
HAM formation, respectively. Because the MW fractionation had
little impact on the bromide concentration (Table S3), the < 3 kDa
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fraction had a greater bromide to DOC ratio, which likely influ-

enced formation of Br-DBPs.

3.3.2. Hydrophobic and hydrophilic distributions
Figs. 5a and 5b show that the HPI fraction accounted for more
than 54% of total DOM in all samples except carbon-FBW. Carbon-

FBW contained more HPO components (52%), potentially due to
the enriched microorganisms in carbon filter that produced HPO
soluble microbial products (Zheng et al., 2018), which were subse-
quently washed into the FBW.

The highest HAN concentrations formed from the HPI fraction
in sand-FBW and SSW. More than 57% of total HAN formation
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was attributable to the HPI fraction, indicating that HPI organics
were the primary HAN precursors in sand-FBW and SSW. On a
DOM-normalized basis, HPI organic matter from the sand-FBW and
SSW in DWTP-A formed 53.8 and 58.1 nmolHAN/mgC, respectively,
compared with 338 and 108 nmolHAN/mgC formed from the re-

CAM BAM DCAM BCAM TCAM DBAM
HAM species

Continued

spective HPO fractions (Fig. S4a). This suggests that the HPO frac-
tion is more reactive in forming HANs. The opposite result was
found in DWTP-B (i.e., the HPI fraction was more reactive). In the
carbon-FBW, HPI and HPO fractions formed almost the same HAN
after chlorination, which was opposite to the observed trend for
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DOC. Br-HANs were primarily produced by HPI organic matter, sug-
gesting that HPI organic matter contained more aliphatic organic
matter and was more reactive with HOBr than HOCI in forming
Br-HANs (Hua et al,, 2007). Alternatively, the greater reactivity of
the HPI fraction in forming Br-DBPs may be at least partially at-
tributable to the fractionation technique, where Br~ is not present
in the HPO fraction.

For HAM FPs, the HPI fraction had the most HAM precursors,
more than 49% for the sand- and carbon-FBWs. The HPO fraction
in SSW contained 51% of the HAM precursors. Other fractions rep-
resented < 49%. These two opposing results indicate that HPI or-
ganic matter was the primary source of HAM precursor in sand-
and carbon-FBWs and, conversely, that HPO organic matter domi-
nated the HAM precursor pool in SSW. The results of DOM normal-
ization showed that the HPO fraction was more reactive in form-
ing HAMs in DWTP-A (Fig. S4b). Higher Br-HAM FPs in the HPO
fraction indicated that some HPO organic matter was more easily
oxidized to HAMs than HANs by HOBT.

3.3.3. EEM spectra
Area volumes (®; ) from the EEM spectra are shown in Fig. 6.
The corresponding EEM fluorescence spectra is provided in Fig. S5.

Sand-FBW and SSW EEM spectra exhibited high intensities in re-
gion 11, with corresponding area volumes for 35-38% and 32-42%,
respectively, of all the sum of all the regional volumes. Region
1T contributed an even greater proportion of the EEM volume for
the carbon-FBW sample, up to 48%. This region is typically associ-
ated with aromatic protein-like compounds and indicates that they
were a large component of DOM in FBWs and SSWs.

Figs. 6¢c and 6d show that the MW < 3 kDa fraction had the
greatest intensity volume, more than 64% of the total volume,
which is similar to the proportion of DOC, HAN, and HAM FPs
in this fraction (41-81% of DOC, 48-80% of HAN, and 59-75% of
HAM). HPI and HPO fractions contributed the greatest amount to
region 1II intensity volumes.

There was not a strong linear correlation between regional
area volumes and HAN FP and HAM FP, likely because the HAN
and HAM formations were impacted more strongly by bromide
(Fig. 3c). The correlations between region II area volumes and HAN
FP (R? = 0.32, p < 0.05) and between region I area volumes and
HAM FP (R?2 = 0.63, p < 0.05) were better than other regions
(R? < 0.3, p < 0.05) (Fig. S7), indicating that aromatic protein-
like compounds may play a greater role as HAN and HAM precur-
sors than other regions and associated functional groups. The close



Y. Qian, Y. Hu and Y. Chen et al./ Water Research 186 (2020) 116346 9

100
| @ (b). . Il I =
5x10° - I Region V
[ JRegion IV
[ Region I - 480
s [ JRegion O
4x10" - I Region I
.
_ 460
RN _
: X
5 2,
= . J40 &
& 2x10° F p—
[
1x10° 1%
Lo wm . . . . . . . .
A Sand-FBW A SSW B Sand-FBW BSSW B Carbon-FBW A Sand-FBW A SSW B Sand-FBW BSSW B Carbon-FBW
Water samples
250000 250000
(© [ ]>100kDa | (&  [TJuro
I 10-100 kDa B e ]
200000 - I 3-10 kDa 200000 |- [P
[ ]<3kDa [ |Region I
[ JRegion I Region II
— Region I o~ XY Region I
& 150000 - XY Region 1T g 150000 | Region IV %o
g E—JRegion IV = B Region V
\% I Region V %
= 100000 [ 2100000 -
S S
50000 - 7 50000 N
-
N
0 0

A Sand-FBW A SSW B Sand-FBW B SSW B Carbon-FBW

Water samples

A Sand-FBW A SSW B Sand-FBW B SSW B Carbon-FBW

Water samples

Fig. 6. FRI EEM spectra generated for SSW and FBW samples [(a) and (b)] and different MW and hydrophilicity fractions [(c) and (d)].

association between the findings for region I and II, MW fractiona-
tion, and hydrophobicity fractionation (Fig. S7), combined with FP
results suggests that low MW, HPO/HPI aromatic protein-like com-
pounds are likely to be the largest source of HAN and HAM pre-
cursors in FBWs and SSWs.

3.4. Backwash treatment options

Due to the variable water quality across treatment plants, there
is no single water treatment method suitable for the reuse of all
FBW and SSW. Low MW and HPI organics have been shown to be
the primary HAN and HAM precursors in FBW and SSW but both
conventional water treatment processes and advanced treatment
process es are more effective at removing the high MW and HPO
organic matter (Chiu et al., 2012; Hanigan et al., 2015; Wang et al.,
2017). Therefore, attention should be focused on permanent re-
moval of low MW, HPI organic matter because of its contribution
to HAM and HAN formation and because it is not well removed by
current water treatment techniques. Activated carbon removes HPO

matter well and removes some HPI matter, and would likely result
in reduced HAM and HAN formation from the SSW and FBWs. But
there is conflicting evidence as to whether activated carbon pro-
duces water that has an overall toxicity that is less than the un-
treated samples, particularly for samples with high bromide, due
to greater rejection of DOC than of bromide (Ates et al., 2009;
Cuthbertson et al., 2019, 2020; McKenna et al., 2020; Krasner et al.,
2016). Other alternatives are likely to be more energy and cost in-
tensive. For example, coagulation combined with UF removes DOM
from water well but is energy intensive well but is energy inten-
sive (Qian et al., 2011). Advanced oxidation processes (AOPs), espe-
cially UV/H,0, and UV/Cl,, have been proven effective for degrad-
ing NOM, especially low MW and HPI organics, through formation
of highly reactive radicals (Y.H. Chuang et al., 2019; Zhang et al.,
2019). It has also been shown that cytotoxicity and genotoxic-
ity were reduced by combined UV plus chlorine (Plewa et al.,
2012), but again, these methods are energy intensive. Thus, it
may be the most cost effective to consider strategies to either se-
quester bromide from FBW and SSW, or to optimize coagulation
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strategies which result in limited bromide accumulation in the
FBW and SSW.

4. Conclusion

This research provides information and analyses on the HAN
and HAM concentrations and precursors in FBW and SSW in
DWTPs. Total HAN precursor loading in FBW and SSW resulted in
92.2-190.4 nM, meanwhile, total HAM precursor loading in FBW
and SSW resulted in 42.2-95.5 nM. DBAN precursors tended to
dominate the precursor loading, and DBAN is known to be ex-
tremely geno- and cytotoxic to mammalian cells. At typical dilution
of 90-98% for FBW and SSW recycle, the precursor loading to the
head of the plant cannot be ignored. Any DBP precursors recycled
need to be removed a second time during treatment. Therefore, at-
tention should focus on occurrence and permanent removal of low
MW, HPI organic matter because of its contribution to HAM and
HAN formation. By permanent removal, we mean irreversible des-
orption from settled solids originating from FBW or SSW. Low MW
and HPI organics, which were found to be the main HAN and HAM
precursors in FBW and SSW, are generally difficult to remove in
DWTPs. The influence of bromide cycling in treatment plants also
should not be ignored because high bromide tends to selectively
promote the formation of the most toxic HAMs and HANs and
also other Br-DBPs. DOC and DON in FBW were higher than levels
in the DWTP raw water. DOC, DON, and bromide concentrations
and HAN and HAM FPs obtained for SSW were higher than those
obtained for raw water. Therefore, treatment strategies should be
pursued to remove precursors or preformed DBPs in backwash wa-
ter.
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