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• LowMW(<1 kDa) organicmatter contrib-
uted the greatest to DBP formation.

• Aromatic and oxidized compounds were
highly reactive with chlorine.

• THM,HAN, andHAM FPs were correlated
with lowMW aliphatic and phenolic com-
pounds.

• HAA FP was correlated with low MW,
highly unsaturated and phenolic com-
pounds.
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Organic matter reacts with chlorine forming disinfection byproducts (DBPs) including trihalomethanes (THMs),
haloacetamides (HAMs), haloacetic acids (HAAs), and haloacetonitriles (HANs). Filter backwashwater (FBW) is either
released back to the environment or recycled to the head of the treatment plant after solids settling and the remaining
dissolved organic matter is a significant pool of DBP precursors that are not well understood. We characterized dis-
solved organic matter in FBW from 10 treatment plants and low molecular weight (MW < 1 kDa) organic matter con-
tributed the most to DBP formation. We demonstrated overall similarity of the molecular composition (e.g., elemental
ratios,m/z, DBE) of the 10 samples of FBW by Fourier transform ion cyclotron resonancemass spectrometry. Aromatic
and more highly oxidized compounds preferentially reacted with chlorine, forming DBPs. Low MW (<450 Da) ali-
phatic compounds, and highly unsaturated and phenolic compounds were the primary precursors of THMs, HANs,
and HAMs, and the formation potentials (FPs) of these groups of DBPswere correlated withmultiple individualmolec-
ular formulae. HAA FPs were correlated with low MW, highly unsaturated and phenolic compounds. These advances
in the understanding of the molecular composition of DBP precursors in FBW may develop the effective strategies to
control DBP formation and limit impacts on the quality of finished water, and can be expanded to understanding
DBP precursors in drinking water sources.
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(Baldassarre et al., 2018; Kummu et al., 2010; Yang et al., 2015). Reduc-
ing the discharge of produced wastewater is an effective method to control
water pollution and improves drinking water production efficiency at
drinkingwater treatment plants (DWTPs) (L. Li et al., 2018). Discharge pro-
duced by DWTPs includes sedimentation sludge water (SSW) and filter
backwash water (FBW), of which FBW water accounts for approximately
1–5 % of total DWTP water flow (Gottfried et al., 2008; Shafiquzzaman
et al., 2018). In China, FBW is usually discharged to surface water after
being treated by sedimentation. In the U.S., FBW is typically subjected to
sedimentation and the supernatant is recycled to the head of the DWTP
and blended with raw water. In the future, FBW can be recycled to the
head of the DWTP in China. Although recycling FBW improves water use
efficiency and sedimentation of FBW removes suspended solids well,
dissolved organic matter (DOM) is poorly removed. Thus, some specific
organic matter originating in FBW contributes to DWTP intake DOM either
through release to surface water and downstream uptake by a DWTP, or
through in-plant recycling.

Drinking water disinfectants react with DOM to form disinfection
byproducts (DBPs), and >700 DBPs have been identified in tap water,
finished water, etc. (Krasner et al., 2018; Richardson et al., 2007; Szczuka
et al., 2017). Among them, trihalomethanes (THMs) and haloacetic acids
(HAAs) tend to form at the greatest mass concentrations and have been reg-
ulated in many countries (Chuang et al., 2019; Plewa et al., 2010). Thus,
there is a significant amount of published research on the occurrence, forma-
tion and precursor characteristics of THMs andHAAs. However, nitrogenous
DBPs (N-DBPs, e.g., haloacetamides (HAMs) and haloacetonitriles (HANs))
are significantly more cyto- and genotoxic than carbonaceous DBPs (Plewa
et al., 2002, 2008; Wagner and Plewa, 2017) and the characteristics of
their precursors are not as well understood, particularly those precursors
present in FBW.

One study has demonstrated that recycling FBW increases DBP precur-
sor loading; the recycled organic matter accounted for 8–31 % of the
THM and HAA precursor loading in the finished water (Walsh et al.,
2008). Additionally, we have shown that large quantities of THM, HAA,
HAM, and HAN precursors are present in FBW (Qian et al., 2021) and
that low molecular weight (MW) and hydrophilic DOM is the primary
source of the precursors (Hu et al., 2021; Qian et al., 2020). While these
studies provide a coarse understanding of the characteristics of precursors
in FBW and demonstrate that they contribute to finished water DBP precur-
sor loading, there is little known about the molecular characteristics of
FBW-associated precursors. A better understanding of FBW-associated
precursors may inform opportunities for their removal or chemical
inactivation.

One technique which has been applied to characterize lowMW organic
matter is Fourier transform ion cyclotron resonancemass spectrometry (FT-
ICR-MS) (Chen et al., 2020; Maizel et al., 2017). Organic matter is mea-
sured as individual m/z ratios and formulae and elemental composition
(e.g., CHO, CHOS, CHON, and CHOCl, etc.) can be identified (Smith
et al., 2018). Several studies have even established correlations between in-
dividual molecular formulae and DBP formation potential (FP) (Hanigan
et al., 2022; Sanchís et al., 2021; Spencer et al., 2014). It has also been
demonstrated that DOM with high O/C ratios contribute substantially to
the formation of THMs and HAAs in source water (Wang et al., 2017).
Other researchers found that more saturated compounds were primary N-
nitrosodimethylamine (NDMA) precursors in several natural reservoirs
(Farre et al., 2019; Sanchís et al., 2020, 2021). Such improvements in our
understanding of the DBP precursor pool are crucial to engineering solu-
tions which remove DBP precursors in the most cost and energy-effective
manner.

To further improve upon our understanding of DBP precursors in FBW
and to provide insight leading to the development of efficient removal
strategies for precursors, we investigated the molecular composition of
DOM by FT-ICR-MS in FBW samples collected from 10 DWTPs in Shanghai,
China. To better understand the reactivity of DOM with free chlorine, the
transformation of molecular formulae in FBW after chlorination was also
investigated.
2

2. Materials and methods

2.1. Sample collection

FBW samples were collected from the overflow of gravity thickeners
treating sand FBW at 10 DWTPs in Shanghai, China. Each plant consisted
of conventional treatment processes (including coagulation, sedimentation,
filtration, disinfection) and three treatment plants (#3, #4, and #10) also
had ozone/biologically activated carbon (O3/BAC) after the sand filters.
Samples from treatment plants with O3/BAC (#3, #4, and #10) were also
collected from the gravity thickeners treating FBW (prior to O3/BAC), and
thus the treatment processes for all samples were similar/the same. The
water sources were the Yangtze and Huangpu Rivers. All FBW samples
were filtered by a 0.45 μm glass fiber filters and were then stored at 4 °C
in refrigerators.

2.2. Chemical reagents

Pure DBP standards including four THMs, nine HAAs, six HAMs, and
seven HANs purchased from Dr. Ehrenstorfer (Augsburg, Germany), and
the detailed category and information are listed in Table S1. Other reagents,
including hydrochloric acid, methyl tert-butyl ether, methanol, ultrapure
water, etc., are described in the Supplementary material.

2.3. Formation potential experiments and analytical methods

Water samples were adjusted to pH 7 by 20 mM phosphate buffer
solution and were then chlorinated at 25 °C in the dark for 72 h. The
chlorine dose was calculated by Eq. (1). Excess sodium thiosulfate was
used to quench residual chlorine after 72 h. All experiments were
conducted in triplicate.

Cl2 dose mg=Lð Þ ¼ 3� DOC mgC=Lð Þ þ 7:6� NH3 mgN=Lð Þ þ 10 ð1Þ

DBP were analyzed by the modified liquid-liquid extraction and gas
chromatography, and the detailed methods are described in our previously
publication (Qian et al., 2021) and in the Supplementary material. Bromide
was measured by ion chromatography (ICS 600, Thermo Fisher Scientific,
USA). UV absorbance at 254 nm (UV254) and free chlorine were analyzed
using a spectrophotometer (DR6000, HACH, USA) (APHA, 2005). A TOC
analyzer (Multi N/C 2100, Analytik Jena AG, Germany) was used to mea-
sure DOC concentration. Dissolved organic carbon (DOC), UV254, turbidity,
pH, and bromide are provided in Table S3.

2.4. Molecular weight fractionation

The MW fractionation tests of each FBW samples were performed
according to our previous publications (An et al., 2017; Qian et al., 2020)
and in the Supplementarymaterial. Briefly, FBW samples were fractionated
by an ultrafiltration membrane (MW = 1 kDa). An aliquot of the <1 kDa
filtrate was used to determine UV254, DOC, DBPs, and DBP FPs. Another
aliquot was used for FT-ICR-MS analysis. The value of UV254 and concentra-
tions of DOC, DBPs, and DBP FPs in the >1 kDa filtrate were calculated as
the difference between the 0.45 μm filtrate and the <1 kDa filtrate.

2.5. FT-ICR-MS analysis

PPL cartridges were selected to extract 250 mL of each <1 kDa filtrate
because it has been demonstrated to have high recoveries of DOM in vari-
ous water matrices (Dittmar et al., 2008; Li et al., 2016). In our previously
publication, we have described the pretreatment of water samples and FT-
ICR-MS analysis in detail. Briefly, the water samples were extracted by PPL
cartridges, and were then analyzed by FT-ICR-MS in ESI−mode (Sleighter
and Hatcher, 2007). The Bruker DataAnalysis software andMatlab routines
were used to analyze data and determine molecular formulae (Fu et al.,
2020; Kellerman et al., 2014, 2018). The detailed information on the
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pretreatment of water samples and FT-ICR-MS analysis methods are also
provided in the Supplementary material. The relationship between DBP
FPs and individual molecular formulae was assessed using Spearman rank
correlation coefficients calculated by Python. Only molecular formulae
coexisting in all water samples were investigated for correlation (X. Li
et al., 2018; Zhang et al., 2019).

3. Results and discussion

3.1. DBP FP and precursor size fractionation

The total THM, HAA, HAM, andHAN FPs in the unfractionated samples
were between 1063 and 2085, 124 and 259, 14 and 44, and 5 and 21 nM,
respectively. TCM, DCAA, CAM, andDCANwere themost abundant species
of THMs, HAAs, HAMs, and HANs, and accounted for 38–84 % of the total
FPs of their respective groups on a molar basis (Fig. S2). The speciation
towards more chlorinated species is reflective of the relatively low bromide
concentrations in the samples (≤95 μg/L) and is consistent with the results
from our previous research conducted on FBW (Qian et al., 2021).

To understand what fraction of the total precursors were amenable to
high resolution mass spectrometry (i.e., low molecular weight), we mea-
sured the size distribution of the organic matter via sequential filtration,
and each fraction's contribution to DBP FPs (McKenna et al., 2020). For
all samples, >55 % of the total DOC was <1 kDa (the upper bound of the
m/zmeasured in our experiments, Fig. S3). In Fig. 1 we show the contribu-
tion of eachMW fraction to THM,HAA,HAN, HAM formation. For all water
samples, the <1 kDa fraction contributed the greatest to the THM, HAA,
HAN, and HAM formation, accounting for 56–89, 59–83, 56–75, and
53–91 % of the FPs in the unfractionated samples (molar basis). In our
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Fig. 1. (a) THM FP, (b) HAA FP, (c) HAN FP, and (d) HAM FP of two FBW MW fract
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previous research, we also found that low MW organic matter (<3 kDa)
contained the majority of DBP precursors in FBW (Hu et al., 2021; Qian
et al., 2020). Thus, the majority of DBP precursors were in the size range
that is amenable to mass spectrometry.

3.2. Molecular distribution of DOM

We proceeded tomeasure and identify DOM in the fractionated samples
(<1 kDa) via FT-ICR-MS. A representative mass spectrum is shown in
Fig. S4. The molecular formulae of m/z in the range of 200–600 accounted
for >83 % of the total molecular formulae and the medianm/zwas 393 Da
to 427 Da. This is shown as kernel-based cumulative density plots (violin
plots) in Fig. S5 and demonstrates that DOM in the 10 samples was similar
in terms of MW distribution.

In terms of molecular formulae, >64% and >76 % of the total formulae
and their cumulative intensity, respectively, were attributable to
compounds containing only CHO, CHON, and CHOCl, reflective of the
relatively low incorporation of S into natural organic matter, even that
which has been selectively removed and concentrated via filtration and
gravity thickening (Fig. 2). Elements outside of C, H, O, N, S, and Cl, were
not present in any formula because theywere intentionally excluded during
formula assignment (see Methods). Among these groups, CHO compounds
had the greatest cumulative intensity (i.e., concentration), accounting for
34–46 % of the total ion current of mass peaks which were assigned a
formula. Compounds containing only CHON were the most abundant in
terms of number of formulae (i.e., molecular diversity), accounting for
29–32 % of the total formulae across the 10 treatment plants. The low
cumulative intensity of N-containing compounds possibly because they
could be difficultly ionized under negative ionization mode due to their
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ionations from 10 DWTPs. Error bars represent one standard deviation (n = 3).
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high proton (Phungsai et al., 2016). Compounds containing chlorine
accounted for 25–34 % of the total number of formulae. The large number
of chlorine-containing formulae may have originated in the raw water,
however, the backwash water was produced using finished water, which
contained free chlorine residual, and thus a more likely explanation is
that they were formed during backwashing.

Previous research has demonstrated strong correlation between DBP
FPs and unsaturated DOM measured as double bond equivalents (DBE)
(Farre et al., 2019; Stubbins et al., 2010; Wang et al., 2017; Zhang et al.,
2019). Our recent study also showed that N-DBP formation was signifi-
cantly correlated with the cumulative intensity of all CHON formulae
with DBE > 10 (R2 = 0.79–0.89, P < 0.05) (Qian et al., 2022). In the
FBW samples from the 10 treatment plants, the CHO and CHON intensity
weighted DBE averages (DBEwa) were much greater than the CHOCl
DBEwa (7.5–8.5 and 6.8–8.1 vs 4.1–6.8), indicating that CHO and CHON
containing compounds were relatively unsaturated. Fig. S6 shows that
there was a significant positive correlation (R2 = 0.72 and 0.75, P <
0.05) between THM and HAA FPs and DBEwa. HAN formation was also
significantly correlated with the cumulative intensity of all CHON formulae
withDBE> 10 (Fig. S7). These results suggest that highly unsaturated CHO-
and CHON-containing compounds may have contributed to the formation
of DBPs more than other compounds.

3.3. Transformation of DOM during chlorination

To understand the reactivity between groups of molecular formulae and
chlorine, molecular formulae before and after chlorination were identified
by FT-ICR-MS in the sample from treatment plant 3. This treatment plant
was selected because the molecular composition (e.g., DBE, O/C, H/C, m/z)
was near the median of all treatment plant samples (Table 1). Both before
Table 1
Elemental compositions of DOM in samples from 10 treatment plants prior to bench
scale chlorination.

Treatment
plant

Number of identified
formulae

Cumulative
intensity

m/zwa O/Cwa H/Cwa DBEwa

1 6283 4.1 × 1011 375.8 0.47 1.37 6.7
2 6822 3.6 × 1011 370.4 0.46 1.42 6.4
3 7533 3.4 × 1011 368.2 0.47 1.40 6.5
4 7925 3.2 × 1011 403.4 0.49 1.39 7.2
5 8396 3.1 × 1011 395.5 0.47 1.40 7.1
6 7184 4.0 × 1011 361.2 0.46 1.40 6.4
7 8003 3.2 × 1011 385.8 0.44 1.43 6.7
8 7280 3.7 × 1011 368.5 0.47 1.38 6.7
9 8037 3.2 × 1011 388.6 0.46 1.38 7.1
10 7095 3.7 × 1011 377.5 0.48 1.38 6.9

4

and after chlorination, compounds containing only CHO, CHON, CHOCl,
and CHONCl dominated, accounting for >78 % and >69 % of the total
number of formulae and the cumulative intensity, and thus they are the
focus of the discussion here. Notably, the sample prior to chlorination has a
distribution among these groups that is also similar to the other treatment
plant samples.

Chlorination decreased the DBEwa from 7.6 to 6.2 for CHO-containing
compounds and from 4.8 to 4.2 for CHOCl compounds (Table S8), likely
owing to the chlorination of C_O and C_C double bonds (Ding et al.,
2018; Gong et al., 2017). Contrarily, the DBEwa of CHON and CHONCl com-
pounds was higher after chlorination than before (DBEwa increased from
7.3 to 8.5 and from 4.6 to 5.9, respectively). The saturation of nitrogenous
organic matter may have decreased after chlorination because some nitrog-
enous precursors formed N-DBPs, containing a large number of highly
unsaturated C_O double bonds and C`N triple bonds (Nihemaiti et al.,
2017).

More than 60% of the compounds containing only CHO or CHOClwere
recalcitrant to free chlorine oxidation, being present in both the pre- and
post-chlorination samples (Table S9). However, the total cumulative
intensity of CHO and CHOCl decreased by 44 % and 38 %, respectively.
For nitrogenous organic matter (i.e., CHON and CHONCl),>69% of formu-
lae that were present in the pre-chlorinated samples were transformed dur-
ing chlorination, demonstrating that the nitrogenous organic matter was
more reactive with chlorine than other DOM.

Using this method of analysis it is not possible to determine products
from individual compounds, but some of the transformed organic matter
likely formed known and measured N-DBPs. Outside of the C- and N-
DBPs thatwere directlymeasured, an additional 707 and 175 newly formed
CHOCl and CHONCl oxidation by-products were formed andwere detected
in the chlorinated water sample.We are unable tomeasure their concentra-
tions because of the inability to conclusively determine their structure, and
because of the likely lack of analytical standards. However, at least one pre-
vious study demonstrated that the unknown fraction of total organic halo-
gens is 50–60 % (Richardson et al., 2008). In this experiment, the
unknown fraction contained newly formed (post-chlorination) compounds
that accounted for 48 % of the total cumulative intensity. Therefore, the
newly formed chlorine-containing compounds may account for 24–29 %
of total organic halogens in FBW.

CHO, CHON, CHOCl, and CHONCl compoundswhichwere transformed
or newly formed during chlorination are shown in Kendrick mass defect
(KMD) plots on a CH2 scale in Fig. 3. The compounds which were removed
by reactions with chlorine (no longer present in the mass spectra) tended to
have lower KMD (intensity weighted KMD average (KMDwa) of CHO,
CHOCl, and CHONCl are presented in Table S10), and the newly formed
compounds were distributed at higher KMDs. The KMDwa of CHON was
unchanged. Lower KMD generally indicates more hydrogen poor
(e.g., aromatic compounds) and more oxygen rich molecules (Hughey
et al., 2001; Sleighter and Hatcher, 2011). Together with the analysis of
changes to DBE (i.e., decreasing DBE after chlorination) these data suggest
that less saturated compounds preferentially reacted with chlorine to form
byproducts.

For CHOCl and CHONCl compounds, the increased KMD of newly
formed molecules compared to the pre-chlorinated samples suggests the
substitution of halogens into the molecular structure. Increasing Cl/C
ratio of newly formed molecules compared to the pre-chlorinated samples
also supports this conclusion (Table S11). Below 200 Da, removed com-
pounds begin to dominate the KMDplot. This is most likely due to some com-
pounds being oxidized to lower MW structures which are outside the
instrument m/z range rather than true removal of this DOM.

3.4. Linking DBP FP to individual compounds

We investigated the relationships between DBP FPs and individual mo-
lecular formula which coexisted across all samples from the treatment
plants to determine which subsets of the DOM pool are responsible for
DBP formation. 2575 molecular formulae coexisted across the water
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samples among the >6000 formulae identified in each sample. Individual
compounds and their correlation with DBP FPs are shown as van Krevelen
plots in Fig. 4. 361, 142, 503, and 345 formulae were positively correlated
(Spearman Rank order, P < 0.05) with THM FPs, HAA FPs, HAN FPs, and
HAM FPs, respectively. Compounds that were most closely correlated
with formation of THMs, HAAs, HANs, and HAMs tended to be aliphatic
compounds (high H/C), and highly unsaturated and phenolic compounds
(moderate H/C). Prior research has suggested that THM precursors in
source water tend to have lower H/C ratios and greater O/C ratios than
our research demonstrates (Wang et al., 2017). However, organic matter
with low H/C and high O/C have been reported to be removed well by
coagulation (Zhang et al., 2012) and therefore are unlikely to be present
in these FBW samples. Sand filtration could preferentially remove the
compounds containing high and moderate H/C and low O/C (e.g., H/C:
1.32, O/C: 0.43), which were then backwashed into FBW (Lavonen et al.,
2015). This suggests a significant shift in the characteristics of precursors
present in FBW compared to source water and indicates that treatment
strategies imposed for removal of precursor material in the source water
(e.g., enhanced coagulation) may not be effective for precursor from in-
plant water recycling.

Comparisons to published literature regarding the molecular composi-
tion cannot be made for HAN and HAM precursors because no such data
exists, but HAA precursors tended to be more highly unsaturated and phe-
nolic compounds than aliphatic compounds when compared to other DBP
precursors, which were broadly distributed among the two groupings.
HAA precursors also had relatively high O/C ratios, which is consistent
with a previous study that demonstrated that unsaturated aliphatic com-
pounds are more prone to forming DCAA and TCAA (Wang et al., 2017).
However, the finding that HAA precursors had H/C ratios typically >1.0
conflicts with the prior study. This is likely because the prior work was,
again, conducted on source water samples, and the samples studied here
5

were from FBW. Thus, FBW is likely to enrich more saturated compounds,
which are generally less reactive. This is supported by the reactivity of the
DOC towards HAA formation (9.0–23.0 μgHAA/mgC from these water
treatment plants vs 70.5 μgHAA/mgC in Wang et al., 2017), and provides
evidence that FBWDOM is less prone to formingHAAs that influent organic
matter. There were not other obvious trends in terms of O/C content,
although there were fewer HAA precursors at O/C ratios of <0.2 than for
THMs, HAAs, and HANs, indicative of greater O content of HAAs over
other DBPs in this study and thus the demand for greater O content of the
precursor.

For all groups of DBPs, the correlated formulae generally had MW
of <450 Da (Fig. 4) consistent with prior reporting that lowMW compounds
tend to evade coagulation (Bond et al., 2010). While THM and HAA precur-
sors were relatively broadly distributed below 400 m/z, HAM and HAN pre-
cursors fell into a tighter range of∼300 to 400m/z (Fig. 4). Together, these
results illustrate that aliphatic and highly unsaturated and phenolic com-
pounds distributed in the relatively narrow molecular weight range of
300–450 Da can preferentially form HAMs during the chlorination of FBW.
More effective removal strategies for low MW aliphatic compounds, and
highly unsaturated and phenolic compounds may be required to mitigate
the risk of FBW recycling or release to the environment.

3.5. Limitations

PPL cartridges were used to enrich and extract DOM because PPL car-
tridges have been shown to have high efficiency for DOM (Dittmar et al.,
2008). However, some non-extractable DOM molecules may also contribute
to DBP formation and are not part of this analysis. Furthermore, some DBP-
reactive DOM might not be ionizable by ESI−, also leading to their lack of
incorporation in the results. Therefore, the conclusions here are based on a
subset of DOM rather than all DOM present in the initial samples.
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4. Conclusion

FBW contains DOM that increases the DBP-associated risk of source
waters, either though in-plant recycling or release to the environment. We
characterized the DOM present in FBW and found that lowmolecular weight
aliphatic compounds and highly unsaturated and phenolic compounds were
primarily responsible for the formation of THMs, HAAs, HAMs and HANs
in FBW. Further, the reactive precursors tended to be lower in O/C ratios
than prior reporting, except for HAAs, indicating broad changes to the
DOM composition caused by coagulation/flocculation. Such a shift in DOM
composition has implications for the treatment efficacy of existing infrastruc-
ture in removing DBP precursors contained in recycled FBW or FBW present
in the source water. For example, lower O content precursors are potentially
more difficult to remove by coagulation due to the reduced number of polar
and ionic groups. FBW precursors also tended to be selectively enriched at
lower MW ranges than would be expected for naturally occurring organic
matter, again pointing to greater difficulty in removal via coagulation. This
work, in combination with others which have studied the relationships
6

between DOM characteristics and DBP formation, provide the initial steps
needed to understand the risk and potential treatment strategies for DOM
contained in FBW. Given a better understanding of the impact of DOM
characteristics on DBP formation, DWTPs may be able to determine treat-
ment strategies that mitigate the risk of FBW recycling and from short-
and long-term DOM changes in the watershed. In combination with future
research the results may be extended to DBP forecasting after events
which cause known impacts to drinking water treatment source waters. An
example of such is wildfire, which mobilizes organic carbon that is relatively
oxidized.
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