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This work investigated the removal efficiency of disinfection by-product (DBP) precursors by different drinking
water treatment processes and evaluated the feasibility of using fluorescence components removal as an indi
cator. A four-component (including tryptophan-like, protein-bound, tyrosine-like, and humic-like components)
parallel factor analysis model was developed basing on 288 fluorescence excitation-emission matrices. Among all
treatment processes, coagulation-sedimentation process showed the best performance, with mean removal ratios
of 30% in total fluorescence intensity and 31% in total formation potential (FP) of DBPs, respectively. It pref
erentially removed humic-like component C4 (43%). Advanced treatment processes were less effective in
comparison. Ozone and biological activated carbon (BAC) combined process reduced 20% of total fluorescence
intensity, while ultrafiltration process reduced < 3%. Ozonation and BAC filtration preferentially removed free
amino acids (i.e., C1 and C3) and protein-bound (i.e., C2) components, with mean removal ratios of 12% and
17%, respectively. Significant correlations (p < 0.01, double-tailed) were observed between four fluorescence
components removal and FPs reduction of three trihalomethanes, dichloroacetonitrile (DCAN), and 1,1-dichlor
opropanone (1,1-DCP). Specifically, the correlation coefficients for three trihalomethanes and 1,1-DCP followed
the order of C4 > C1 > C2 > C3, while the order for DCAN was C2 > C4 > C1 > C3.
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1. Introduction
Disinfection by-products (DBPs) formation is of great concern in
drinking water treatment (Hua et al., 2020, 2015). DBPs have been
proved to be cytotoxic, genotoxic, and carcinogenic (Richardson et al.,
2007), which adversely affect human health via multiple exposure
routes (Abbasnia et al., 2019; Mazhar et al., 2020). As a result, DBPs are
compulsorily regulated in drinking water. For example, the limits for
trihalomethanes (THMs), one of the major DBP groups in chlorinated
drinking waters (Korotta-Gamage and Sathasivan, 2017), are 60 and 80
–
μg L 1 in China and the United States, respectively. In addition,

nitrogenous DBPs (N-DBPs, e.g., haloacetonitrile) are rarely regulated
but has attracted increasing attention because of their higher toxicities
than carbonaceous DBPs (C-DBPs) (Wagner and Plewa, 2017).
Natural organic matter (NOM), which is ubiquitous in surface waters
(Maqbool et al., 2020), is the principal precursor of DBPs (Hua et al.,
2015; Li et al., 2014; Tian et al., 2013). Removal of NOM is regarded as a
highly effective method to control DBPs formation (He et al., 2020;
Jiang et al., 2017). Methods such as coagulation (Golbaz et al., 2020),
activated carbon adsorption (Bhatnagar and Sillanpaa, 2017), and
membrane filtration (Liu et al., 2017), are commonly used to remove
NOM in drinking water treatment plants (DWTPs). The combination of
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conventional and advanced treatment processes is a prospective option
to improve the drinking water quality. Many studies have evaluated the
control of DBPs, but they mainly focused on laboratory-scale systems
(Carfton et al., 2014; Watson et al., 2018; Xu et al., 2019) or a certain
type of full-scale treatment processes (Zhang et al., 2021). A system
atical investigation on the removal efficiency of DBP precursors by
full-scale conventional and advanced treatment processes is necessary.
However, NOM is a complex mixture that contains heterogeneous
components with various sizes, structures, and properties (Marais et al.,
2019; Sillanpaa et al., 2018). NOM components exhibit diverse re
activities in the formation of DBPs, which affect the species and yields of
DBPs (Jutaporn et al., 2020; Marais et al., 2019). Besides, the removal
efficiency is dependent on the type of NOM components (Fabris et al.,
2008; MacKeown et al., 2020). Therefore, characterization of NOM is
indispensable for assessment of DBP precursors removal in drinking
water treatment (Jones and Bridgeman, 2019).
Fluorescence excitation-emission matrix (EEM) spectroscopy is an
emerging approach with high sensitivity for NOM characterization. It
can provide structure and composition information of NOM (Jutaporn
et al., 2020; Sanchez et al., 2013). Parallel factor (PARAFAC) analysis is
one of the most comprehensive methods for EEM spectroscopy analysis,
which can classify similar excitation-emission signatures as one fluo
rescence component (Yang et al., 2015). EEM-PARAFAC analysis has
been increasingly used to characterize NOM (Bridgeman et al., 2011;
Sanchez et al., 2014; Sgroi et al. 2017). Previous studies proposed that
EEM-PARAFAC analysis can be used as a tool to monitor DBPs formation
(Ma et al., 2018; Pifer and Fairey, 2012; Xu et al., 2021). Based on the
correlations between NOM components and DBPs formation, the
removal of NOM could be augmented to aim at a certain type of organic
constituents (Manivannan and Borisover, 2020). DBP formation poten
tials (FPs) test is a well-established tool to evaluate the total quantity of
DBP precursors (Yang et al., 2015). With the input of “precursors and
disinfectants”, this method can provide visualized and accurate output
of “DBPs”, but characteristics of DBP precursors is still unavailable.
Consequently, it is meaningful to investigate whether the removal of a
certain fluorescence component can be used to predict the control of
DBPs via combination of PARAFAC analysis and DBP FPs test.
Hence, this study aimed to investigate the removal of DBP precursors
by conventional and advanced treatment processes in four DWTPs via
the combination of PARAFAC analysis and DBP FPs test. The correla
tions between fluorescence components removal and DBP FPs reduction
were evaluated. Specifically, this study (1) identified the fluorescence
components in water samples, (2) analyzed the variation trends of
fluorescence components and DBP FPs in four DWTPs, (3) comparatively
evaluated the efficiency of conventional and advanced treatment pro
cesses in fluorescence components removal and DBP FPs reduction, and
(4) calculated Pearson’s correlation coefficients between fluorescence
components removal and DBP FPs reduction.

2.2. Experimental procedures
2.2.1. Water sampling
A total of 288 water samples were collected from four (i.e., A, B, C,
and D) DWTPs located in Shanghai (China). As shown in Fig. 1, con
ventional treatment processes including coagulation-sedimentation
(CS), sand-filtration (SF), and disinfection (DIS) processes as well as
an advanced treatment process namely ozone (O3) and biological acti
vated carbon (BAC) combined process were applied in plants A, B, and C.
Conventional treatment processes including CS and DIS processes as
well as advanced treatment processes including O3 and BAC combined
process and ultrafiltration (UF) process were applied in plant D. Water
samples were collected at 6 points throughout each DWTP, which
included raw water (RW), the effluents of CS process, SF (or UF) process,
ozonation, and BAC filtration, and finished water (FW). The major
quality parameters of RW samples from four DWTPs were summarized
in Table S1. The major operation parameters for each treatment process
in four DWTPs were listed in Table S2. Samples were collected every
month from April 2018 to March 2019. Once collected, water samples
were refrigerated in the dark and transported to the laboratory. All
water samples were filtered by 0.45 µm fiber membrane before further
analysis.
2.2.2. DBP FPs test
–
DBP FPs test was performed by adding 5 mg L 1 free chlorine to
water samples. Free chlorine stock solution was prepared via diluting
NaClO solution in Milli-Q water, which was further standardized using
DR 6000 UV–Vis spectrophotometer (Hach, USA) at 292 nm
–
–
(ε292nm = 365 M 1 cm 1) (Chuang et al., 2017). All FP samples were
stored in 50 mL headspace-free amber glasses at 25 ± 2 ◦ C in the dark.
After 24 h, the chlorinated samples were added with Na2S2O3 to quench
residual chlorine and immediately extracted by N, N-methyl tertiary
butyl ether to quantify DBPs.
2.3. Analysis methods
Fluorescence EEM spectra of water samples were obtained by con
ducting scans of excitation wavelengths (Ex) from 200 to 420 nm, and
emission wavelengths (Em) from 280 to 550 nm using a Cary Eclipse
Fluorescence Spectrophotometer (Varian, USA). The spectrum of Milli-Q
water was applied as background and subtracted from all EEMs before
PARAFAC analysis. According to the method presented by Stedmon and
Bro (2008), PARAFAC model was performed using MATLAB 7.0 soft
ware with the DOMFluor toolbox, in which the number of fluorescence
components was obtained via split-half analysis. The maximum fluo
rescence intensity (Fmax) output from the model was used to represent
the relative concentration of the specific fluorescence component in
Raman units (R.U.) (Jutaporn et al., 2020; Watson et al., 2018).
DBPs were determined using an Agilent 7890 gas chromatograph
equipped with an electronic capture detector and a HP 5 fused silica
capillary column. The detailed program and the limits of quantification
(LOQ) for the detected DBPs have been presented in our previous study
(Wang et al., 2020).
Correlations between fluorescence components removal and DBP FPs
reduction were analyzed by IBM SPSS software. The Pearson’s correla
tion coefficients were used to assess the direction and significance of
each correlation.

2. Materials and methods
2.1. Chemicals
Chemical reagents were all obtained from commercial sources and
used as received without further purification. NaOCl and Na2S2O3 were
purchased from Sinopharm Chemical Reagent Company (China). DBP
standards including trichloromethane (TCM), bromodichloromethane
(BDCM), dibromochloromethane (DBCM), tribromomethane (TBM),
dichloroacetonitrile (DCAN), bromochloroacetonitrile (BCAN), tri
chloronitromethane (TCNM), 1,1-dichloropropanone (1,1-DCP), and
1,1,1-trichloropropanone (1,1,1-TCP) were obtained from Aladdin In
dustrial Company (China). Milli-Q water (18.2 MΩ cm) was produced by
an Advantage 10 Milli-Q system (Millipore, USA).

3. Results and discussion
3.1. Fluorescence components and DBP FPs in RW samples
Fig. 2(a) is an example of EEM, in which four fluorescence compo
nents were identified via PARAFAC analysis and are presented in Fig. 2
(b). Component 1 (C1), component 2 (C2), and component 3 (C3) were
classified as protein-like (free amino acids or protein-bound)
2
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Fig. 1. Schematic diagram of the treatment processes in four DWTPs.

Fig. 2. Fluorescence spectra of a water sample: (a) an EEM example, and (b) EEM contour plots of four components obtained by PARAFAC.

components, which were tryptophan-like (Jones and Bridgeman, 2019;
Yang et al., 2015), protein-bound (Watson et al., 2018), and
tyrosine-like components (Henderson et al., 2009; Jones and Bridgeman,
2019), respectively. Component 4 (C4) was identified as the humic-like
component from terrestrial origin (Johnstone et al., 2009). As shown in

Table 1, the mean Fmax values of three protein-like components were all
higher than those of the humic-like component in both RW and FW
samples. Nevertheless, the results were insufficient to draw conclusions
about the relative concentrations of these four fluorescence components,
because the fluorescence intensity of a compound is not only related to

Table 1
Identification of fluorescence components and their Fmax values in RW and FW samples.
Component
C1
C2
C3
C4
a

Maximum.

b

Minimum.

Identification
Tryptophan-like
Protein-bound
Tyrosine-like
Humic-like

Ex (nm)
235
270 (210)
225 (285)
240 (320)

Em (nm)
356
320
328
440

RW

FW

Mean (R.U.)

Max.a (R.U.)

Min.b (R.U.)

Mean (R.U.)

Max. (R.U.)

Min. (R.U.)

6.26
2.93
4.01
0.94

9.92
4.77
6.14
1.44

2.24
1.10
1.73
0.60

1.61
1.08
2.08
0.26

4.38
2.39
4.23
0.54

0.34
0.15
0.58
0.08
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its concentration but also to its molar absorptivity and quantum yield.
After chlorination of RW samples (Table S3), THM FP accounted for
> 90% of the total FP. The detected frequencies of TCM, BDCM, and
DCAN in chlorinated RW samples were 100%, successively followed by
DBCM and 1,1-DCP (higher or near 80%). The FPs of them followed the
order of TCM > BDCM > DBCM > DCAN > 1,1-DCP, with averages of
–
54.85, 20.43, 8.67, 3.67, and 0.98 μg L 1, respectively. The results
indicated that more attention should be paid to these DBPs. Although
TCNM is relatively more cytotoxic and genotoxic (Wagner and Plewa,
2017), it was impracticable to evaluate its FPs reduction along the
treatment processes because of its negligible formation in chlorinated
–
RW samples (approximately 0.01 μg L 1).
In Fig. S1, the Fmax values of four fluorescence components in RW
samples
exhibited
the
same
seasonal
trend:
sum
mer > fall > spring > winter. The seasonal variation was related to
the origins of fluorescence components and environmental conditions.
C1 and C3 were generally derived from microbial activities associated
with sewage (Chen et al., 2003; Hudson et al., 2008). The breakdown of
plants was an important source of NOM components (e.g., C4) in natural
waters (Henderson et al., 2009; Hudson et al., 2008). Relatively high
temperature and intense light in summer favored the growth of aquatic
phytoplankton (e.g., algae blooms) and microbial activities, thus leading
to the increase of dissolved organic matter in source waters. Accord
ingly, DBP FPs in chlorinated RW samples exhibited similar seasonal
trends (Fig. S2). Good linear relationships were obtained between the
Fmax values of fluorescence components and total FP of DBPs with month
variations (R2 = 0.93–0.99) (Fig. S3). The results can be used as a
reference for understanding the seasonal variations of DBP precursors in
source waters.

C1, y = 16.2 x, R2 = 0.98
C2, y = 30.5 x, R2 = 0.99
C3, y = 20.7 x, R2 = 0.98
C4, y = 113.0 x, R2 = 0.98
C1 + C2 + C3 + C4, y = 6.6 x, R2 = 0.99

Total FP (µg L−1)

120
RW

90
CS eff.

60

O3 eff.
DIS eff.

SF eff.

BAC eff.

30
0

4

8

Fmax (R.U.)

12

16

Fig. 3. Linear relationships between Fmax values of fluorescence components
and total FP of DBPs along all treatment processes in plants A, B, and C.
Eff.: effluent.

certain process (except for UF) was evaluated based on the integration of
results from different DWTPs regardless of operation conditions.
3.2.2. Removal efficiency of conventional treatment processes
Fig. 4 shows the removal ratios of four fluorescence components
along conventional treatment processes including CS, SF, and DIS pro
cesses. Coagulation process is the dominant process applied in drinking
water treatment for NOM removal (Jarvis et al., 2005; Jones and
Bridgeman, 2019), which exhibited higher efficiency than SF and DIS
processes. The mean removal ratios of total fluorescence intensity (the
sum of the Fmax values of C1, C2, C3, and C4) by CS, SF, and DIS pro
cesses were 30%, 15%, and 3.6%, respectively. The removal efficiency of
CS process differed with regards to the type of fluorescence components.
The maximum removal ratio by CS process occurred for C4 (43%), fol
lowed by C1 (36%). C2 and C3 were less removed, of which the mean
removal ratios were 25% and 21%, respectively. Jones and Bridgeman
(2019) also found that humic-like and tryptophan-like components were
obviously removed by coagulation process, while tyrosine-like compo
nent was more resistant to coagulation. The result that C4 showed the
highest removal ratio among these four fluorescence components was
concurred with a previous study, in which coagulation process prefer
entially removed hydrophobic high molecular weight humic NOM
(Baghoth et al., 2011). Whereas the removal efficiency of SF process was
independent of the fluorescence components type. The mean removal

3.2. DBP precursors removal by drinking water treatment processes

Fluorescence component

3.2.1. Holistic removal efficiency
Generally, there are two ways to remove DBP precursors: intact
removal and transformation (Baghoth et al., 2011). As shown in Table 1,
compared with those in RW samples, the Fmax values of C1, C2, C3, and
C4 in FW samples were much lower, with mean removal ratios of 75%,
64%, 49%, and 72%, respectively. In Table S3, the total FP in FW
–
samples was 46.39 ± 16.12 μg L 1, which was about half of that in RW
–1
samples (89.99 ± 27.32 μg L ). Although TCM and BDCM were
detected in all chlorinated FW samples, their FPs were only 46% ± 23%
and 56% ± 23% of those in RW samples, respectively.
The Fmax values of four fluorescence components (Fig. S4) and FPs of
the detected DBPs (Fig. S5) all exhibited decreasing trends along treat
ment processes in plants A, B, and C. The Fmax values of fluorescence
components were linearly correlated with the total FP of DBPs along the
treatment processes (Fig. 3), indicating the possibility of using fluores
cence components removal to predict DBP precursors removal. How
ever, in Fig. S6, the fluorescence component distributions varied along
the treatment processes. For example, the distribution of C1 decreased
whereas the distribution of C3 increased along the treatment processes.
As summarized in Table S4 and Table S5, overall deceasing trends of
fluorescence components and DBP FPs were also observed along treat
ment processes in plant D, in which different processes showed various
contributions to the removal of DBP precursors. Hence, the removal
efficiency of each treatment process was further evaluated in detail.
Because of the same water source, the Fmax values of fluorescence
components and FPs of DBPs were almost identical in RW samples be
tween four DTWPs, with ≤ 10% deviations. Different removal ratios
were observed for the same fluorescence component in different DWTPs,
even in the same DWTP but different sampling events. This could be
attributed to factors such as the operation parameters of treatment
processes and environmental conditions (e.g., temperature). More re
searches are needed to evaluate the effects of operation parameters and
environmental conditions on DBP precursors removal by a specific
treatment process. In this study, the overall removal efficiency of a

DIS
SF
CS

C4
C3
C2
C1
0

20

40
60
Fmax reduction ratio (%)

80

Fig. 4. Fmax reduction ratios of fluorescence components along conventional
treatment processes.
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Fluorescence component

ratios of four fluorescence components by SF process were kind of stable
in the range of 12%–18%. SF process is a commonly-used drinking
water treatment process to remove suspended solids mainly via size
exclusion (Bar-Zeev et al., 2012). The maximum and minimum removal
ratios by DIS process occurred for C4 (with an average of 4.3%) and C2
(with an average of 2.2%), respectively. It was reported that chemical
disinfection preferentially removed humic-like rather than protein-like
components (Maqbool et al., 2020).
As shown in Fig. 5, DBP FPs varied along conventional treatment
processes. The mean reduction ratio of total FP along CS process was
31%, which was comparable to that of total fluorescence intensity
(30%). It was reported that CS process can reduce 31.4% of THM FP,
because the hydrophobic fraction was regarded as the main THM pre
cursor (Lin et al., 2014). These results highlighted the importance of
enhanced coagulation in DBP precursors removal. Along SF process, the
sum of DCAN FP and BCAN FP decreased from 2.86 ± 1.33 to
–
2.20 ± 0.97 μg L 1, with a mean reduction ratio of 16%. A higher
removal ratio (37%) of dissolved organic nitrogen by SF process was
reported (Xu et al., 2011), while another research found that N-DBP
precursors were hardly removed by conventional treatment processes
(Bond et al., 2012). The inconsistent results may be attributed to varied
water quality parameters and operation conditions of SF process. Unlike
the above DBPs, a complete opposite trend was observed for TBM. The
mean levels of TBM FP increased from 0.40 to 0.57 and from 0.54 to
–
0.64 μg L 1 along CS and SF processes, respectively. The increasing
formation of brominated DBPs along coagulation treatment has been
reported before (Kristiana et al., 2011; Watson et al., 2018). CS and SF
processes can effectively remove NOM components but not for bromide
–
–
(Br ), which led to an increase in the ratio of Br /NOM. Consequently,
the formation of brominated DBPs was favored over chlorinated DBPs
(Watson et al., 2018).

FP (µg L−1)

TCM

C3

C2

C1
0

10

20
30
Fmax reduction ratio (%)

and higher O3 dose demand to decompose (Chen et al., 2019). Hence,
the removal ratios of protein-like components (i.e., C1, C2, and C3) by
ozonation were all higher than that of humic-like component C4. In
Fig. 7, total FP of DBPs did not show obvious decrease along ozonation.
This was consistent with a previous work, in which only slight change on
DBPs (e.g., THMs) formation was observed after ozonation of surface
water (Mckie et al., 2015). This was because ozonation could effectively
increase the biodegradability of NOM via oxidation, rather than
mineralize NOM (de Vera et al., 2016). Consequently, BAC filtration is a
commonly-used step following ozonation in DWTPs to remove assimi
lable components (Cuthbertson et al., 2020; Tan et al., 2017). Significant
differences were found between the removal ratios of four fluorescence
components by BAC filtration (Fig. 6). The removal of NOM by BAC was
achieved via adsorption and biological degradation (Baghoth et al.,
2011). Considering the long service life of activated carbon filters in
these four DWTPs, NOM removal was mainly achieved via biological
degradation, where adsorption may be a minor contributor. C2 showed
the highest removal ratio among these four fluorescence components,
because of its increased assimilability after ozonation (Zheng et al.,
2018). The biodegradable components can be easily utilized by the

BDCM

DBCM

75

TBM
75%

Max

50%

Mean

25%

Min

50
25
0

FP (µ
µg L−1)

9

DCAN

40

Fig. 6. Fmax reduction ratios of fluorescence components along advanced
treatment processes.

3.2.3. Removal efficiency of advanced treatment processes
O3 and BAC combined process has been widely applied to remove
DBP precursors. As shown in Fig. 6, O3 and BAC combined process
reduced 20% of total fluorescence intensity and 16% of total FP (Fig. 7).
The mean removal ratios of four fluorescence components by ozonation
followed the order of C1 ≈ C3 (12%) > C2 (8.3%) > C4 (6.6%).
Compared to nitrogen-containing components, carbonaceous compo
nents (e.g., humic substances) have relatively higher molecular weights

100

UF
BAC
O3

C4

BCAN

1,1-DCP

1,1,1-TCP

6
3
0
f.
ef
IS .
D inf
IS
D eff.
SF nf.
i
SF eff.
CS inf.
.
CS eff
IS .
D inf
IS
D eff.
SF nf.
i
SF eff.
CS inf.
CS eff.
IS .
D inf
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D eff.
SF f.
in
SF ff.
e
CS inf.
.
CS eff
IS
D inf.
IS
D ff.
e
SF f.
in
SF ff.
e
CS nf.
i
CS
Fig. 5. Variations of DBP FPs along conventional treatment processes. Inf.: influent.
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FP (µg L−1)
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25%
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FP (µ
µg L−1)

0
6

DCAN

BCAN
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1,1,1-TCP

3
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F f.
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e
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i
O 3 ff.
e
F
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U C ef
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e
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i
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e
F
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BA ff.
e
O 3 nf.
i
O 3 ff.
e
F
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F f.
U ef
C
BA ff.
e
O 3 nf.
i
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Fig. 7. Variations of DBP FPs along advanced treatment processes.

microorganisms in BAC filter (Matilainen and Sillanpaa, 2010). Aro
matic humic components (e.g., C4) are difficult to be biodegraded and
are expected to be resistant to BAC process (Baghoth et al., 2011). C1
and C3 are microbiologically derived NOM, thus are not preferentially
utilized by microorganisms (Dong et al., 2014). Hence, the mean
removal ratios of C1, C3, and C4 (3%–11%) were all lower than that of
C2 (17%). It was reported that BAC filtration was more efficient in DBP
precursors removal than ozonation (Chen et al., 2019). Refreshing the
activated carbon periodically can be a promising approach to improve
the holistic efficiency of treatment processes in four DWTPs.
UF process is popular in drinking water treatment to improve the
biosafety of drinking water (Gao et al., 2011; Guo et al., 2018). Never
theless, the removal efficiency of DBP precursors by UF process in this
study was not satisfactory. In Fig. 6, the removal ratios of four fluores
cence components along UF process were all < 3%. In Fig. 7, the
reduction ratio of total FP along UF process was ≤ 5%. Specifically, THM
–
FP in UF effluent (35.79 ± 12.00 μg L 1) was slightly lower than that in
–1
UF influent (40.58 ± 15.08 μg L ). The FPs of haloacetonitrile and
haloacetone were basically unchanged along UF process, the mean
–
levels of which were 1.44 and 0.44 μg L 1 in UF influent, and 1.68 and
–1
0.49 μg L in UF effluent, respectively. UF process has been found to be
inefficient to remove fluorescence components. It is not suitable to treat
water rich in protein-like components because of the risk of membrane
fouling (Vera et al., 2017). In a previous study, the apparent molecular
weights of different fluorescence components were analyzed and all of
them were roughly < 21 kDa (Li et al., 2013). UF process is efficient to
remove high molecular weight NOM fractions, but not for low molecular
weight NOM fractions (< 20 kDa) (Liu et al., 2017). Hence, the insig
nificant efficiency of UF process may be attributed to the low molecular
weights of NOM fractions (Liu et al., 2017; Vera et al., 2017).

components removal to predict DBP precursors removal, the correla
tions coefficients between fluorescence components and DBP FPs were
calculated based on reduction level rather than concentration level.
As shown in Table 2, these four fluorescence components removal
was good correlated with the FPs reduction of TCM, BDCM, DBCM,
DCAN, and 1,1-DCP at level 0.01 (double-tailed), as well as TBM at level
0.05 (double-tailed). Regarding the strength of correlations, moderate
correlations (with a coefficient in the range of 0.4–0.6) were observed
between C1, C2, and C4 removal and FPs reduction of TCM and 1,1-DCP,
and between C4 removal and BDCM FP reduction; weak correlations
(with a coefficient in the range of 0.2–0.4) were observed between C1
and C4 removal and DBCM FP reduction, and between C1, C2, and C4
removal and DCAN FP reduction. UV254 and total organic carbon (TOC)
are the most common indicators to estimate DBPs formation, which are
good correlated with chlorinated DBPs formation (Ma et al., 2018;
Watson et al., 2018). For comparison, Pearson’s correlation coefficients
between UV254 (or TOC) removal and DBP FPs reduction were calcu
lated and shown in Table S6. Significant correlations between UV254 (or
TOC) removal and FPs reduction of TCM, BDCM, DBCM, DCAN, and 1,
1-DCP were also observed at level 0.01 (double-tailed). Compared with
Table 2
Pearson’s correlation coefficients between fluorescence components removal
and DBP FPs reduction.
DBP
TCM
BDCM
DBCM
TBM
DCAN
BCAN
1,1-DCP
1,1,1-TCP
TCNM

3.3. Correlations between fluorescence components removal and DBP FPs
reduction
The linear relationships between Fmax values of fluorescence com
ponents and total FP of DBPs along the treatment processes reflected the
potential correlations between fluorescence components removal and
DBP FPs reduction. To evaluate the feasibility of using fluorescence
6

Identified fluorescence component
C1

C2

C3

C4

0.438**a
0.373**
0.207**
-0.151*b
0.253**
0.082
0.449**
-0.025
-0.083

0.406**
0.322**
0.198**
-0.130*
0.309**
0.089
0.414**
0.007
-0.017

0.273**
0.253**
0.151**
-0.132*
0.149**
0.081
0.306**
0.019
-0.088

0.478**
0.430**
0.236**
-0.130*
0.293**
0.092
0.519**
0.005
-0.047

a

**Significant correlation at level 0.01 (double-tailed).

b

*Significant correlation at level 0.05 (double-tailed).
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the removal of UV254 (or TOC), the removal of fluorescence components
was generally better correlated with the reduction of DBP FPs. For
example, the correlation coefficient between C4 removal and TCM FP
reduction was 0.478, but that between UV254 (or TOC) removal and
TCM FP reduction was only 0.381 (or 0.349). The results were consistent
with that UV254 (or TOC) provided less accurate correlations than
fluorescence components with DBPs formation (Watson et al., 2018).
Guillossou et al. (2021) recently demonstrated that the removal of
fluorescence component showed better prediction than that of UV254 for
the elimination of organic micro-pollutants.
Specifically, for C-DBPs, the correlation coefficients between four
fluorescence components removal and FPs reduction of TCM, BDCM,
DBCM, and 1,1-DCP followed the order of C4 > C1 > C2 > C3. Stronger
correlations were observed between the FPs reduction of above C-DBPs
and the humic-like component (i.e., C4) rather than three protein-like
components removal. These findings were consistent with the result
that the formation of C-DBPs, especially THMs, is well correlated with
humic fractions (Jutaporn et al., 2020; Yang et al., 2015; Zhang et al.,
2020). Terrestrially derived NOM (i.e., C4) is rich in aromatic carbon
and phenolic contents (Watson et al., 2018), hence it is also believed to
be an important precursor of haloketones (Zhang et al., 2020). With
more
bromine
being
incorporated
to
a
THM
species
(TBM > DBCM > BDCM), the correlation coefficients between C1, C2,
and C3 removal and their FPs reduction were close to or even higher
than those between C4 removal. This could be explained by that amino
acids and proteins are more reactive than humic fractions with free
bromine to form brominated DBPs (Korotta-Gamage and Sathasivan,
2017; Zhai et al., 2014). Negative correlation coefficients between four
fluorescence components removal and TBM FP reduction were attrib
–
uted to the increasing Br /DOC ratio. For N-DBPs, the correlation co
efficients between the removal of four fluorescence components and the
reduction of DCAN FP followed the order of C2 > C4 > C1 > C3. TCNM
formation was reported to be good correlated with amino acids (Ma
et al., 2018). Nevertheless, because of the little formation of BCAN and
TCNM, no significant correlations between four fluorescence compo
nents removal and their FPs reduction were observed. The dissolved
organic nitrogen played an important role in N-DBPs formation (Hua
et al., 2015; Zhang et al., 2020). Considering the relatively high toxic
ities of N-DBPs and wide-presence of organic nitrogen components, the
correlations between organic nitrogen components removal and BCAN
(or TCNM) FP reduction need to be further investigated.

order of C4 > C1 > C2 > C3, but for DCAN the order was
C2 > C4 > C1 > C3. The fluorescence PARAFAC analysis can be regar
ded as a promising indicator of DBP precursors removal. Even so,
additional field tests are needed to provide more in-depth information
on using PARAFAC analysis as an indicator of DBP precursors removal in
DWTPs. Besides, the effects of operation parameters and environmental
conditions on removal efficiency of treatment processes were lack in this
study and warrant further investigation. In drinking water practice,
sufficient efforts should be paid to the maintenance of treatment pro
cesses such as refreshing the activated carbon to ensure the treatment
efficiency.
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