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Coagulation is well-established for controlling regulated disinfection by-products (DBPs), but its effectiveness for
controlling unregulated DBPs remains unclear. The efficiency of coagulation in controlling unregulated DBPs
requires clarification owing to their relatively high toxicity. In this study, three Al-based coagulants, aluminum
sulfate (Alum), polyaluminum chloride (PAC), and a novel type of covalently bond hybrid coagulant (CBC,
synthesized using AlCl3) were selected, and the coagulation performance of these Al-based coagulants in con
trolling DBPs and DBP-associated toxicity was compared over 5 classes of DBPs, including trihalomethanes,
haloacetic acids, haloacetaldehydes, haloacetonitriles, and halonitromethanes. The results showed that Alum
was the least efficient in removing DBP precursors among the three coagulants. The effectiveness of CBC and PAC
for DBP control varied with the characteristics of source waters. CBC had an advantage in water with a low
content of humic acids, and reduced DBP concentration and DBP-associated toxicity by 47% and 25%, respec
tively. For water rich in aromatic organics, CBC might serve as DBP precursors at a high-required dosage, sug
gesting that a trade-off between enhanced DBP control and serving as DBP precursors should be considered for
CBC coagulation; PAC achieved the most reduction in DBP concentration and DBP-associated toxicity by 50%
and 34%, respectively.
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1. Introduction
The World Resources Institute analysis shows that up to 3.5 billion
people in the world will have limited access to clean and safe water by
2025 (Service, 2006). Significant efforts have been made in the devel
opment of water treatment and reclaimed water reuse technology for
adequate potable-water. Disinfection is a key step in drinking water
treatment for inactivating pathogenic microorganism. However, the
generation of disinfection by-products (DBPs) from reactions between
disinfectants and nature organic matter (NOM) or anthropogenic pol
lutants originally present in raw water is inevitable (Deborde and von
Gunten, 2008; Ding et al., 2019; Richardson et al., 2007; Shah and
Mitch, 2012). The humic acids and fulvic acids in NOM are the primary
precursors of carbonaceous DBPs (C-DBPs) such as trihalomethanes
(THMs) and haloacetic acids (HAAs), whereas proteins, amino acids,
amines and other N-containing contaminants can serve as the principal

precursors of nitrogenous DBPs (N-DBPs), including haloacetonitriles
(HANs), halonitromethanes (HNMs), and haloacetamides (HAMs) (Bond
et al., 2012; Hua and Reckhow, 2007; Shah and Mitch, 2012). In addi
tion, emerging contaminants such as pesticides, pharmaceuticals, and
personal care products can form DBPs during disinfection (Bond et al.,
2012; Chu et al., 2016; Rule et al., 2005). Most DBPs are cytotoxic,
genotoxic or carcinogenic to mammalian cell, bacteria, and microor
ganism (Liu et al., 2020; Plewa et al., 2008; Plewa and Richardson,
2017; Richardson et al., 2008; Yang and Zhang, 2013). Epidemiological
studies suggest low but significant associations between the consump
tion of disinfected drinking water and adverse human health effects,
including bladder cancer (Richardson et al., 2007). The regulations are
enforced for four THMs, five HAAs, bromate, chlorite and other DBPs
worldwide (European Communities, 2007; Health Canada, 2019; Min
istry of Public Health of China, 2006; US EPA, 2008).
Coagulation is the most essential operation in drinking water and
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wastewater treatment. It is important in the removal of colloidal par
ticulates and dissolved organic matter (DOM) (Duan and Gregory,
2003). Enhanced coagulation is recommended by the US Environmental
Protection Agency (US EPA) to be an important approach for the control
of DBPs (US EPA, 1998; Zhang et al., 2005). Among a variety of co
agulants, Al-based coagulants are widely used in drinking water treat
ment. The commonly used Al-based coagulants include aluminum
sulfate (Alum) and polyaluminum chloride (PAC). AlO4Al12(OH24)7+
(defined as Al13) is reported to be the most effective species of PAC
(Duan and Gregory, 2003; Wang et al., 2004). Recently, the hydrolyzed
products of Al(III) such as AlO4Al12(OH24)7+ (Al13) and
Al30O8(OH)56(H2O)18+
(Al30) have been found to aggregate during
24
coagulation under certain conditions, and the aggregation of Al13 or Al30
played an important role in the optimized coagulation for turbidity and
humic acids removal (Liu et al., 2021; Wang et al., 2019; Yue et al.,
2021). Compared to the in-situ formed aggregates (formed during
coagulation), the preformed aggregates of Alum or Al13 have been
demonstrated to have fewer binding sites owing to the decrease in active
OH2 groups. Consequently, the adsorption or complexation capacity of
the preformed aggregates is weakened, leading to a reduction in the
removal of humic acids and phosphate (Wu et al., 2019).
PAC outperforms Alum in the removal of DOM at low dose because of
its better capacity of charge neutralization, while Alum has an advan
tage at high dosage owing to the spontaneous hydrolysis of Al(III) (Wang
et al., 2013). The synergistic effects of various hydrolyzed products from
Al(III) play important roles in the removal of DOM (Song et al., 2019).
However, neither Alum nor PAC is effective in the removal of organic
components with low negative charge density and low molecular weight
(MW) (< 10 kDa), which increases the risk associated with DBP for
mation during chlorination (Pramanik et al., 2015; Sharp et al., 2006a).
Increasing number of studies focus on the development of more efficient
and affordable coagulants for enhancing the removal of DOM (Mat
ilainen et al., 2010; Sillanpää et al., 2018). In recent decades, a new class
of covalently bond organic silicate aluminum hybrid coagulants has
attracted the interest of researchers (Liu et al., 2019; Wang et al., 2020;
Zhao et al., 2016, 2009a). Silane coupling agents are employed in the
synthesis of this new class of hybrid coagulants, which link the organic
components and the inorganic components by a Si-O-Al bond. The
covalently
bond
coagulant
synthesized
with
γ-amino
propylmethyldiethoxysilane (APDES, NH2C3H6CH3Si(OC2H5)2) (as
shown in Fig. S1) was found to feature with the highest positive charge
density, the highest content of Al13, and reticulated aggregate, showing
the best coagulation behaviors in terms of humic acids removal and
turbidity removal among the five coagulants (PAC, polyaluminum sili
cate chloride, and three hybrid coagulants) (Zhao et al., 2009a).
A reduction of 20− 60% in the sum of THM and HAA concentrations
can be achieved in natural water by Al-based coagulants according to
previous studies (Chow et al., 2009; Liang and Singer, 2003; Pramanik
et al., 2015; Umar et al., 2016; Werdehoff and Singer, 1987; Zhao et al.,
2008). PAC exhibited better performance in the removal of THM pre
cursors than AlCl3 over a wide range of pH values (3.5–7.5), whereas the
reduction in HAA precursors largely depended on the aluminum speci
ation and pH values (Zhao et al., 2008). In addition, PAC with a higher
content of Al13 was found to be more effective in reducing the formation
potentials of THM and HAA (Lin and Ika, 2020). While THMs and HAAs
represent the majority of DBPs by mass, the bioassay and calculated
toxicity results demonstrate that THMs and HAAs only contribute to less
than 10% of the total DBP-associated toxicity (Lau et al., 2020; Wagner
and Plewa, 2017). The cytotoxicity and genotoxicity of unregulated
DBPs are several orders of magnitude higher than those of THMs and
HAAs (Plewa and Richardson, 2017). However, little attention has been
given to the effectiveness of coagulation for removal of the unregulated
DBP precursors. Moreover, to our best knowledge, few studies regarding
the effect of the novel hybrid coagulants on the removal of DBP pre
cursors have been performed. It is of critical importance to evaluate the
influence of these new coagulants on DBP formation before practical

application.
The principal objective of this study is therefore to access the effec
tiveness of Al-based coagulants, including Alum, PAC, and covalently
bond coagulant (CBC) for controlling DBPs and DBP-associated toxicity
over five classes of DBPs. This study provides a thorough evaluation of
Al-based coagulation regarding the control of DBP formation, which is
conducive to mitigating the DBP-associated toxicity in drinking water.
2. Materials and methods
2.1. Materials
The source waters were collected from YSP and MH drinking water
treatment plants, which utilized water from QCS reservoir and Yangtze
River (Shanghai, China), respectively. The characteristics of these raw
water samples are shown in Table S1. The detailed information on DBP
standards is listed in Table S2.
PAC was prepared using a slow alkalinity titration method (Wang
et al., 2019). AlCl3 solution at a concentration of 0.5 mol/L (Sinopharm
Chemical Reagent, China) was titrated with saturated NaHCO3 solution
by pumping at 65 ℃ under a rapid-stirring condition, and the final ratio
of [OH-] to [Al3+] (defined as basicity) of solution was set as 2.2. CBC
was prepared according to the reported method proposed by Zhao et al.
(Zhao et al., 2009a, 2009b). First, AlCl3 solution at a concentration of 1
mol/L, APDES (Sigma-Aldrich, USA) and deionized water were mixed
into a flask of 500 mL at the molar ratio of Si to Al of 0.4. The mixture
was titrated by NaOH (1 mol/L) under a rapid-stirring condition with
the final basicity of 2.0 at ambient temperature. The final concentration
of total aluminum was 0.2 mol/L. The free chlorine solution was pre
pared by diluting a concentrated solution of sodium hypochlorite (4–5%
active chlorine, Sigma-Aldrich, USA) in ultrapure water, and calibrated
using a HACH method 8021 with a portable spectrophotometer (HACH
Pocket ColorimeterTMII, Loveland, USA) before disinfection. All other
materials were purchased as analytical grade reagents and were ob
tained from the Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
2.2. Experimental procedures
Coagulation experiments were performed in a jar test apparatus
(ZR4-6, Zhongrun Water Industry Technology Development Co., Ltd.,
Shenzhen, China). The coagulants (Alum, PAC, and CBC) were added to
water samples and mixed rapidly at 250 rpm for 1 min, followed by a
slow stirring at 30 rpm for 15 min, and then settled for 30 min. The
supernatant from 2 cm under the surface was collected and filtered
through 0.45 µm membrane for sample analysis and simulated distri
bution system (SDS) disinfection. CBC solutions were diluted with ul
trapure water to certain concentrations for SDS disinfection. All
coagulant dosages used in this study were in the unit of milligram per
liter as Al.
The samples after coagulation-sedimentation-filtration treatment
and the CBC solutions at certain concentrations were chlorinated under
SDS conditions to determine DBP formation potentials. Water samples
were incubated in headspace-free, brown glass bottles of 40 mL at 25 ±
0.5 ℃ in the dark after addition of disinfectant, and the total chlorine
residuals in the water samples were maintained at 1 ± 0.5 mg/L (as Cl2).
After 24 h reaction, liquid-liquid extraction with methyl tert-butyl ether
was performed immediately to avoid further DBP formation. Error bars
in all figures represent the relative standard deviation of two replicates.
2.3. Analytical methods
Size distribution of CBC and PAC solutions was measured using a
laser zeta analyzer (Malvern, Zetasizer ZS90, UK). The structure of CBC
was characterized using Fourier transform infrared spectrometry (FRIT)
(Thermo Fisher Scientific, Nicolet 5700, USA). Al species distribution of
CBC and PAC solutions were analyzed using the ferron colorimetric
2
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method, which can differentiate Al species into Ala, Alb and Alc cate
gories, corresponding to monomers, medium polymers, and large
polymers, respectively (Wang et al., 2004). Total Al concentration of
coagulants and the residual Al and Si concentrations of supernatants
were determined using inductively coupled plasma-optical emission
spectroscopy (ICP-OES, 5110, Agilent, US). Dissolved organic carbon
(DOC) was measured using a total organic carbon analyzer (Shimadzu
TOC-VCPH, Kyoto, Japan). Absorbance at 254 nm was quantified using
a HACH DR6000 UV–vis spectrophotometer (Loveland, US). Specific
ultraviolet absorption (SUVA) was the ratio of UV254 to DOC multiplied
by 100. Turbidity was measured using a portable turbidity meter
(HACH, 2100Q). Fluorescence measurements were conducted on a
spectrofluorometer (F-7100 Fluorescence, HITACHI, Japan).
THMs, HALs, HANs and HNMs were analyzed using a Shimadzu
QP2010 plus gas chromatography (GC) equipped with an electron
capture detector (GC-ECD, Kyoto, Japan) and a RTX-5MS column (30 m,
0.25 mm ID, 0.25 µm film thickness, Restek Corporation, Bellefonte,
USA). HAAs were derivatized to their corresponding esters with acidic
methanol using a derivatization method proposed by the US EPA, and
then were analyzed using a Shimadzu QP2010 plus GC coupled with a
QP2020 mass spectrometer (GC-MS, Kyoto, Japan). Analytical details of
DBPs are available in our previous study (Fang et al., 2019).

solution ranged from 300 to 400 nm with average size of 390 nm, which
was around 200 nm larger than that of PAC solution.
Fig. 1(b) displays the FTIR spectra of coagulants (CBC and PAC). The
CBC and PAC had similar absorption peaks at 3434 cm− 1 and
1630 cm− 1, which were respectively assigned to O-H and R-OH (H-OH,
Al-OH or Si-OH). An absorbance signal around 640 cm− 1 was attributed
to the symmetric stretching mode of Al-O bond of the central AlO-4 in the
molecule, suggesting the formation of Al13 during the preparation of the
two coagulants. In the case of CBC, the overall outline in the FTIR
spectrum, including the position and intensity of characteristic peaks,
was relatively similar to that reported in other studies (Wang et al.,
2020; Zhao et al., 2009a). The characteristic absorbance signal of
Si-O-Al for CBC was observed at 1016 cm− 1. Additionally, the adsorp
tion band at 1499 cm− 1 was related to the oscillation of C-NH2 that
originated from the silane coupling agent. The peaks at 1080 cm− 1 and
1262 cm− 1 were assigned to Si-O-Si and Si-CH3, respectively. These
results are in accordance with the previous study (Zhao et al., 2009a).
3.2. Coagulation performance
The effects of the coagulant dosage on the turbidity removal, UV254
absorbance removal, and residual DOC were compared among these
three coagulants. As shown in Fig. 2(a), in YSP water, the removal of
turbidity achieved by PAC was comparable to that of CBC in the range of
the coagulant doses studied in this work, whereas CBC achieved higher
efficiency for the removal of turbidity in MH water. For PAC and CBC,
the optimum turbidity removal for MH and YSP was achieved at dose of
1.5 [Al]/[DOC]. The dosage of alum for optimum turbidity removal was
lower than that of PAC and CBC, being 1.0 [Al]/[DOC]. As Alum dosage
increased to 1.5 [Al]/[DOC], the re-stabilization of particles occurred,
suggesting that charge neutralization is the dominant mechanism in
Alum coagulation. The removal of UV254 by three coagulants all
increased with the increasing dose. CBC showed the highest UV254
removal (%) followed by PAC and Alum, indicating that CBC performed
better in the removal of aromatic content and humic fraction of NOM.
This could be ascribed to the higher charge neutralization capacity of
CBC. In addition, the silicon component and aminopropyl group of CBC
enhanced the bridge effect. In contrast to turbidity removal, significant
differences in DOC removal between the traditional coagulants and the
new hybrid coagulant were observed. PAC had an advantage at lower
dosage owing to the high content of Al13, while at high dosage, DOC
removal in Alum coagulation was comparable to that in PAC coagula
tion. On the one hand, the monomeric Al species in Alum are hydrolyzed

2.4. Determination of DBP-associated toxicity
The value for predicted cytotoxicity of a specific DBP was calculated
by dividing the measured concentration by the published LC50 value.
The LC50 value is the concentration of a specific DBP, which induces
50% viability of the cells after 72 h exposure, as compared to the con
current negative control for Chinese hamster ovary cells (Wagner and
Plewa, 2017). LC50 values are presented in Table S2.
3. Results and discussion
3.1. Characterization of coagulants
As shown in Fig. 1(a), PAC contained 77% of Alb, whereas CBC
contained 88% of Alb with a lower content of Ala. It is proved that the Alb
fraction measured with the ferron assay corresponds to Al13 in freshly
prepared solutions (Parker and Bertsch, 1992). This suggests that a
higher content of Al13 was obtained in CBC solution, which is consistent
with the previous study (Zhao et al., 2009a). Ala was the dominant
species in Alum solution. In addition, the size distribution of CBC

Fig. 1. Al species distribution (a) and FTIR spectra (b) of the coagulants.
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Fig. 2. Turbidity removal (a and e), UV254 removal (b and f), residual DOC (c and g) and SUVA removal (d and h) after coagulation with CBC, PAC, and Alum.

and form hydroxide precipitates with further increasing dosage under
original pH conditions (pH > 7.0), which can adsorb DOM and induce
sweep flocculation (Yan et al., 2008). On the other hand, the sponta
neous hydrolysis of Al(III) consumes alkalinity and results in a reduction
in pH, which facilitates the removal of organic matter. Contrary to
traditional coagulants, little reduction in DOC was achieved by CBC at
low dosage. As CBC dose increased to 1.0 [Al]/[DOC], DOC level after
coagulation was higher than that in source water, indicating that part of
CBC remained in supernatant. The excess increase in DOC was more
obvious at high CBC dosage (1.5 [Al]/[DOC]). Overall, CBC showed a
preference for the removal of turbidity and humic fraction of NOM.
However, overmuch dosage resulted in an increase in DOC. The coag
ulant demand of PAC for optimum DOM removal was lower than that of
Alum.
To further investigate the influence of three coagulants on the
removal of DOM, fluorescence spectroscopy was applied to characterize
the chemical nature of DOM (i.e., composition and functional groups).

Fig. 3 shows the excitation-emission matrix (EEM) spectra of the water
samples. According to previous studies, EEM can be divided into five
regions: I: aromatic protein-like (APs, tyrosine-like); II: APs (tryptophanlike); III: fulvic acid-like; IV: soluble microbial product-like (SMPs); V:
humic acid-like (Chen et al., 2003).
Three peaks could be discerned in EEM spectrum of MH water, which
were related to aromatic proteins (APs), soluble microbial product-like
(SMP), and humic acid-like compounds. In contrast to MH water, the
EEM spectrum of YSP water indicated a low humic acid-like content; APlike and SMP-like fluorescent compounds were the dominant compo
nents, indicating that YSP water was impaired by algal organic matter
(Fang et al., 2010). As shown in Fig. 3(f) and (g), the fluorescence in
tensity of the peak relative to humic acid-like decreased more after
coagulation compared to that of peak related to SMPs or APs. This in
dicates that humic acid-like organics were easily removed by coagula
tion compared to APs and SMP-like compounds as previous studies
reported (Baghoth et al., 2011; Gone et al., 2009; Sanchez et al., 2013).

Fig. 3. EEM spectra of water samples before and after coagulation with CBC, PAC and Alum. The top and bottom panels represent YSP water and MH water,
respectively.
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A reduction in fluorescence regional integration (FRI) for region II by
21% was achieved by CBC in MH water, while 5% and 3% of reduction
in FRI for region II were obtained in PAC and Alum coagulation,
respectively (as shown in Table S3). In the case of YSP water, FRI of
region II was reduced by 18% after CBC coagulation, which decreased by
approximately 2− 3% for PAC or Alum coagulation. Besides, the fluo
rescence intensity of the peak related to SMPs was minimized after CBC
coagulation. These results suggest that CBC achieved higher removal
(%) of APs or SMPs compared to the traditional coagulants, which had
insignificant effects on the removal of these nitrogen-containing sub
stances. APs and SMP-like compounds were more hydrophilic and were
difficult to be removed by traditional coagulants (PAC or Alum) (Huang
et al., 2012; Humbert et al., 2007; Mergen et al., 2008; Metcalfe et al.,
2015). The side chain of the aliphatic aminopropyl in CBC showed a
preference for removing hydrophilic compounds, which was contributed
to the hydrophobic attraction (Liu et al., 2019). Additionally, the
removal (%) of APs in YSP water (SUVA: 2.5 L mg− 1 m− 1) by coagu
lation was slightly lower than that in MH water (SUVA:
8.7 L mg− 1 m− 1). It has been reported that the removal (%) of organics
by coagulation in source water with a high SUVA value was higher than
that with a low SUVA value (Liang and Singer, 2003; Wang et al., 2013).
A high SUVA value indicates a high content of hydrophobic fractions of
NOM in source water (i.e., humic acid and fulvic acid), in which large
flocs easily form after the addition of coagulants, and subsequently
induce effective coagulation. Moreover, it is reported that the least DOM
fraction (i.e., APs) that is removed by coagulation can be used as an
indicator of the DOC residual after coagulation (Gone et al., 2009; Sharp
et al., 2006). The APs were apparently mitigated after coagulation with
CBC, verifying that the increase in DOC after coagulation originated
from CBC.
The concentrations of Al and Si of samples treated with CBC were
measured to further verify the residual CBC. It was found that the con
centrations of Al were all below the detection of limit (0.01 mg/L),
whereas the concentrations of residual Si were approximately 60% of
the concentrations of Si added in (shown in Fig. S2). These results sug
gested that most Al adsorbed on particulates or complexed with organic
matter, and then formed flocs and settled. In addition, approximately
60% of Al dissociated from CBC after interacting with particulates or
organic matter, resulting in parts of aliphatic side chains remaining in
supernatants.

DBP formation. Consistent with the previous study (Richardson et al.,
2007), THMs (67.8 ± 4.1 μg/L and 123.6 ± 5.2 μg/L, respectively) and
HAAs (68.7 ± 3.5 μg/L and 58.2 ± 1.5 μg/L, respectively) formed dur
ing the chlorination of YSP and MH water represented the majority of
DBPs by mass (85% for YSP and 79% for MH). The sum of THM and HAA
concentrations from the chlorinated MH water was much higher than
that from the chlorinated YSP water owing to a high SUVA254 value for
MH water. Previous reports demonstrate a strong correlation between
the THM and HAA formation potentials and SUVA 254 values (Gallard
and Von Gunten, 2002; Liang and Singer, 2003). HALs were the third
largest class of DBPs by mass at the concentration of 11.7 ± 1.0 μg/L for
YSP water and 23.0 ± 0.2 μg/L for MH water. The concentrations of
HANs and HNMs (16.1 ± 1.8 μg/L and 4.5 ± 0.3 μg/L, respectively) for
MH water were slightly higher than those for YSP water
(10.4 ± 0.2 μg/L and 1.0 ± 0.5 μg/L, respectively). The concentration
of N-DBPs (HANs and HNMs) represented less than 10% of the total DBP
concentration in both source water samples.
Concentrations of THMs and HAAs were reduced by 25% and 48% to
50.6 ± 2.1 μg/L and 35.5 ± 2.3 μg/L after Alum coagulation at dose of
1.5 [Al]/[DOC] for YSP water, respectively, while PAC coagulation
showed slightly higher removal (%) and decreased the concentrations of
THMs and HAAs by 32% and 57% to 46.1 ± 3.4 μg/L and
28.8 ± 0.8 μg/L at the same dose, respectively. In the case of MH water,
the reduction in THM concentration in PAC coagulation (42%) was
comparable to that in Alum coagulation (45%), whereas PAC decreased
HAA formation by 80% to 11.4 ± 0.1 μg/L, being 39% higher than Alum
(34.1 ± 1.5 μg/L). In accordance with the previous study, PAC generally
had a high ability to remove THM and HAA precursors than Alum owing
to the stability of the preformed Al13 at alkaline pH, even if the removal
of DOC and UV254 achieved by Alum was comparable to that by PAC (as
shown in Fig. 2) (Zhao et al., 2008). This could be attributed to inter
active effects between NOM fractions and PAC during coagulation,
resulting in selective removal of DBP precursors, and the organics
remaining in water after PAC coagulation were less reactive with chlo
rine toward the formation of THMs and HAAs. CBC decreased THM and
HAA concentrations by 41% and 63% to 40.1 ± 3.1 μg/L and
25.5 ± 0.4 μg/L at dosage of 1.5 [Al]/[DOC] for YSP water, respec
tively, which achieved the maximal reductions in THM and HAA for
mation among the three coagulants for YSP water. Nevertheless, CBC
coagulation was the least effective in removing the precursors of THMs
and HAAs in MH water, which reduced the concentrations of THMs and
HAAs by 40% and 8% to 74.1 ± 2.6 μg/L and 53.3 ± 1.6 μg/L, respec
tively. This observation could be ascribed to the residual CBC in su
pernatants. The results of chlorination of CBC further verified the

3.3. Effect of coagulation on the mitigation of specific DBP formation
Fig. 4 illustrates the effect of coagulation on the mitigation of specific

Fig. 4. Concentrations of aggregated DBPs after coagulation. (a) for YSP water and (b) for MH water.
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contribution of CBC to the final DBP formation. Although the yields of
THMs and HAAs from the chlorination of CBC (4.2 μg-THMs/mg-Al and
2.4 μg-HAAs/mg-Al) were considerably lower than those of NOM in
source water (as shown in Fig. S3), the contribution of CBC to THM and
HAA formation could not be neglected when a high demand of coagulant
was required. In comparison to MH water, the coagulant demand for
YSP water was lower because of the lower content of DOC, thus, the
influence of residual CBC on the final DBP concentration was
insignificant.
In contrast to THMs and HAAs, few reduction of HALs was observed
after coagulation in YSP water. This could be attributed to the fact that
the hydrophilic fractions of NOM with a low molecular weight appear to
be the principal precursors of HALs, which are difficult to be removed by
coagulation (Mao et al., 2016; Sharp et al., 2006b). In addition,
bromination is preferred by hydrophilic precursors (Hua and Reckhow,
2007). Therefore, a shift in HAL speciation toward the formation of a
larger proportion of brominated HALs (Br-HALs) in YSP water was found
after addition of coagulants (as shown in Fig. S4). An increasing trend in
the formation of HALs occurred at dose of 0.5 [Al]/[DOC] in both MH
and YSP waters, implying that the specific reactivity of residual organic
compounds (μg-HALs/mg-DOC) for the generation of HALs increased
after coagulation (relative to source water). This observation could be
ascribed to the increased ratio of hydrophilic DOC to chlorine after
coagulation. Furthermore, in the case of MH water, the significant in
crease in the concentration of HALs after addition of CBC was primarily
attributed to the residual coagulant in MH water. The HALs yield from
the chlorination of CBC was approximately 1.6 μg-HALs/mg-Al, which
resulted in an increase from 23.0 ± 0.2 μg/L to 36.23 ± 3.3 μg/L in HAL
concentration after addition of CBC at dose of 6.75 mg Al/L.
N-DBPs are demonstrated to show toxicity potencies several orders of
magnitude higher than the regulated DBPs (Bond et al., 2012; Plewa and
Richardson, 2017; Plewa and Wagner, 2009). Alum decreased the HAN
concentration by 23% and 50% to 8.1 ± 0.9 μg/L and 8.2 ± 0.4 μg/L at
dose of 1.5 [Al]/[DOC] for YSP water and MH water, respectively. PAC
performed a slightly higher efficiency in removing HAN precursors,
which decreased the HAN concentration by 27% and 56% to
7.6 ± 0.5 μg/L and 7.1 ± 0.2 μg/L at the same dose for YSP water and
MH water, respectively. However, insignificant reductions in HNMs
were observed for PAC and Alum coagulation in MH water or YSP water.
In contrast to traditional coagulants, CBC exhibited a preference for
controlling N-DBP formation (HANs and HNMs) regardless of water
types. The concentrations of HANs were reduced by up to 60% and 70%
to 4.1 ± 0.4 μg/L and 4.6 ± 1.5 μg/L after treated with CBC at dose of
1.5 [Al]/[DOC] for YSP water and MH water, respectively, and HNM
concentration decreased by 58% to 1.90 ± 0.62 μg/L at dose of 1.5
[Al]/[DOC] in MH water. The N of N-DBPs can be derived either from
disinfectants (i.e., chloramines) or from dissolved organic N (DON)
(Bond et al., 2012). It is reported that total amino acids (the sum of free
amino acids and combined amino acids) represented 0.2–47% of DON in
raw water (Dotson and Westerhoff, 2009). Besides, algal organic matter,
being rich in DON, can form larger quantities of N-DBPs (Bond et al.,
2012; Fang et al., 2010). Considering the results of EEM spectra, CBC
enhanced the removal of organic-nitrogen rich substances (i.e., APs and
SMPs) from source waters, leading to effective control of N-DBPs.
Conversely, traditional coagulants were less effective in reducing DON,
as most N-containing substances (e.g., amino acids and algal organic
matter) tent to be of low MW and low electrostatic charge, which are
difficult to be removed by conventional Al-based coagulants (Bond et al.,
2012; Dotson and Westerhoff, 2009).

concentration at dose of 1.5 [Al]/[DOC], being 6% higher than Alum,
whereas CBC showed the highest efficiency in DBP control at the whole
range of dosage studied. The aggregated DBP concentration decreased
by up to 49% with CBC coagulation at dose of 1.5 [Al]/[DOC]. In the
case of MH water, the coagulation performance in controlling DBP for
mation for three coagulants showed a very different pattern from that in
YSP water. The aggregated DBP concentration decreased by up to 32%
after addition of CBC at dose of 1.0 [Al]/[DOC]. With further increasing
dose to 1.5 [Al]/[DOC], the removal (%) in aggregated DBP concen
tration by CBC decreased to 25%. This phenomenon could be explained
by the fact that overmuch addition of CBC resulted in a high amount of
residual CBC, and subsequently formed DBPs during chlorination, even
though UV254 was effectively removed at this dose. Alum decreased 40%
of the aggregated DBP concentration. The highest removal of the
aggregated DBP concentration was obtained in PAC coagulation (50%)
at dose of 1.5 [Al]/[DOC]. The pre-formed Al salts had an advantage in
the control of aggregated DBP under alkaline conditions owing to the
high content of Al13.
The reductions in the total DBP-associated toxicity concurred with
the removal of total DBP concentration in both YSP and MH water
samples (as shown in Fig. 5). HALs followed by HANs contributed to
major toxic potencies in all water samples, whereas the contributions of
THMs, HAAs, and HNMs to the total DBP-associated toxicity were
considerably lower than those of HALs and HANs. In the case of YSP
water, although the concentration of HALs almost remained unchanged
in all coagulation scenarios, a shift in HAL speciation in favor of Br-HAL
formation occurred. Consequently, HAL-associated toxicity showed an
increasing trend. The decreases in the predicted toxicity were mainly
driven by the decreases in HAN formation. CBC minimized the DBPassociated toxicity with a reduction by 25% at dose of 1.5 [Al]/
[DOC]. For MH water, only 12% reduction in the predicted toxicity was
obtained for CBC coagulation at high dose; the highest removal (%) of
the predicted toxicity was achieved by PAC (34%) at the same dose,
being 4% higher than that by Alum. The ineffective control of DBPassociated toxicity for CBC was attributed to the elevated formation of
chloral hydrate and dichloroacetaldehyde formed from the residual
CBC.
Overall, the coagulation performance for controlling DBP formation
and DBP-associated toxicity of CBC was dependent on the characteristics
of source waters. The contribution of CBC to the final formation of DBPs
after coagulation might be lower, as parts of CBC could be absorbed to
flocs and co-removed with pollutants after filtration. For the micropolluted source water, a low demand of CBC can effectively control
the formation of DBPs. In the case of source water with severe
contamination, a high demand of CBC may pose a risk regarding the
additional formation of DBPs, and PAC is recommended to control DBP
formation and DBP-associated toxicity.
4. Conclusions
The coagulation performance of three Al-based coagulants in con
trolling DBPs and DBP-associated toxicity was investigated. The results
revealed that Alum was the least efficient in reducing DBP precursors
and DBP-associated toxicity among the three coagulants, as the mono
meric Al species of Alum are hydrolyzed into hydroxide precipitates
under alkaline conditions, which are not as efficient as medium poly
mers for DBP precursor removal. The effectiveness of CBC and PAC
varied with the characteristics of source waters. PAC was more efficient
for water rich in humic acids (50% and 34% reductions in DBP con
centration and DBP-associated toxicity, respectively), as the preformed
Al13 in PAC played an important role in the removal of DBP precursors.
Nevertheless, CBC was more recommended for nitrogen-containing
water (i.e., source water impaired by algal) owing to the synergistic
effect of the polymeric Al and aliphatic side chain in CBC (47% and 25%
reductions in DBP concentration and DBP-associated toxicity, respec
tively). It is noted that CBC was not justified for water with a high

3.4. Effect of coagulation on the control of aggregated DBPs and DBPassociated toxicity
As shown in Fig. 4, the removal (%) of the aggregated DBP concen
tration generally increased with the increasing coagulant dosages in YSP
water. PAC coagulation achieved 39% reduction in aggregated DBP
6
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Fig. 5. Calculated cytotoxicity for DBPs after coagulation. (a) for YSP water and (b) for MH water.

content of humic acids, because CBC might serve as DBP precursors at a
high-required dosage. A trade-off between enhanced DBP control and
serving as DBP precursors should be considered before the application of
this type of hybrid coagulants.
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