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The unintended formation of disinfection by-products (DBPs) has received considerable attention as it may pose
risks to human health. Coagulation is the most common process for removing particulates as well as dissolved
organic matter (DOM) (i.e., DBP precursors) during drinking water and wastewater treatments. With the
improvement of water quality standards and the increased fluctuation in source water quality, conventional
coagulation becomes challenging. Thus, significant efforts have been made to enhance coagulation to promote
the removal of DOM in source water and mitigate the formation of DBPs in drinking water. This review provides
a brief summary of the properties of DBP precursors and summarizes the effectiveness of enhanced coagulation
involving three types of coagulants (metal-based coagulants, organic polymers, and organic-inorganic hybrid
coagulants) in controlling the formation of DBPs during chlor(am)ination disinfection. Metal-based coagulants
can achieve a reduction in DBP formation potential of approximately 20%–60% in natural water under enhanced
coagulation conditions. Both the organic polymers (used as coagulant aids) and novel hybrid coagulants increase
the removal of DOM and exhibit high potential for mitigating DBP formation. In addition, integrated treatments
combining coagulation with other treatment processes (e.g., oxidation, membrane filtration, ion exchange, and
adsorption) to enhance DBP precursor removal are evaluated in terms of performance, mechanisms, and features.
Advanced treatments, such as membrane filtration and activated carbon adsorption, are effective coagulationassisted processes, and can further control chlorinated DBPs; however, the elevated formation of bromate or
highly brominated DBPs is of particular concern.

1. Introduction
To prevent the spread of waterborne diseases, disinfection during
drinking water treatments is necessary to inactivate pathogenic micro
organisms. Moreover, a sufficient disinfectant residual should be
maintained in drinking water distribution systems to prevent the
regrowth of harmful microbes in the finished water. However, the
generation of disinfection by-products (DBPs) from reactions between
disinfectants and natural organic matter (NOM) is inevitable [1]. In
1974, trihalomethanes (THMs) were first discovered as by-products in
chlorinated water at concentrations of up to 160 μg/L [2,3]. Currently,
more than 600 DBPs were identified [4–7].
THMs and haloacetic acids (HAAs) are the two largest classes of DBPs

detected in drinking water on a mass concentration basis [1]. According
to the regulations of the US Environmental Protection Agency, the
maximum contaminant level is set to 80 μg/L for the sum of four chlo
rinated and brominated THMs (THM4; chloroform, bromoform, bro
modichloromethane, chlorodibromomethane), and 60 μg/L for the sum
of five HAAs (HAA5; monochloroacetic acid, monobromoacetic acid,
dichloroacetic acid, dibromoacetic acid, trichloroacetic acid) [8]. Hal
oacetaldehydes are the third largest DBP class by weight at typical
concentrations ranging from several to a few hundreds of micrograms
per liter in finished water [4]. In contrast, nitrogenous DBPs such as
haloacetonitriles, halonitromethanes, and haloacetamides are formed in
finished water at considerably lower concentrations, ranging from
several nanograms per liter to a few micrograms per liter [9].
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Additionally, N-nitrosamines represent a typical class of nonhalogenated DBP, among which nitrosodimethylamine at a typical
concentration within several to a few tens of nanograms per liter in
finished water is the dominant N-nitrosamine species [10,11]. Accord
ing to the International Agency for Research on Cancer classification,
some nitrogenous DBPs (e.g., N-nitrosamines and haloacetonitriles) are
defined as probably carcinogenic or carcinogenic to humans [12]. Nnitrosamines are associated with a 10− 6 lifetime cancer risk at concen
trations as low as 0.7 ng/L [13]. In general, although the concentration
levels of nitrogenous DBPs are far lower than those of carbonaceous
DBPs, nitrogenous DBPs are more cytotoxic, genotoxic, and carcinogenic
than carbonaceous DBPs [14]. Their lower concentrations may be offset
by their higher toxicities when assessing the human health risks asso
ciated with DBP exposure through drinking water. To control the
chronic risk posed by lifetime exposure to the probably carcinogenic
DBPs, the regulatory limits, guidelines or standards on DBPs in drinking
water were promulgated by the World Health Organization, Ministry of
Public Health of China, European Communities, and other regulation
agencies (shown in Table 1) [15–21].
To comply with the drinking water standards for regulated DBPs,
drinking water utilities are increasingly switching from chlorine to
alternative disinfectants (e.g., chloramines) [1,9,22]. However, the
application of chloramines reduces THM and HAA formation at the
expense of promoting the generation of nitrogenous DBPs, which might
have higher toxic potencies. Besides, the generated DBPs could be partly
removed by household approaches (e.g., adsorption and membrane
filtration), but these approaches are inefficient and unaffordable
[23,24]. An option to control DBP formation is enhancing precursor
removal before disinfection. NOM is the major source of organic DBP
precursors [9,25,26]. There are considerable spatiotemporal variations
in NOM composition, which poses a challenge in controlling DBP for
mation. Coagulation, which is among the most commonly applied pro
cesses for water and wastewater treatment, is more likely to remove
NOM with a high molecular weight and negative charge density. It is
challenging
for
conventional
treatment
(i.e.,
coagulationsedimentation-filtration) to remove NOM with a molecular weight
lower than 10 kDa, which represents ~45% of the total dissolved
organic carbon (DOC) and more than 50% of the total dissolved organic
nitrogen. However, the contribution of low-molecular weight NOM to
DBP formation cannot be underestimated [27]. The residual organic
matter in the effluent from coagulation can serve as DBP precursors and
react with disinfectants during subsequent disinfection. To solve this

issue, enhanced coagulation is proposed, in which the coagulation pa
rameters are optimized for promoting NOM removal. Enhanced coagu
lation is also an important approach recommended by the US
Environmental Protection Agency to control DBPs in drinking water
[28,29]. In recent decades, enhanced coagulation for the mitigation of
DBPs has involved the optimization of operating conditions (mainly
including coagulant dosage and pH) and the development of more
efficient composite coagulants. Moreover, the combination of coagula
tion with other water treatment technologies (e.g., membrane filtration,
ion exchange, oxidation, and adsorption) has aroused the interest of
researchers due to its promising application in enhancing NOM removal.
In this review, the research studies on the control of DBP in drinking
water via coagulation are overviewed. First, a brief summary of the
characteristics of DBP precursors is presented. Then, a comprehensive
understanding of coagulation mechanisms for the removal of NOM is
provided. The operational parameters, specifically pH, coagulant spe
cies and dose, and the composition of NOM, which influence coagulation
performance in terms of the removal of DBP precursors, are discussed. In
addition, the performance of commonly used coagulants (Al- and Febased coagulants) in DBP precursor removal is evaluated. The recent
development of novel coagulants/coagulant aids has been presented.
Moreover, the effectiveness of hybrid processes, which are the combi
nation of coagulation and other advanced drinking water treatment
processes, including membrane filtration, ion exchange, oxidation, and
adsorption, in enhancing DBP precursor removal, is assessed.
2. Characteristics of DBP precursors
The reactivity of NOM with disinfectants (e.g., chlorine and chlora
mines) varies according to characteristics such as size, hydrophobicity,
and constituents. Specific ultraviolet absorbance at 254 nm (SUVA) is
widely used as an indicator of the aromatic content and humic fraction
of NOM, which is defined as the ultraviolet absorbance at 254 nm
(cm− 1) divided by the DOC concentration (mg/L). The THM formation
process was divided into two stages based on the reaction kinetics: the
fast THM formation within the initial three hours and the slow THM
formation during the following three weeks [30]. A strong correlation
was found between the initial THM formation potential and SUVA value,
but a weak correlation between SUVA and the total THM formation
potential was shown. This indicated that the organics with high SUVA
values were reactive THM precursors. Gallard et al. confirmed that
resorcinol-type structures might contribute to the initial THM formation

Table 1
Regulatory limits or guideline values of DBPs in different countries, region, and organization (μg/L).
Trihalomethanes

Haloacetic acids
Haloacetaldehydes
Haloacetonitriles
N-nitrosamines
Inorganic DBPs

DBP species

China

Shanghai (China)

Chloroform
Bromodichloromethane
Chlorodibromomethane
Bromoform
THM4
Monochloroacetic acid
Dichloroacetic acid
Trihaloacetic acid
HAA5
Chloral hydrate
Dichloroacetonitrile
Dibromoacetonitrile
Nitrosodimethylamine
Bromate
Chlorite
Chlorate

60
60
100
100
1a

60
60
100
100
0.5a

50
100

25
50

10

5

10
700
700

0.1
5
700
700

European communities

100

US

California (US)

80

80

100

60

60

80

d

10

10
1000

0.01
10
1000

THM4: chloroform, bromodichloromethane, chlorodibromomethane, bromoform.
HAA5: monochloroacetic acid, monobromoacetic acid, dichloroacetic acid, dibromoacetic acid, trichloroacetic acid.
a
Sum of the ratio of the concentration of each THM to its respective regulatory limit/guideline value.
b
Complementary items to set the targets for water quality management in drinking water quality standards in Japan.
c
Items for further study in drinking water quality standards in Japan.
d
A notification level for nitrosodimethylamine in drinking water in California.
2

Canada

0.04
10
1000
1000

Japan

Australian

WHO

60
30
100
90
100
20
30
30

250
250
250
250
250
150
100
100

300
60
100
100
1a
20
50
200

20b
10b
60c
0.1c
10
600
600

100
0.1
20
800

20
70
0.1
10
700
700
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during chlorination, and phenolic compounds could possibly be
responsible for the slowly reacting THM precursors [30]. In some
studies, the DOM in source waters was isolated by resin (XAD-4 and
XAD-8) (hydrophobicity) and ultrafiltration membrane (molecular
weight). Generally, the hydrophobic and high-molecular weight showed
higher SUVA values than corresponding hydrophilic and low-molecular
weight fractions [31–34]. Croue et al. and Weishaar et al. found a
reasonable correlation between SUVA for the isolated hydrophobic
fractions and THM formation potential. However, a weak correlation
between SUVA and THM formation potential during chlorination was
found when considering the whole water or diverse source waters,
which implies that non-humic substances and low UV254 absorbing
organic matter might also be the precursors of THMs [33,35]. Hua and
Reckhow confirmed that hydrophilic fractions of DOM could form THM
during chlorination, particularly in source waters with low SUVA values,
as the hydrophilic fraction was a more important fraction for source
waters with low SUVA values [36]. In the same period, Dickenson et al.
demonstrated that the aliphatic β-diketone-acid-type and β-keto-acidtype structures of organics could be possible fast- and slow-reacting
THM precursors, respectively, which were particularly in hydrophilic
fraction [37]. It was reported that low-molecular weight NOM contrib
uted the most to the formation of carbonaceous DBPs including THMs,
vinyl chloride, dichloroacetone, and trichloroacetone [38], and was also
a significant source of precursors for the formation of the two classes of
nitrogenous DBPs (dihaloacetonitriles and chloropicrin) [33]. The for
mation of THMs was proposed to increase as the molecular weight of the
fractions decreased [39,40]. Farre et al. reported that low-molecular
weight fractions formed more brominated THMs and brominated diha
loacetonitriles owing to the high bromide-to-organic carbon ratio [41].
A similar result was found, in which bromine was relatively more
reactive with the hydrophilic and low-molecular weight fractions than
with hydrophobic and high-molecular weight fractions in the formation
of THMs and HAAs compared to chlorine [34]. As for the high-molecular
weight fractions, more iodinated DBPs during chlor(am)ination were
generated from the high-molecular weight fractions than in case of lowmolecular weight fractions [32]. The high-molecular weight fractions
consumed more chlorine and produced more reactive sites that could
react with HIO to form iodinated DBPs, whereas the low-molecular
weight fractions consumed less chlorine, and consequently, excessive
chlorine could further oxidize HIO to iodate, resulting in less formation
of iodinated DBPs. The discrepancies among various studies might be
related to the identification of DBP species and disinfection conditions.
Moreover, the total organic halogen was used to quantify the total
amount of halogenated DBPs in drinking water. However, more than
50% of the organic halogen formed during chlorination could not be
measured in identified DBPs [42]. Unknown total organic halogen is
defined as the difference between the total organic halogen and the sum
of the measured halogen equivalent concentrations of the identified
DBPs. Despite the higher formation of brominated/iodinated THMs and
HAAs from hydrophilic and low-molecular weight fractions during
chlorination, more total organic bromine and total organic iodine were
formed from the hydrophobic and high-molecular weight fractions [34].
In contrast, Bond et al. drew a completely different conclusion that there
were no significant relationships between physical properties of or
ganics (e.g., molecular weight) and the formation of DBP groups [43].
However, their study was performed based on a range of model com
pounds. The range scale of molecular weight of these NOM surrogates
(59–200 Da) used in this study is not wide enough to represent the NOM
in natural water, which has a wide range of molecular weights, from
molecular weight < 0.5 kDa to molecular weight > 500 kDa. Moreover,
they simplified the reaction between NOM and chlorine, and ignored the
interferences among the organic components of NOM and effects of
inorganic ions on the formation of DBPs. It is notable that the isolate
from NOM by filtration membrane is still a mixture of organic sub
stances with a homogeneous molecular weight. The reactions between
disinfectants and isolated fractions of NOM are more complicated than

those in the solution of single component dissolved in ultrapure water.
Overall, all molecular weight fractions of organic matter contributed
to DBP formation, and the hydrophobic NOM was a more important
source of DBP precursors than the corresponding hydrophilic fractions.
A general trend that the isolate from natural water with a higher mo
lecular weight showed a higher content of aromatic carbon and higher
THM formation potential was observed. Hydrophilic and low-molecular
weight organic compounds tend to form known DBPs (e.g., THMs and
HAAs) during chlorination, whereas a strong relationship between hy
drophobic fractions with high molecular weight and unknown total
organic halogen was found [33,34].
3. Enhanced coagulation
Enhanced coagulation was proposed in the Disinfectants/Disinfec
tion By-products Rule by the US Environmental Protection Agency as the
addition of excess coagulant for improved removal of DBP precursors
based on conventional treatment [8]. Table 2 shows the required total
organic carbon removal rate corresponding to the raw water charac
teristics under enhanced coagulation conditions. An alternative perfor
mance criterion of more than 0.3 mg/L total organic carbon removal per
increment of 10 mg/L coagulant with the combination of pH adjustment
should be met when it is not technically feasible for drinking water
treatment plants to meet the total organic carbon removal requirements
in Table 2 [8]. As proposed by the US Environmental Protection Agency,
enhanced coagulation can be achieved by acidifying the raw water and
increasing the dose of hydrolyzing coagulants to reduce the pH. The
turbidity removal was the primary purpose of conventional coagulation,
whereas the enhanced coagulation is clearly targeted at the removal of
organic matter, leading to the difference in mechanisms and optimum
operation conditions between conventional coagulation and enhanced
coagulation [44].
3.1. Mechanisms of enhanced coagulation
Al (III) and Fe (III) salts are commonly used as coagulants in drinking
water treatment. The hydrolyzing behavior of the coagulants depends on
the pH and coagulant concentration. According to the degree of poly
merization, the hydrolyzed species of Al(III) and Fe(III) are divided into
three categories (Table 3), which can be determined by the ferron
colorimetric method. Ferron assays can differentiate Al/Fe species into
monomers (Ala/Fea), medium polymers (Alb/Feb), and large polymers
(Alc/Fec) [45]. Medium polymers have high positive charges and can
strongly interact with negative colloids, which induces more effective
destabilization and coagulation [46]. Al13O4(OH)247+ (Al13) is the most
well-known medium polymer. Concerning the advantages of medium
polymers, a range of pre-hydrolyzed coagulants containing more me
dium polymers (e.g., polyaluminum chloride) are available either in
laboratory research or in factory production.
The main coagulation mechanisms for NOM removal include charge
neutralization, complexation, adsorption, and sweep flocculation
[44,46–50]. Charge neutralization is preferentially applied under
weakly acidic conditions (pH 5.0–6.0), in which medium polymers with
positive charge are expected to form. Anionic compounds in natural
waters can be effectively removed in a zeta potential window centered
Table 2
Enhanced coagulation requirement of the Disinfectants/Disinfection Byproducts Rule for percent total organic carbon removal. Adapted from the US
Environmental Protection Agency [8].
Total organic carbon mg/L
2–4
4–8
>8

3

Alkalinity mg/L as CaCO3
<60

60–120

>120

40%
45%
50%

30%
35%
40%

20%
25%
30%
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Table 3
Aqueous hydroxyl Al(III)/Fe(III) species.
Degree of
polymerization

Possible chemical formula
Al(III)

Fe(III)

Monomer

Al3+, Al(OH)2+, Al
(OH)2+, Al(OH)4−
Al2(OH)24+, Al2(OH)5+,
Al3(OH)45+

Fe3+, Fe(OH)2+, Fe
(OH)2+, Fe(OH)4−
Fe2(OH)24+,
Fe2(OH)5+,
Fe3(OH)45+
Fe6(OH)126+,
Fe6(OH)153+

Oligomer
Low-mer
Mid-mer
High-mer
Sol, gel
Precipitates

Al6(OH)126+,
Al6(OH)153+,
Al8(OH)204+
Al13(OH)327+,
Al13O4(OH)247+ (Al13)
Al15(OH)369+,
Al30O8(OH)5618+ (Al30)
(Al13)n, Al(OH)3
(amorphous form)
[Al(OH)3]n

Ferron
assay
Ala/Fea

Alb/Feb

–
–
Fe(OH)3 (amorphous
form)
[Fe(OH)3]n

Alc/Fec

Fig. 1. Continuous multiligand distribution model at different pH. Adapted
from Song et al. [52].

around zero [51]. In addition, complexation between soluble NOM and
soluble coagulants is a chemical interaction. In particular, various hy
drolysis products of metal salts (e.g., dimers, oligomers and medium
polymers) are bound to organic matter under weakly acidic conditions.
The synergistic effects of diverse hydrolysis products enhance the
complexation between NOM and coagulants [52]. The metal-NOM
complexes can either further aggregate into large complexes or be
adsorbed by precipitates [44,48,52–54]. Moreover, the freshly formed
metal hydroxide precipitates can induce sweep flocculation and adsorb
NOM or soluble metal-NOM complexes onto the surface of hydroxide
precipitates under conditions of over-hydrolysis (i.e., alkaline pH ranges
and over dosage) [48,50,55]. The aggregates of particulates can also
induce sweep flocculation and co-precipitate with NOM during coagu
lation. However, the variable characteristics and composition of NOM
lead to different dominant coagulation mechanisms for specific types of
raw water.

could be hydrolyzed into various Al species, among which medium
polymers with high positive charge are the dominant species [44]. The
binding sides of humic acids with different affinities selectively bound
with diverse Al species, leading to an increase in the complexing prob
ability of humic acids. As a result, the efficient removal of humic acids
generally occurred at pH 5.0–6.0. Regarding alkaline pH, Al3+ was hy
drolyzed into amorphous Al(OH)3, which showed little complexation
capacity with humic acids. The adsorption of DOM was the main
coagulation mechanism under alkaline conditions. In contrast to the
simple hydrolyzing salts, the influence of pH on pre-hydrolyzed co
agulants is dependent on the basicity of the coagulants ([OH− ]/[M]).
The higher the basicity value, the less significant is the effect of pH.
Polyaluminum chloride (PACl) with a high basicity value (2.0–2.5) can
maintain high speciation stability at pH from 4.0 to 11.0, whereas
various hydrolyzed products can form after the hydrolysis of Al(III) [62].
In water with low alkalinity, the pH reduction associated with the hy
drolysis of metal ions can be minimized by pre-hydrolyzed coagulants.
In most cases, high alkalinity/pH and high hardness are concomitant,
for instance, in groundwater. A recent study showed that owing to the
competition of hardness cations (Mg2+ and Ca2+), the negative DOM
was less efficiently neutralized by positively charged species. Thus, the
contribution of charge neutralization to NOM removal is limited [55].

3.2. Factors affecting enhanced coagulation performance
Numerous studies have concentrated on the optimal coagulation
conditions for NOM removal since the proposal of enhanced coagula
tion. Alkalinity/pH, coagulant type, and coagulant dose are the main
operating parameters that significantly affect the overall coagulation
efficiency. Moreover, ongoing studies have investigated the relationship
between NOM characteristics and coagulation treatability. NOM has
distinctive characteristics regarding its composition, which further af
fects the coagulation efficiency.

3.2.2. Coagulant dose
Generally, the dose of coagulants applied in water treatment ranges
from several milligrams per liter to hundreds of milligrams per liter,
largely depending on the characteristics of the source water [59].
Although increasing the coagulant dose is an alternative for enhanced
NOM removal, excessive coagulant addition may induce the restabili
zation of particulates, which impairs the contribution of adsorption and
co-precipitation to NOM removal. Additionally, overdosing the coagu
lant leads to an increase in costs as well as the amount of sludge pro
duced during coagulation treatment, and a decrease in pH. The optimal
coagulant dose is a prerequisite for enhancing NOM removal.

3.2.1. pH/alkalinity
Optimizing the pH of coagulation by adding an acid or base before
optimization of the coagulant dosage is recommended because the
coagulant demand can be minimized at the optimal pH [56,57]. The
influence of pH on NOM removal can be interpreted from two per
spectives: one is the effects of pH on the metal hydrolysis; the other is the
effects of pH on the protonation/deprotonation of organic matter, which
affects the complexation between metal coagulants (metal ions/metal
hydrolysis products) and organic matter in turn [58–61]. Song et al.
endeavored to elucidate the complexation between the humic acid and
Al3+ in a wide pH range through the continuous multiligand distribution
model [52]. The area under the upper curve in the graph represented the
number of binding sites of humic acids (shown in Fig. 1). The quantity of
the binding sites of humic acids occupied by Al3+ (including the hy
drolyzed products) decreased as pH decreased from 6.0 to 3.0, since the
protons competed with metal ions for binding sites. At lower pH
(3.0–4.0), most binding sites were occupied by protons, leading to less
formation of effective complexes. The quantity of the binding sites
occupied by Al species reached maximum at pH 5.0–6.0 where Al3+

3.2.3. Coagulant type
Both Al and Fe salts have been widely used as coagulants in drinking
water treatment plants, and can be hydrolyzed into a series of products
with positive charges over the normal range of pH values in natural
waters (pH 5.0–8.0) [46]. Some studies have reported that ferric chlo
ride outperforms Al-based coagulants in removing NOM [60,63,64].
There are several common interpretations in this respect. First, the
alkalinity consumed by ferric chloride during the formation of hydrox
ide is twice that of Al2(SO4)3, resulting in a lower pH for ferric chloride
coagulation, which facilitates the removal of NOM [57]. Second, Fe
hydroxide flocs are larger and stronger than Al hydroxide flocs [65,66].
Thus, more effective sweep flocculation and co-precipitation are
4
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induced by ferric chloride. A reduction in sludge production is another
advantage of ferric chloride coagulation because a lower coagulation pH
reduces the coagulant demand [57]. However, the application of ferric
chloride increases the corrosivity of water and may cause discoloration
in water. In addition, there are also studies showing the advantages of Al
salts in DOC removal [27,67–70]. In comparison to Fe3+, Al3+can be
hydrolyzed into a wider variety of products at pH 5.0–6.0, including
Al30O8(OH)5618+ (Al30), and other medium polymers with high positive
charge [46,61]. Polynuclear hydrolysis species of Al can be prepared in
significant amounts, and can remain stable in aqueous solutions for long
periods under appropriate conditions [46,61,62]. Al13 and Al30 can be
separated and purified [45,71]. Moreover, the polyaluminium chloride
with a certain distribution of Al species can be tailored to match the
characteristics of source waters for optimized coagulation [72], which
could decrease the demand of coagulant and subsequently reduce the
residual Al. Currently, no general conclusion regarding the optimal se
lection of coagulants has been drawn because of variations in NOM of
source waters. Although many studies have compared the performance
of Fe and Al salts in terms of DOC removal, few studies have focused on
the mitigation of DBP precursors. The effects of coagulant types on DBP
control should be further validated in a wide range of DBPs.
In recent decades, the application of pre-hydrolyzed coagulants,
particularly PACl, has become increasingly prevalent owing to their
higher efficiency [46]. The pre-hydrolyzed coagulants at high basicity
(>2.0) are less affected by pH and can maintain high speciation stability
[62]. The extent of pH reduction from the pre-hydrolyzed coagulants is
considerably lower than that from simple hydrolyzing salts. At low
dosages, pre-hydrolyzed coagulants outperform the hydrolysis of metal
salts because of the high content of medium polymers. As the dosage
increases, a lower pH can be achieved by simple hydrolyzing salts owing
to the spontaneous hydrolysis of metal ions, which results in better NOM
removal performance. The choice of an appropriate coagulant largely
depends on the characteristics of the raw water.

derivatives appear to be less susceptible to coagulation [70,76].
Autochthonous NOM is mainly generated in situ via microbial or
algal activities within the source water. The occurrence of algal blooms
significantly increases the release of algal organic matter, which can
cause coagulation inhibition by the formation of algal organic mattercoagulant complexes. The formation of these complexes leads to an
increased consumption of coagulants and deteriorates coagulation effi
ciency [80–82]. Algal organic matter is predominantly hydrophilic with
a low SUVA value [83,84]. In contrast to NOM, the hydrophilic fractions
of algal organic matter carry a significant proportion of the total charged
load and the lower charge density is related to higher hydrophobicity,
whereas hydrophobic fulvic acid fractions and humic acid fractions are
the dominant charged fractions in NOM [83]. A previous study
demonstrated that the hydrophobic fraction of NOM determines the
optimized coagulant demand, and the hydrophilic content is a useful
indicator of the proportion of DOC that is untreatable [85]. The pre
dictive relationship mentioned above might not be valid for highly algalimpaired source water.
As mentioned above, it is inferred that the NOM with a high mo
lecular weight and high charge density is more easily removed by
coagulation, which also corresponds to the coagulation mechanisms
introduced in Section 3.1.
4. Removal of DBP precursors by coagulation
Previous studies have reported that organic matter derived from
rainfall, sewage, and atmospheric dry deposition can form DBPs during
disinfection [73,74,86]. In addition, trace organic matter such as pes
ticides, pharmaceuticals, and personal care products have been found to
be DBP precursors [86–88]. For source water with high humic content,
most DBP precursors can be removed by conventional coagulation, and
consequent reduction of DBP formation potential can be achieved. In the
case of source water impaired by sewage or algae, conventional coag
ulation has a limited effect on the reduction of DBP formation potential,
as sewage and algae are key sources of dissolved organic nitrogen (e.g.,
protein and free amino acids) and consequently nitrogenous DBP pre
cursors, most of which are neutral or with low negative charges, hy
drophilic, and with a low molecular weight [86]. In recent decades, to
reduce the DBP formation potential, numerous studies on the enhance
ment of coagulation for the removal of DBP precursors have been per
formed, focusing on optimizing the conventional coagulation conditions
and developing new coagulants/coagulant aids (as shown in Fig. 2).
Metal-based coagulants have been widely used in water utilities and can
achieve approximately 20%–90% reduction in DOC under enhanced
coagulation conditions (See Table 4). The application of coagulant aids,
such as polyacrylamide and polydiallyldimethyl-ammonium chloride, in
conjunction with metal-based coagulants can enhance the coagulation
efficiency to varying levels depending on the type and dose of the aid
used, which might simultaneously increase the risks associated with the
formation of nitrogenous DBPs [89,90]. In addition, a new class of
covalently bound coagulants has been developed, which demonstrates a
significant improvement in the removal of low-molecular weight
organic matter [91,92]. These novel coagulants enable simplification of
the water treatment process using one-step coagulation.

3.2.4. NOM composition
The origin of NOM can be roughly divided into two categories:
allochthonous and autochthonous. Allochthonous NOM originates from
outside of the source water, including stormwater runoff, rainwater,
atmospheric dry deposition, and drainage within watersheds
[67,73–75]. A previous study demonstrated that both the hydrophobic
and hydrophilic contents of moorland catchments increased following
heavy rainfall [53]. In the case of snowmelt water, the increased DOM
occurred primarily in the hydrophobic, large-molecular weight frac
tions, which were more easily removed by coagulation. The hydrophilic
fraction of NOM had negligibly or slightly positive charges, which was
relatively lower than that of the hydrophobic fractions. Consequently,
less effective removal of DOC occurred in the case of moorland catch
ments after heavy rain events [53,76]. In another study using rainwater
as the source water, it was found that coagulation showed almost no
efficiency in removing DOC, UV254, and dissolved organic nitrogen
owing to a lower turbidity and low-molecular weight of DOM present in
rainwater [73]. The effectiveness of the coagulation process on
highway-associated stormwater runoff has also been reported. Hydro
carbons such as polycyclic aromatic hydrocarbons are the primary
organic pollutants in stormwater runoff. Over 90% of polycyclic aro
matic hydrocarbons can be removed via coagulation because polycyclic
aromatic hydrocarbons are typically associated with small particles
[75]. Several studies have reported the efficiency of coagulation in the
removal of DOM in wetland receiving water [67,77]. Coagulation
treatment can remove over 70% of DOC from the agricultural drain
water discharged into the wetland [67]. Additionally, other terrestrially
derived organic matter containing high humic content can be effectively
removed by coagulation, as humic acids are more aromatic than fulvic
acids [78]. From the perspective of molecular structures, aromatic
structures are more amenable to coagulation than aliphatic structures
[47,79]. In contrast to humic acids, polysaccharides and their

4.1. Removal of DBP precursors by Al-based coagulants
Al-based coagulants, including simple hydrolyzing salts (e.g.,
Al2(SO4)3 and AlCl3) and pre-hydrolyzed coagulants (e.g., PACl), are
widely used in drinking water treatment plants worldwide [93,94].
Several studies have indicated that enhanced coagulation can pro
vide better removal of DBP precursors than conventional coagulation
[63,64,95]. Zhao et al. adopted two doses of PACl to treat raw water
from Songhua River, one to optimize turbidity removal (baseline coag
ulation) and the other to optimize DOC removal (enhanced coagulation)
[63]. The results showed that the removal (%) of DBP formation
5
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Fig. 2. Enhanced coagulation in different scenarios.

potential with enhanced coagulation was approximately 20% higher
than that with baseline coagulation. The highest reductions of THM
formation potential and HAA formation potential by PACl under
enhanced coagulation conditions were 51% and 59%, respectively.
Wang et al. reached a similar conclusion [64].
The effect of Al speciation distribution on the removal of DBP pre
cursors was investigated by comparing PACl with AlCl3 at various pH
values (3.5–9.5) [68]. Humic acid was extracted from the sediments of a
wetland and separated into different molecular weight fractions using
membrane filters. Each fraction of humic acid (DOC = 4.5 ± 0.3 mg/L)
was treated with PACl (81% Al13) or AlCl3 at a fixed dosage of 0.8 mg Al/
mg DOC. PACl showed better removal of THM precursors than AlCl3 at
different pH values (3.5–7.5). In contrast to the THM precursors, the
removal of HAA precursors was related to the Al species (Fig. 3). The in
situ Al13 species of AlCl3 exhibited a better ability for HAA precursor
removal than the pre-hydrolyzed Al13 in PACl at a pH of 5.5, and the
greatest reduction of HAA precursors with low molecular weight (< 30
kDa) was achieved through charge neutralization. At a pH of 7.5, in situ
hydrolyzed Al13 species decomposed into dimeric Al species, whereas
the pre-hydrolyzed Al13 of PACl was stable and removed HAA precursors
with high molecular weight (>30 kDa) by adsorption [68]. The impact
of Al13 content in PACl on DBP precursor removal was studied using a
solution of humic acid and a mixture of humic acid and algal organic
matter [96]. Owing to the high neutralization capacity, PACl (66% Al13)
exhibited superior THM formation potential and HAA formation po
tential reduction than the PACl with a lower content of Al13 (29% Al13)
during coagulation of humic acid with or without algal organic matter.
However, in addition to Al13, PACl (29% Al13) contained 32% colloidal
Al (i.e., Al(OH)3), which contributed to the removal of THM and HAA
precursors including the DOM with a molecular weight of approximately
1 kDa by adsorption and co-precipitation [96].
In addition, the origin compositions of NOM in the source water
considerably influenced the coagulation performance in removing DBP
precursors. Extensive studies on the effects of hydrophilic/hydrophobic
fractions of NOM on the removal of DBP precursors by coagulation have
been conducted [63,64,97,98]. Generally, hydrophobic NOM is more
easily removed by coagulation than hydrophilic NOM. PACl performed
better in removing the hydrophilic fraction than Al2(SO4)3 [63,99]. The
hydrophobic/hydrophilic distribution of NOM in water to be chlori
nated further affected the relative distribution of HAAs and THMs
[36,97]. Raw water from five water utilities was fractionated with XAD8 resin and treated with Al2(SO4)3 [97]. Al2(SO4)3 coagulation removed
more HAA precursors than THM precursors in water with high SUVA
values, as both hydrophobic and hydrophilic fractions contained THM
precursors [97]. Wang et al. conducted experiments using an anthro
pogenic micro-polluted source water and a well-protected natural
source water with a low SUVA value, and their study demonstrated that
THM precursors were more easily removed by coagulation than HAA
precursors [64]. This is because the hydrophilic fraction in relation to
the formation of dihaloacetic acid is a more important fraction for

source waters with low SUVA values. Liang and Singer also reported that
the THM precursor removal (%) was higher than the dihaloacetic acid
precursor removal (%) in water with a low SUVA value, because the
precursors of dihaloacetic acids were less hydrophobic [97]. These
findings suggest that both coagulation efficiency and DBP formation
were affected by the properties of DBP precursors. Additionally, charge
density was found to be another important factor that could affect the
formation of DBPs. The raw water containing NOM with high charge
density did not necessarily correlate with high DBP formation potential,
whereas the reduction of DBP formation potential was accompanied by a
decrease in charge density. Finkbeiner et al. reported that the charge
density was almost completely removed by PACl coagulation, whereas
only ~40% reduction in specific DBP formation potential was achieved
by PACl coagulation owing to an inefficient removal of low-charge
compounds, some of which were known to exhibit high DBP forma
tion potential [98]. However, it was important to recognize that the
relationship between the reduction in charge density and the removal of
DBP formation potential was not linear.
Several studies focused on the effect of the distribution of NOM
molecular weight on DBP precursor removal. A recent study compared
the effectiveness of DBP precursor removal by Al2(SO4)3 coagulation
with biological activated carbon [27]. The results showed that Al2(SO4)3
led to reductions of 32% and 54% in THM formation potential and HAA
formation potential, respectively, whereas biological activated carbon
treatment resulted in a higher removal of THM formation potential
(85%) and HAA formation potential (87%) [27]. It was found that
coagulation was ineffective in removing organics with molecular weight
< 10 kDa (representing >45% of the total DOC), some of which were
more reactive precursors for THMs and HAAs [27,68]. However, the
biofilters could remove the entire molecular weight range of organic
contents, leading to a higher reduction of DBP formation potential than
coagulation. A similar result was observed by Lin et al. [96]. Bio
polymers and humics with molecular weight > 10 kDa were more easily
removed by PACl coagulation. Some studies have interpreted the
coagulation mechanism from the perspective of the particle size of the
coagulant species as well as NOM. Hydrolyzed Al species of Alb
(particularly Al13) could efficiently destabilize NOM though charge
neutralization and bridge effect. Some flocs formed by Alb were not
sufficiently large to settle down. Alc species were large polymers, and
easily hydrolyzed into amorphous or solid hydroxide (amorphous or
solid), and subsequently induced sweep flocculation. Additionally, there
were positive charges on the surface of hydroxide [46]. DOM could be
absorbed by electrostatic attraction. Thus, the flocs could precipitate
easily when Alc absorbed particles and NOM, even small DOM [47].
Another study demonstrated that PACl with a high content of Al13 was
more effective in removal of the intracellular organic matter of
M. aeruginosa with molecular weight less than 5 kDa compared to AlCl3,
which was attributed to the higher charge density and stability of Alb
[99]. Besides, the formation of complexes between AlCl3 and intracel
lular organic matter was much more than that between Al13 and
6
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Table 4
Overview of DBP precursors control in coagulation.
Water source and
characteristics

DBPs

Experiment conditions

Optimum removal efficiencies

Key findings

References

Songhua River (China)
DOC (mg/L):4.1
SUVA (L/mg/m): 3.0

THMs
HAAs

Coagulant: Al2(SO4)3, PACl,
FeCl3
pH for coagulation: 8.0
Dosage: 0.04–0.4 mmol/L
Disinfectant: NaClO
pH (Chlorination): 7.0

• Highest reductions in THM formation
potential and HAA formation potential
under enhanced coagulation were
51% and 59% by PACl, respectively.
• The highest removal of DOC (57%)
achieved by FeCl3 at enhanced
coagulation.

[63]

Mopanshan Reservoir
(MS), Xihangdao
River (XD) (China)
DOC (mg/L): 4.4
(MS), 3.4 (XD)
SUVA (L/mgm): 2.4
(MS), 2.6 (XD)
Alkalinity (mg
CaCO3/L): 31 (MS),
66 (XD)
Synthetic solution
including HA from
wetland sediments
DOC (mg/L): 4.5 ±
0.3

THMs
HAAs

Coagulant: Al2(SO4)3, PACl
pH for coagulation: 7.5
Dosage: 0–0.5 mmol Al/L
Disinfectant: NaClO
pH (Chlorination): 7.0

• The removal of DBP formation
potential at enhanced coagulation was
higher than that at baseline
coagulation by almost 20%.
• PACl performed better DBP formation
potential reduction than Al2(SO4)3 as
well FeCl3.
• Medium polymers with high charge
had advantages in removing
hydrophilic fraction in NOM.
• DBP formation potential, DOC and
UV254 removal were improved
significantly at enhanced coagulation
comparing to based coagulation.

Synthetic solutions
including HA with and
without algogenic
organic matter
DOC (mg/L): 3
Alkalinity (mg
CaCO3/L): 100

THMs
HAAs

THMs
HAAs

Coagulant: AlCl3, PACl
(81% Al13)
pH (Coagulation): 3.5–9.5
Dosage: 0.8 mg Al/mg DOC
Disinfectant: Chlorine
pH (Chlorination): 7.0
Coagulant: PACl (66%
Al13),
PACl (29% Al13)
pH (Coagulation): 7.1
Dosage: 0–3 mg Al/L
Disinfectant: NaClO
pH (Chlorination): 7.0

[64]

• Metal salts exhibited higher
treatability than polymeric coagulants
at enhanced coagulation dosage owing
to the low alkalinity of raw water.

• For humic acid sample, total DBP
formation potential reduction by PACl
(66% Al13) and PACl (29% Al13) were
99% and 97%, respectively.
• Total DBP formation potential
reduction decreased to 92% for both
coagulants in the presence of extracellular organic matter.
• Total DBP formation potential
reduction decreased for PACl (66%
Al13) and PACl (29% Al13) to 80% and
75%, respectively, in the presence of
cellular organic matter.

Raw water collected
from five water
utilities (USA)
DOC (mg/L): 1.2–8.1
SUVA (L/mg-m):
3.1–4.7

THMs
HAAs

Coagulant:
Al2(SO4)3⋅(14–16)H2O
pH for coagulation: above
6.0
Disinfectant: NaClO
pH (Chlorination): 6.0 and
8.0

Raw water from a
reservoir
DOC (mg/L): 5.84 ±
0.11
Dissolved organic
nitrogen (mg/L): 0.92
± 0.07
SUVA (L/mg/m):3.25

THMs
HAAs
Nitrosodimethylamine

Coagulant:
Al2(SO4)3⋅18H2O
pH for coagulation: 6.6 ±
0.1
Dosage: 7 mg Al/L
Disinfection: Chlorination

• Al2(SO4)3 coagulation resulted in a
reduction in THM formation potential,
HAA formation potential and
nitrosodimethylamine formation
potential by 32%, 54%, and 23%,
respectively.

Groundwater
DOC (mg/L): 9.44 ±
0.60
SUVA (L/mg/m):
5.36 ± 1.10

THMs
HAAs

Coagulant: FeCl3, FeCl3/
PACl (combined)
pH for coagulation: 7.0
Disinfection: Chlorination

• FeCl3 achieved the DBP precursor
removal with reductions of 47% and
32% in THM and HAA precursors,
respectively.
• FeCl3/PACl resulted in reductions in
THM formation potential and HAA
formation potential by 32% and 56%,
respectively.

• The in situ Al13 species of
AlCl3exhibited better removal ability
for HAA precursors at pH 5.5.
• PACl performed better THM
precursors removal than AlCl3 at
different pH.
• Algal organic matter deteriorated the
efficiency of coagulation for NOM
removal.
• PACl with a high content of Al13
showed superior DBP formation
potential reduction for synthetic
solutions owing to strong charge
neutralization capacity.

[68]

[96]

• PACl containing colloidal Al
destabilized DBP precursors via
adsorption and sweep flocculation.
• Coagulation removed more HAA
precursors than THM precursors in
water with a high SUVA value.
• The aromatic carbon moieties were
removed by Al2(SO4)3 coagulation to a
larger degree than the aliphatic
carbon moieties.
• Trihaloacetic acid precursors were
easily removed by coagulation than
THM precursors, whereas the removal
of dihaloacetic acid was similar to that
of THM.
• Organic matter with a molecular
weight less than 1 kDa could
contribute to most THM and HAA
formation, which was difficult to be
removed by coagulation.
• Coagulation was efficient for
removing high-molecular weight or
ganics (> 10 kDa), whereas organics
with molecular weight less than 10
kDa contributed to DBP formation.
• Coagulation was less efficient for
removing both carbonaceous DBPs
and nitrogenous DBPs than biofilters.
• FeCl3/PACl performed better in DOC,
SUVA and UV254 removal, compared
to FeCl3, and almost equal reductions
of THM and HAA precursors were
achieved by both coagulants.
• Two coagulation scenarios resulted in
different changes in reactivity of the

[97]

[27]

[107]

(continued on next page)
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Table 4 (continued )
Water source and
characteristics

DBPs

Experiment conditions

Colorado River water
DOC (mg/L): 4.8–7.4
SUVA (L/mg/m):
0.81–1.7

THMs

Coagulant: FeCl3 with polydiallyldimethyl-ammonium
chloride
pH for coagulation: 5.5–8.0
Dosage: 20–60 mg/L FeCl3,
0.4 mg/L polydiallyldimethyl-ammonium
chloride
Disinfection: Chlorination
Coagulant: Al2(SO4)3,
Al2(SO4)3/Chitosan,
Al2(SO4)3/polyacrylamide
Dosage: 30 mg/L Al2(SO4)3,
10 mg/L Al2(SO4)3 + 5 mg/
L chitosan, 10 mg/L
Al2(SO4)3 + 2 mg/L
polyacrylamide
Disinfectant: NH2Cl
pH (Chloramination): 8.0
Coagulant: Al2(SO4)3,
Al2(SO4) + polyacrylamide,
polyacrylamide
Dosage: 10 mg Al/L
Al2(SO4)3, 10 mg Al/L
Al2(SO4) + (0.5–2) mg/L
polyacrylamide
Disinfectant: NaClO, NH2Cl
pH (Chlor(am)ination): 6.0

Synthetic water
Total organic carbon
(mg/L): 2.9 ± 0.5

THMs
Nitrosodimethylamine

Huangpu River and a
secondary wastewater
treatment plant
(China)
DOC (mg/L):
5.00–8.47
Dissolved organic
nitrogen (mg/L):
0.24–1.43UV254 (cm1): 0.097–0.361

THMs
Haloacetonitriles
Haloacetam-ide

Lake Ontario, Otonabee
River, and Grand
River (Canada)
DOC (mg/L):
1.89–6.95
SUVA (L/mg/m):
1.16–3.06
pH: 8.0–8.2
Ottawa River, Otonabee
River, and Lake
Simcoe (Canada)
DOC (mg/L): 4.1–5.9
SUVA (L/mg/m):
1.32–3.45
pH: 7.4–8.5

Halobenzoquinones

Coagulant: Al2(SO4)3
Dosage: 0–53.2 mg/L
Disinfectant: NaClO
pH (Chlorination): 7.0

THMs
HAAs
Halogenated
furanones

Coagulant: Al2(SO4)3
Dosage: 0–6.45 mg Al/L
Disinfectant: NaClO
pH (Chlorination): 7.0

Optimum removal efficiencies

• The reduction in THM formation
potential was 20% and increased to
50% under enhanced coagulation
conditions with FeCl3.

Key findings

References

residue NOM fractions toward DBP
formation.
• Enhanced coagulation achieved
reductions in the DBP precursors and
THM formation potential.

[108]

• A reduction of 29% in chloroform was
achieved by Al2(SO4)3.
• The formation of
nitrosodimethylamine decreased by
approximately 30% after Al2(SO4)3
coagulation.

• Both chitosan and polyacrylamide
were effective in reducing turbidity
and DOC compared to Al2(SO4)3
alone.
• Both coagulant aids promoted
nitrosodimethylamine formation,
whereas neither affected THM
formation.

[114]

• The total reduction in haloacetamide
formation by 41.8%–61.4% was
observed for Al2(SO4)3 coagulation.

• Although Al2(SO4)3-polyacrylamide
was more effective in DOC removal,
residual polyacrylamide in water after
coagulation could serve as the
precursor of haloacetamides and other
DBPs.

[90]

• The humic with UV-activity might be
the precursors of halo-benzoquinones,
which could be effectively removed by
Al2(SO4)3 coagulation.
• The biopolymers may improve the
removal of halo-benzoquinone pre
cursors by co-precipitation.

[69]

• Genotoxic potential decreased with
increased Al2(SO4)3 dosages, implying
that coagulation was effective in
removing precursors.
• Halogenated furanones decreased in
concentration with increasing
Al2(SO4)3 dosage.

[70]

• Polyacrylamide increased total
haloacetamide concentrations by
70%–149% compared to Al2(SO4)3
coagulation.
• Coagulation with 10 mg/L of
Al2(SO4)3 salt and 2 mg/L of
polyacrylamide increased total
haloacetamide concentrations by
45%–75% compared to Al2(SO4)3
coagulation.

intracellular organic matter, leading to a considerable consumption of
Al3+ and consequently impaired the efficacy of coagulation.
Recently, two related studies investigated the formation of DBPs at
the molecular level. One study demonstrated that DOM molecules with a
high degree of oxidation (high O/C value) were preferentially removed
during coagulation [100]. The other study reported a significant corre
lation between DBP formation potential and NOM molecules with a high
O/C ratio and a low H/C ratio [101]. However, all high THM formation
potential and HAA formation potential associated formulas (high O/C
ratio) identified in the latter study were also found in the list proposed in
the former study, which covered all CHO formulas identified in the
coagulation effluent (PACl coagulation). This finding indicated that
organic molecules associated with high DBP formation potentials were
not fully removed by PACl coagulation; consequently, enhanced coag
ulation was necessary.
In addition to THMs and HAAs, it has been reported that substantial
reductions in haloacetonitriles (>50%) and haloacetamides (40%–60%)
were achieved by adding Al2(SO4)3 at the dosage of 10 mg/L [90]. This
result suggests that the removal of nitrogenous DBP precursors is

feasible using Al-based coagulants. N in nitrogenous DBPs can be
derived either from organic precursors, that is, N-containing organic
matter, or in the case of chloramination, from the disinfectant [25,102].
An equal or slightly lower reduction in dissolved organic nitrogen
compared to that of DOC was observed during Al2(SO4)3 coagulation.
Enhanced removal of dissolved organic nitrogen was achieved by adding
a cationic polymer (polydiallyldimethyl-ammonium chloride) without
inducing additional dissolved organic nitrogen [103]. However, the
corresponding reduction in the nitrogenous DBPs during disinfection
was not determined. A recent study compared the efficiency of coagu
lation and biofiltration for the reduction of dissolved organic nitrogen
and nitrosodimethylamine formation potential [27]. It was found that
dissolved organic nitrogen was preferentially removed by the biological
activated carbon process owing to its high biodegradability. The
reduction in nitrosodimethylamine formation potential by biological
activated carbon was almost 100%, whereas it was no more than 30% by
Al2(SO4)3 coagulation. Additionally, N in amino acids represents 20%–
75% of dissolved organic nitrogen, and the dissolved amino acids
comprise 2%–13% of the total NOM in the surface water [86,104]. Both
8
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Fig. 3. Coagulation mechanisms for THM and HAA precursors removal. Adapted from Zhao et al. [68].

the combined amino acids (e.g., proteins and peptides) and the free
amino
acids
were
reactive
nitrogenous
DBP
precursors
[86,103,105,106]. Model compound studies reported that although
coagulation or biological filtration were not effective to remove free
amino acids, as proteins were highly biodegradable, an excellent
removal of proteins was achieved by biofilters [27,51,106].
Another emerging class of DBPs is aromatic DBPs. The removal of
halo-benzoquinone precursors in surface water by coagulation has been
reported [69]. The results showed that larger humic acid with UV ac
tivity might be the precursor of a halo-benzoquinone, 2,6-dichloro-(1,4)
benzoquinone, which was identified in all chlorinated water samples.
The concentration of 2,6-dichloro-(1,4) benzoquinone decreased with
increasing Al2(SO4)3 dosage, indicating that coagulation could effec
tively reduce, but not completely eliminate, halo-benzoquinone pre
cursors [69]. This research group also evaluated the removal of
halogenated furanone precursors from the surface water by coagulation
[70]. The relationship between genotoxicity and DBPs was evaluated.
Halogenated furanones contributed to 40%–67% of the total genotox
icity in the chlorinated water samples. As the Al2(SO4)3 dosage
increased, the genotoxic potential decreased, implying that enhanced
coagulation with a higher coagulant dosage was effective in removing
halogenated furanone precursors [70].

effect of coagulant type (Al-based and Fe-based) on the mitigation of
DBP precursors should be further investigated in the case of a wide range
of source waters with various characteristics to provide more informa
tion with water utilities for the control of DBP precursors.
In the same period, another study compared the efficiencies of FeCl3
and a combination of FeCl3 and PACl (FeCl3/PACl) in the reduction of
DBP formation potential. The results showed that the reductions in THM
and HAA precursors by FeCl3 (200 mg/L) and FeCl3 (30 mg/L)/PACl (30
mg/L) were almost equal, whereas the dosage of FeCl3 decreased by
85%. After coagulation, both coagulants changed the reactivity of re
sidual organic matter in effluent toward THM and HAA formation to
different extents, suggesting that the two coagulation scenarios occurred
in different pathways [107].
Additionally, a previous study reported the application of enhanced
coagulation with FeCl3. A pH adjustment down to 5.5 resulted in a 50%
reduction in THM formation potential, whereas no manual pH adjust
ment (pH 8.1) only resulted in a 20% reduction in THM formation po
tential [108]. However, polydiallyldimethyl-ammonium chloride was
used in conjunction with FeCl3 to improve coagulation performance.
The risk of polydiallyldimethyl-ammonium chloride in nitrogenous DBP
formation will be discussed in detail later.
The aforementioned studies investigated the effectiveness of Febased salts in removing DBP precursors in detail, whereas a novel
study demonstrated an undesirable increase in iodinated DBP levels
after FeCl3 coagulation. It was demonstrated that FeCl3 reacted with
iodide to generate several iodine species (e.g., HIO, OI− , I2, and I3− ),
which further oxidized organic matter to generate iodinated organic
compounds with high cytotoxic and genotoxic potencies [109]. This
finding indicates that FeCl3 is not justified for treating the source water
with a high concentration of iodide.

4.2. Removal of DBP precursors by Fe-based coagulants
Fe salts are also commonly used metal-based coagulants, including
ferric sulfate, ferrous sulfate, and ferric chloride [94]. Fe-based salts are
more frequently applied in wastewater treatment plants because of the
color resulting from Fe-based salts. Similar to Al salts, high-molecular
weight hydrophobic organic acids with a typically high negative
charge are preferentially removed by FeCl3 coagulation [51]. It was
proposed that Fe-based salts were superior in DOC removal compared to
Al-based salts [59,60,63]. However, despite higher DOC removal, fewer
reductions in THM formation potential and HAA formation potential
were observed in FeCl3 coagulation compared to those using Al-based
coagulants [63]. These results can be interpreted from two perspec
tives. First, not all DOC fractions were reactive with disinfectants. The
fraction of NOM that was preferentially removed by FeCl3 coagulation
might not participate in DBP formation. The other aspect is that the
emerging DBPs (e.g., haloacetaldehydes, halonitromethanes, hal
oacetonitriles, and haloacetamides) formed during disinfection were not
determined, which underestimates DBP formation. Consequently, the

4.3. Removal of DBP precursors by organic polymers
Organic polymers have been widely used in drinking water treatment
plants as coagulant aids in conjunction with metallic salts (e.g., ferric
chloride and Al2(SO4)3). The advantages of organic polymers include
enhanced coagulation performance, lower requirement of coagulant
dosage, smaller volume of sludge produced, and wider range of source
waters that can be treated [89]. The commonly used coagulant aids
(shown in Fig. 4) include polyacrylamide, anionic polyacrylamide,
cationic polyacrylamide, polydiallyldimethyl-ammonium chloride,
epichlorohydrin/dimethylamine, and chitosan [89]. However, these
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Fig. 4. Structures of polyacrylamide (PAM), anionic polyacrylamide (APAM), cationic polyacrylamide (CPAM), cationic polyelectrolytes poly-diallyldimethylammonium chloride (PDADMAC), polymers from epichlorohydrin and dimethylamine (ECH/DMA) and chitosan.

organic polymers or their monomers (e.g., acrylamide and dimethyl
amine) may also serve as DBP precursors [7,91]. Nitrosodimethylamine
formation potential has been reported to increase by 43%–82% when
polydiallyldimethyl-ammonium chloride is employed as a coagulant aid
[110]. Ding et al. demonstrated that the total haloacetamide concen
tration increased by 45%–75% when 2 mg/L of polyacrylamide was
used in conjunction with Al2(SO4)3 [90]. The contribution of organic
polyelectrolytes as precursors of DBPs was reviewed in particular [111].
In summary, the application of quaternary ammonium polymer co
agulants or acrylamide-based coagulants apparently increases the health
risk associated with nitrosodimethylamine and haloacetamides in
drinking water, but it does not considerably contribute to the production
of THMs compared to NOM in raw water.
To mitigate the formation of nitrogenous DBPs, a series of structur
ally modified organic polyelectrolytes have been developed. Previously,
a novel quaternary phosphonium cationic polymer was synthesized
using polydiallyldimethyl-ammonium chloride. The modification
involved substitution of the quaternary N atom of polydiallyldimethylammonium chloride with a P atom, which was defined as
polydiallyldiethyl-phosphonium chloride. Importantly, this phospho
nium polymer did not produce nitrosated by-products during chlor
amination [112]. Recently, this research group proposed two additional
modification approaches [113]. The first approach involved the con
version of tertiary amine groups in polydiallyldimethyl-ammonium
chloride or epichlorohydrin/dimethylamine to less chloraminereactive quaternary ammonium groups in the polymers using methyl
iodide, which could lower the formation of nitrosodimethylamine by up
to 77%. Another research group followed this approach, and observed
reduced formation of nitrosodimethylamine during chloramination of
the modified chitosan [114]. In the second approach proposed by Zeng
et al., the chloramine-reactive dimethylamine group was substituted
with dipropylamine in the synthesis of a dipropylamine-based analog of
polydiallyldimethyl-ammonium chloride, by which nitrosodimethyl
amine formation was completely eliminated [113]. The yields of Nnitrosodipropylamine from dipropylamine-based polymers were 20-fold
lower than the nitrosodimethylamine yields from dimethylamine-based
polymers. These modified polymers achieved coagulation performance
comparable to that of the original polymers, which enhanced the
removal of DOC by 12%–25% relative to Al2(SO4)3 or ferric coagulation
without organic polymers [112,113].
For polydiallyldimethyl-ammonium chloride, the contribution of
free dimethelamino-containing amines and polymer-bound quaternary
ammonium groups to nitrosodimethylamine formation cannot be

underestimated.
Feasibility
tests
are
necessary
when
polydiallyldimethyl-ammonium chloride with the modification of ter
tiary amine groups is applied in practice. Moreover, the potential of the
modified polymers to form other nitrogenous DBPs (e.g., hal
oacetamides) needs to be evaluated. The enhanced coagulation flowing
from the use of modified polymers in conjunction with metal salts is
expected to enhance DBP precursor removal, which requires further
investigation.
4.4. Removal of DBP precursors by organic-inorganic hybrid coagulants
A new class of covalently bound organic silicate aluminum hybrid
coagulants has attracted the interest of researchers owing to its superior
coagulation performance. Silane coupling agents are important in the
synthesis of this new class of hybrid coagulants, which link the organic
and inorganic components (AlCl3) by a Si-O-Al bond [91,92,115]. The
first silane coupling agents employed in the synthesis of hybrid co
agulants were γ-aminopropylmethyldiethoxysilane and diethox
ydimethylsilane
[115].
The
hybrid
coagulant
with
γ-aminopropylmethyldiethoxysilane achieved the highest UV254
removal efficiency among the five coagulants (PACl, polyaluminum
silicate chloride, and three hybrid coagulants) as a result of the
enhanced charge neutralization and bridge effect. A few years later, a
novel ion-exchange coagulant was developed [91]. Trimethyl [3-(trie
thoxysilyl) propyl] ammonium chloride was used as the silane coupling
agent in synthesis of the ion-exchange coagulant. Compared to tradi
tional coagulants such as PACl and polyaluminum silicate chloride, the
ion-exchange coagulant exhibited 20% to 46% higher DOC removal,
which was attributed to the enhanced removal of low-molecular weight
organic matter (< 2 kDa). The results of the jar tests with the model
compound (salicylic acid) showed that the chloride ions associated with
the quaternary ammonium in the ion-exchange coagulant exchanged
with salicylic acid anions during coagulation, which differs from tradi
tional metal-based coagulants. Therefore, a special coagulation mecha
nism similar to ion-exchange processes is essential in the ion-exchange
coagulant coagulation for the removal of low-molecular weight hydro
philic components (e.g., weak organic acids). More recently, another
silane coupling agent (3-(trimethoxysilyl) propyl-n-octadecyldimethy
lammonium chloride) was adopted to synthesize a new hybrid coagulant
with AlCl3. Interestingly, this new hybrid coagulant had a configuration
that could be everted when added to water at pH > 4.0, similar to
actinia; thus, it was named actinia-like multifunctional nanocoagulant.
The actinia-like multifunctional nanocoagulant achieved removal (%) of
10
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over 90% for a wide variety of emerging contaminants (e.g., organic
micropollutants and pharmaceuticals), regardless of the charge, mo
lecular weight, and hydrophobicity of the contaminants. It has been
proposed that the shells of Si–Al complexes destabilize large contami
nants and form flocs and enmesh colloids, whereas the aliphatic qua
ternary ammonium core captures the dissolved contaminants through
electrostatic and hydrophobic interactions [92].
All the aforementioned covalently bound hybrid coagulants
enhanced the removal of DOC compared to conventional coagulants,
particularly for hydrophilic organic matter with a low molecular weight.
Hydrophilic and low-molecular weight NOM have been proposed to be
significant in DBP formation, particularly in water with a low humic
content [22,27,116]. More importantly, bromine and iodine are highly
reactive with hydrophilic DOM with a low molecular weight, forming
brominated DBPs and iodinated DBPs, which are generally more toxic
than their chlorinated analogs [36,117]. The DBP formation and related
toxic potential associated with the hydrophilic organic matter with a
low molecular weight are likely to be mitigated by the new hybrid co
agulants, which requires further investigation. The progress achieved in
the development of covalently bound hybrid coagulants has been
forthcoming. However, both the modified coagulant aids and covalently
bound hybrid coagulants were tested based on single, specific source
waters without wide applications. Further research should extend the
applicability of the conclusions (e.g., enhanced DOC removal) to source
waters with different characteristics. Additionally, the involvement of
quaternary amines in covalently bound hybrid coagulants must be
weighed against the risk associated with nitrosodimethylamine forma
tion. Moreover, the ratios of bromide to DOC and bromide to chlorine
increased as a result of the enhanced DOC removal, which might lead to
a shift in speciation toward the formation of brominated DBPs. When
high bromide-containing water serves as the source water, treatments
for bromide removal are required.

chloropicrin) by approximately 60% owing to the enhanced removal of
hydrophobic fractions [121].
More studies on the hybrid coagulation-membrane filtration process
focused on the enhancement of NOM removal and the elimination of
membrane fouling, whereas very few studies have focused on the
reduction of regulated and unregulated DBP formation by the combined
process during drinking water treatment. More efforts should be made to
study the effect of the combined process on DBP precursor removal and
relevant mechanisms owing to its feasibility in practical applications.
5.2. Hybrid oxidation-coagulation process performance
Pre-oxidation is an effective coagulation-assisted process, particu
larly for source water with high contents of organic matter and algae
[122]. The effectiveness of pre-oxidation in enhancing coagulation was
reviewed by Xie et al. [122]. However, other studies have indicated that
pre-oxidation might impair coagulation performance [123,124].
Generally, differences in raw water characteristics and oxidation con
ditions result in varied influence of pre-oxidation on coagulation per
formance (See Table5).
The effectiveness of coagulation combined with ozonation in con
trolling DBPs was investigated based on a source water with a low total
organic carbon content [125]. Pre-ozonation achieved the highest
reduction in THM formation potential (27%) and HAA formation po
tential (36%) in the treatment train. Al2(SO4)3 coagulation removed
16% and 21% of THM formation potential and HAA formation potential,
respectively. It was found that almost no improvement in coagulation
performance for DBP control after pre-oxidation, and even better per
formance in the removal of UV254 by coagulation was achieved without
pre-oxidation. On the one hand, the desorption of the organics absorbed
on particulates might occur during pre-ozonation. In addition, the
organic substances might be more difficult to be removed by coagulation
after pre-ozonation, since the natures of organics such as hydrophobicity
and molecular weight changed after pre-ozonation. These led to an in
crease in the precursors of THMs and HAAs. On the other hand, the
stability of the suspensions could be disturbed, which benefits to the
subsequent coagulation. Besides, the reactivity of organics to chlorine
was decreased after pre-ozonation due to the increased carboxylic
groups, resulting in a decrease in THM and HAA formation [126,127].
Therefore, the pre-ozonation had both positive and negative effects on
coagulation performance and DBP control. If the negative effects are
more significant than positive effects, the immediate benefits of preoxidation may be lost upon subsequent coagulation. Another study
proposed that pre-ozonation could improve the performance of the
subsequent coagulation in DBP formation potential reduction [128].
Although there was only a slight reduction in total organic carbon after
pre-ozonation, which might be attributed to the incomplete oxidation of
organic matter with limited ozone dosage, the enhancement in DBP
formation potential reduction was observed for the combined process.
Insignificant removal of THM formation potential was achieved by
coagulation without pre-ozonation; much higher reduction in THM
formation potential (24%) was achieved by coagulation with preozonation. The overall reduction in HAA formation potential increased
by 6% compared to coagulation alone. It could be speculated that the
positive effect of pre-ozonation on DBP control outweighed the negative
effect in this research. The mechanisms related to the promotion of preozonation for DBP formation potential removal in the combined process
could be divided into two aspects. One aspect was the promotion of
coagulation efficiency. The release of organic matter from the surface of
the colloids after pre-ozonation broke the charge balance of the colloids,
causing destabilization and particle collisions. In addition, an increasing
number of carboxylic groups were available for complexation with co
agulants after pre-ozonation, and the complexes further formed pre
cipitates that induced sweep flocculation [122]. Moreover, NOM with a
low molecular weight could be efficiently mineralized during preozonation, leading to a reduction in DBP precursors [124]. The

5. Removal of DBP precursors by coagulation-based hybrid
processes
5.1. Hybrid coagulation-membrane filtration process performance
The application of membrane filtration considerably promotes the
removal of NOM in drinking water treatment plants, whereas membrane
fouling by NOM (e.g., biopolymers and humic acid) limits its widespread
application. Coagulation was reported to be an effective pre-treatment
for membrane fouling control, further promoting the overall removal
capabilities and improving the effluent quality [118,119].
A previous study reported a novel submerged ultrafiltration mem
brane coagulation bioreactor [120]. The combination of immersed
membrane and activated sludge, namely a submerged membrane
bioreactor, enabled excellent solid/liquid separation and biodegrada
tion of organic matter in a single tank. PACl was used as the coagulant
and periodically injected into the membrane bioreactor. Consequently,
coagulation occurred in the membrane bioreactor. The removal of
organic matter could be achieved by three unit effects, including
rejection by the ultrafiltration membrane, biodegradation by microor
ganisms, and coagulation by PACl. As a result, the DOC of the effluent
was reduced by 44 ± 10% for the membrane coagulation bioreactor,
which was considerably higher than that of the membrane bioreactor
alone. THMs formation potential and HAA formation potential
decreased by 36 ± 3% and 41 ± 7% for the membrane coagulation
bioreactor, being 13.8% and 14.0% higher than those of the membrane
bioreactor alone, respectively, indicating that the increase in DBP pre
cursor removal could be attributed to PACl coagulation. Another recent
study investigated the influence of the combination of PACl coagulation
and ultrafiltration on the reduction in both carbonaceous DBP and
nitrogenous DBP precursors. The results showed that coagulation com
bined with the ultrafiltration process minimized the formation of THMs
and lowered the yields of nitrogenous DBPs (haloacetonitriles and
11
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Table 5
Overview of DBP precursors control in hybrid processes.
Water source and
characteristics

DBPs

Hybrid processes

Experiment conditions

Key findings

References

Synthetic water includes
domestic sewage, tap
water, humic acid
DOC (mg/L): 5.734 ±
0.597
UV254 (cm− 1): 0.075
± 0.003
pH: 7.14

THMs
HAAs

Submerged
membrane
bioreactor/
Coagulation

Ultrafiltration membrane:
polyvinyl chloride
Ultrafiltration membrane flux: 10
lm− 2 h− 1
Coagulant: PACl
Dosage: 10 mg/L PACl twice a day
Disinfection: Chlorination

[120]

Qingyuan Reservoir
(China)
DOC (mg/L): 2.081 ±
0.012
UV254 (cm− 1): 0.039
± 0.004
pH: 8.2

THMs
Haloketones
Haloacetonitriles
Trichloronitromethane

Coagulation/
Ultrafiltration

Water utilities (US)
DOC (mg/L): 2–27.3
SUVA (L/mg/m):
1.4–4.5
pH: 6.1–8.1

THMs
HAAs

Magnetic ion
exchange®/
Coagulation

Coagulant: PACl
Dosage: 6 mg Al/L
pH (coagulation): 8.2
Ultrafiltration membrane:
polyether
Constant pressure: 0.08 kPa
Disinfectant: NaClO
pH (Chlorination): 8.2
Coagulant: Al2(SO4)3⋅(14–16)H2O
Ion exchange resin: Magnetic ion
exchange® resin
No pH adjustment before
disinfection
Disinfectant: NaClO
pH (Chlorination): 8.0

• The membrane coagulation bioreactor
performed well in the elimination of
particulates, microorganisms,
nitrification, and phosphate removal.
• The membrane coagulation bioreactor
achieved the higher reductions in THM
formation potential and HAA formation
potential by 36 ± 3% and 41 ± 7%,
respectively, compared to the membrane
bioreactor alone.
• Higher reductions of DOC and UV254 were
achieved than DBP formation potential by
membrane coagulation bioreactor.
• The removal (%) of hydrophobic fractions
of the PACl coagulation combined with
ultrafiltration process was considerably
higher than ultrafiltration or coagulation
alone, resulting in a higher reduction of
70% in total DBP formation potential.

Burrator Reservoir,
River Tavy, River
Tamar (UK)
DOC (mg/L): 0.5–6

THMs
HAAs

Suspended ion
exchange/
Coagulation

Coagulant: PACl, Al2(SO4)3,
polyelectrolyte
Dosage: 3.18–5.09 mg Al/L
pH (Coagulation): 6.4
Ion exchange resin: Suspended ion
exchange resin
Ion exchange resin dosage: 18 mL/
L
Disinfectant: NaClO
pH (Chlorination): 7.0

Natural catchments
DOC (mg/L): 7.6–11.4
SUVA (L/mg/m):
4.3–5.6

THMs
HAAs

Ion exchange/
Coagulation

Synthetic water
DOC (mg/L): 0–16
Alkalinity mg/L:
0–200

THMs
Haloacetonitriles
Halonitromethanes
Haloacetaldehydes
Halogenopropanes

Coagulation/
Magnetic ion
exchange®

Hope Valley (HV) and
Myponga (M)
reservoirs (Australia)
DOC (mg/L): 5.8–10
SUVA (L/mg/m):
2.4–3.5

THMs

Coagulation/
Magnetic ion
exchange®

Coagulant: PACl
Dosage:3.3–6.4 mg Al/L (raw
water), 0.4–1.3 mg Al/L (ion
exchange-treated water)
pH (coagulation): 5.8
Ion exchange resin dosage: 25 mL/
L
Disinfectant: NaClO
Coagulant: Al2(SO4)3⋅18 H2O
Dosage: 30–120 mg/L
pH (coagulation): 5.5–6.8
Ion exchange resin: Magnetic ion
exchange resin
Ion exchange resin dosage: 0–10
mL/L
Disinfectant: NaClO
pH (Chlorination): 7.0
Coagulant: Al2(SO4)3⋅18 H2O
Dosage: 20 mg/L (HV), 60 mg/L
(M)
pH (coagulation): 6.0
Ion exchange resin: Magnetic ion
exchange resin
Ion exchange resin dosage:6 mL/L
(HV), 8 mg/L (M)
Disinfection: Chlorination
pH (Chlorination): 7.0

• Total organic carbon, UV absorbance and
DBP formation potential were
considerably reduced as a result of
magnetic ion exchange® pre-treatment
prior to Al2(SO4)3 coagulation.
• Magnetic ion exchange® eliminated a
significant portion of the coagulant
demand.
• THM formation was reduced by 60%–
90% regardless of the features of raw
waters.
• The combined process reduced the DBP
formation potential by 83%–87% related
to raw water.
• Suspended ion exchange preferentially
removed the low-molecular weight frac
tion of NOM, whereas coagulation
removed high-molecular weight
compounds.
• Brominated DBP concentrations were
reduced owing to the removal of bromide
concentration by suspended ion
exchange, but the proportion of
brominated DBP in the total DBP
increased.
• The combined treatment minimized the
specific THM formation potential and
HAA formation potential to values that
were 42%–53% and 32%–42% lower than
those from coagulation, respectively.

[121]

[141]

[140]

[98]

• Chlorinated DBP formation was well
controlled by the combined process.
• Although the concentrations of
brominated DBP reduced by 48%–75%
relative to raw water, brominated DBP
represented a higher proportion in the
total DBP concentration.

[142]

• Lower specific THM formation potential
for magnetic ion exchange®-treated
water was obtained compared to
coagulation-treated water.
• Coagulation showed little additional
increase in DOC removal in the combined
process.
• Coagulation could lower either magnetic
ion exchange® dose or contact times to
achieve optimum DOC removal.

[143]

(continued on next page)
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Table 5 (continued )
Water source and
characteristics

DBPs

Hybrid processes

Experiment conditions

Key findings

References

North Bay Aqueduct,
South Bay Aqueduct,
Castaic Lake,
Sweetwater Lake
(USA)
DOC (mg/L): 1.9–5.1
SUVA (L/mg/m):
2.0–3.8
pH: 7.5–8.6

THMs
HAAs

Magnetic ion
exchange®/
Coagulation

Coagulant: Al2(SO4)3⋅(12–14) H2O
Dosage: 1–30 mg Al/L
Ion exchange resin: Magnetic ion
exchange resin
Ion exchange resin dosage:1–6 mL/
L Disinfectant: NaClO
pH (Chlorination): 8.0

[144]

White River water (USA)
DOC (mg/L): 2.5–4.4
SUVA (L/mg/m):
2.1–3.0

THMs
HAAs
Bromate

Pre-oxidation/
Coagulation
Coagulation/
Oxidation

Coagulant: Al2(SO4)3⋅(12–14) H2O
Dosage: 21–44 mg/L
pH (coagulation): 6.5, 8.0
(ambient)
Oxidant: Ozone
Oxidant dosage: 0.5-log Giardia
inactivation, 1.0-log
Cryptosporidium inactivation
Disinfection: Chlorination
pH (Chlorination): 8.0

Yellow River (China)
CODMn (mg/L):
4.61–6.00
UV254 (cm− 1):
0.082–0.128
Alkalinity (mg/L):
180–200
pH: 7.98–8.62

THMs
HAAs

Pre-oxidation/
Coagulation

Coagulant: FeCl3
Dosage: 17–25 mg/L
Oxidant: Ozone, permanganate
Oxidant dosage: 1.0 mg/L (O3), 1.2
mg/L (KMnO4)
Disinfection: Chlorination
pH (Chlorination): 8.0

North Bay Aqueduct
water, the South Bay
Aqueduct, Lake
Campbell (USA)
DOC (mg/L): 3.4–8.5
SUVA (L/mg/m):
3.0–3.2
pH: 7.8–8.2
Bromide μg/L: 33–380

THMs
Bromate

Coagulation/
Oxidation

Coagulant: Al2(SO4)3
Dosage:10–80 mg/L
Oxidant: Ozone
Oxidant dosage: 1 mg O3 per total
organic carbon
Disinfection: Chlorination
pH (Chlorination): 8.0

Lake Taihu
DOC (mg/L): 3.24–6.2
Dissolved organic
nitrogen (mg/L):
0.25–0.79
UV254 (cm− 1):
0.039–0.112
Algae count (×104
cells L-1): 150–12,600
Natural water
DOC (mg/L): 2.0–6.5
SUVA (L/mg/m):
1.8–5.9
pH: 5.5–7.3

THMs
Haloacetonitriles
Haloacetamides

Pre-oxidation/
Coagulation

Coagulant: polymeric aluminum
sulfate
Dosage:10–80 mg/L
Oxidant: KMnO4
Oxidant dosage: 1 mg/L
Disinfectant: Chlorine
pH (Chlorination): 7.4–7.8

• Coagulation of magnetic ion exchange®treated water did not provide additional
removal of organic carbon.
• Magnetic ion exchange® treatment
reduced THM formation potential and
HAA formation potential to a
considerable extent than coagulation.
• A shift to more brominated THM and HAA
species relative to chlorination of raw
water was observed.
• The reductions in THM formation
potential and HAA formation potential for
the combined process were averaged 55%
and 68%, respectively.
• Bromate formation increased as dosage
increased.
• The extent of DBP formation potential
reduction by coagulation was the same as
that of the process with or without preozonation.
• The total reduction in DBP formation
potential was the same for the overall
process, regardless of the point of
ozonation with respect to coagulation.
• KMnO4 had poorer oxidation potential
than ozone, but it enhanced the efficiency
of subsequent coagulation owing to the
adsorption of organic materials on MnO2.
• The pre-oxidation of KMnO4 resulted in
an increase in DBP formation potential,
while O3 decreased the DBP formation
potential during the pre-oxidation.
• The overall reduction in DBP formation
potential for O3/coagulation was
considerable higher than that for KMnO4/
coagulation.
• The reduction in THM formation
potential for the combined process
increased by up to 43% compared to
Al2(SO4)3 coagulation alone.
• The elevated ratio of Br to DOC following
Al2(SO4)3 coagulation resulted in an
increase in bromate formation for the
overall treatment.
• The increase in bromine incorporation
fraction was attributed to the
combination of Al2(SO4)3 coagulation
and ozone.
• A limited enhancement of DBP formation
potential removal was achieved by the
combined process.
• The precursors of chloroform were easier
to remove than the nitrogenous DBP
precursors.

THMs
HAAs
Haloacetonitriles
Haloketones
Chloropicrin

Pre-oxidation/
Coagulation
Coagulation/
Oxidation

Coagulant: Ferric chloride
Dosage: 21–44 mg/L
pH (coagulation):5.5Oxidant:
Ferrate
Oxidant dosage: 25, 50 μM (preoxidation), 20, 35, 50 μM
(intermediate oxidation)
pH (Oxidation):6.2, 7.5
Disinfectant: NaClO
pH (Chlorination): 7.0

Terkos Lake water
(Turkey)
DOC (mg/L): 3.8–5.01

THMs

Coagulation/powder
activated carbon
adsorption

Coagulant: Ferric chloride
Dosage: 20–100 mg/L
pH (coagulation):5.5

• Ferrate pre-oxidation had positive effects
on subsequent coagulation for THM and
trihaloacetic acid precursors removal, but
increased the formation of haloketones
and chloropicrin by 39% and 142% rela
tive to conventional treatment,
respectively.
• Intermediate-ferrate considerably
promoted the removal of NOM and DBP
precursors owing to the improved
removal of residue organics in
coagulation effluent.
• An increase in chloropicrin concentration
was observed in all ferrate oxidation
scenarios.
• The removal of DOC was increased from
45% to 76% powder activated carbon
adsorption.

[125]

[128]

[129]

[135]

[136]

[146]
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Table 5 (continued )
Water source and
characteristics

DBPs

Hybrid processes

Experiment conditions

Key findings

(FeCl3 and powder
activated carbon
were added
together)

Absorbent: powdered activated
carbon
Absorbent dosage: 10–80 mg/L
Disinfection: Chlorination
pH (Chlorination): 7.0

THMs
HAAs
Haloacetonitriles

Coagulation/powder
activated carbon
adsorption
(Al2(SO4)3 and
powder activated
carbon was added
together)

Coagulant: Al2(SO4)3
Dosage: 20–100 mg/L
Absorbent: powdered activated
carbon
Absorbent dosage: 150 mg/L
Disinfectant: NaClO
pH (Chlorination): 7.0

THMs
Haloacetonitriles
Halonitromethanes
Haloacetaldehydes
Halogenopropanes

Coagulation/powder
activated carbon
adsorption
(Coagulation
followed by powder
activated carbon)

Coagulant: Al2(SO4)3⋅18 H2O
Dosage: 30–120 mg/L
pH (coagulation):
5.5–6.8Absorbent: powdered
activated carbon
Absorbent dosage: 0–120 mg/L
Disinfectant: NaClO
pH (Chlorination): 7.0

• THM formation potential removal for the
combined process increased by up to
82%.
• Powder activated carbon adsorption
removed low-molecular weight and un
charged NOM.
• The formation of DBPs decreased by
80%–95% as a result of the combination
of coagulation with powder activated
carbon.
• An increase in the proportion of
brominated DBPs in the total DBPs
resulted from the increased bromide ionto-organic carbon ratio.
• The removal of DOC was up to 80% as a
result of the combination of enhanced
coagulation and powder activated
carbon.

SUVA (L/mg/m):
2.21–3.75
Bromide μg/L:
260–560
A reservoir in southwest
of Western Australia
DOC (mg/L):
18.8–20.5
SUVA (L/mg/m):
5.2–3.9
Alkalinity (mg/L):
112–148
Synthetic water
DOC (mg/L): 0–16
Alkalinity (mg/L):
0–200

conjugated structures were vulnerable to ozonation, thus the organic
carbon was less reactive with chlorine [129]. Although the effectiveness
of the combination of coagulation and oxidation for DBP formation
potential reduction have been confirmed, the formation of brominated
DBPs (i.e., bromate and brominated THMs) raises concerns when
bromide-rich water functions as source water [129,130].
Some studies recommended the pre-oxidation with permanganate
prior to coagulation for enhancing algal cell removal when treating
highly algae-impaired water. Pre-oxidation with permanganate mainly
released organic matter adsorbed on the algal cell surface (e.g., extra
cellular organisms) without causing any cell damage [131]. The MnO2
generated from pre-oxidation promoted flocculation efficiency, which
served as the initial core of flocs and enhanced NOM removal via
adsorption [132,133]. A maximal reduction of 39% in chloroform in the
C. meneghiniana suspension was achieved by permanganate (2.0 mg/L)
followed by coagulation [134]. Nevertheless, a relatively limited
enhancement in DBP reduction by the combination of permanganate
pre-oxidation and coagulation was observed when treating algae-rich
natural waters [128,135]. This may be due to the consumption of per
manganate by other pollutants in natural source water, resulting in the
inefficient oxidation of algae cell. The divergence in these studies
revealed the limitations of using synthetic solutions to evaluate the ef
ficiency and applicability of the combined process in practical scenarios
involving natural water supplies.
The impact of ferrate oxidation on the efficiency of coagulation for
controlling DBP formation was investigated in a recent study. Preoxidation with ferrate appeared to render NOM more hydrophilic and
less susceptible to coagulation, which led to an increase in the formation
of most DBPs (i.e., dihaloacetic acids, dihaloacetonitriles, haloketones,
and chloropicrin), except for THMs and trihaloacetic acid. In contrast,
intermediate-ferrate oxidation was effective in decreasing the levels of
DBP formed, excluding chloropicrin, which was contributed to the
initial removal of moderately-hydrophobic substances and particulates
by coagulation [136].
Positive and negative effects of pre-oxidation on subsequent coagu
lation for the removal of DBP precursors have been reported. Whether
the combined process provides a synergistic or antagonistic effect on
DBP control mainly depends on the water and oxidant dose and type.
The properties of organic substances (e.g., charge density,

References

[147]

[142]

• Chlorinated DBPs were well controlled by
the combined treatment.
• The favorable ratio of Br to DOC for
enhanced coagulation/powder activated
carbon treatment resulted in large
increases in highly brominated DBP
formation.

hydrophobicity, molecular weight, and structures) change during preoxidation process, which will affect the coagulation efficacy as well as
the chlorine reactivity of organics in turn. Generally, mineralization of
organic carbon by permanganate or ferrate was limited. A higher dose of
oxidant might render NOM more hydrophilic, resulting in a decreased
NOM removal by subsequent coagulation, whereas a proper oxidant
dose might lead to an enhancement in coagulation performance and DBP
control, due to the increase in effective particle collisions and decrease
in chlorine reactivity of organics. For eutrophic source water impaired
algal, pre-oxidation with permanganate prior to coagulation is encour
aged. Caution is needed when coagulation coupled with ozonation is
applied to treat bromide-rich water. It is necessary to choose an
appropriate oxidation scenario for these specific water sources.
5.3. Hybrid coagulation-ion exchange process performance
Ion exchange is a promising treatment for enhancing the removal of
NOM. Organic compounds with low molecular weight, for which
coagulation was not effective, were effectively removed by ion exchange
[137–140]. Furthermore, anionic resins can remove inorganic anions (e.
g., bromide and iodide) from source water, thereby potentially reducing
the formation of brominated DBPs and iodinated DBPs [138,140,141].
Huang et al. provided evidence that DOC removal was promoted by
integrated magnetic ion exchange® resin and coagulation [138]. In
addition, the required coagulant dose was reduced by approximately
50%. Therefore, integrated ion exchange and coagulation are expected
to perform well in the removal of DBP precursors.
A previous study reported a significant reduction of over 60% in
THM formation potential and HAA formation potential after imple
mentation of magnetic ion exchange® prior to coagulation [141]. Bro
mide removal was observed in bromide-rich water, and it decreased as
the alkalinity of the raw water increased owing to the competition of
bicarbonate ions. However, brominated DBPs were undetermined. An
innovative suspended ion exchange process coupled with inline coagu
lation followed by ceramic membrane filtration was investigated to
control the formation of DBPs, including brominated DBPs [140]. The
preferences of the suspended ion exchange and coagulation for the
removal of different organic fractions were determined by liquid
chromatography-organic carbon detection. The results showed that the
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suspended ion exchange preferentially removed low-molecular weight
compounds containing acidic, negatively charged functional groups (e.
g., humic substances and building blocks), whereas coagulation favored
the removal of high-molecular weight compounds (e.g., biopolymers).
The integrated process achieved considerably better DOC removal than
the sole process and correspondingly reduced THM formation potential
and HAA formation potential by 83%–97%. The coupled process resul
ted in 58%–67% lower THM formation potential and HAA formation
potential in the treated water compared to conventional treatment
(coagulation and media filtration). Bromide removal by the suspended
ion exchange was inversely related to the alkalinity of raw water, as
Singer et al. reported [141]. The brominated DBP concentration signif
icantly decreased in the suspended ion exchange-treated water, with a
reduction of 30%–67% relative to the conventional process. However, a
shift toward the formation of a higher proportion of brominated THMs
and HAAs occurred because of the increasing ratio of bromide to chlo
rine and bromide to DOC. More recently, similar conclusions were
indicated by another research group [98]. A slight improvement in DOC
removal was achieved by the combined process (ion exchange coupled
with coagulation), which was associated with the enhanced removal of
low-charged fractions with low molecular weight by ion exchange
process. The specific THM formation potential and specific HAA for
mation potential (μg DBPs/mg DOC) were minimized to values that
were 42%–53% and 32%–42% lower than those from coagulation alone,
respectively.
A recent study reported that insignificant removal of DOC by mag
netic ion exchange® was found during the combined treatment, and the
coagulation prior to ion exchange was responsible for the major removal
of DOC over a matrix of 18 synthetic waters. The total average DOC
removal was 66 ± 12% with slight additional DOC removal of 5 ± 5%
attained by magnetic ion exchange®. The DOC removal capacity of
magnetic ion exchange® might be hindered by the presence of bicar
bonate ion, which competes well for binding sites on the ion exchange
resin. The same situation occurred in the samples with a high concen
tration of bromide. In addition, higher removal of DOC was achieved in
the sample with higher initial DOC among the 18 synthetic waters. The
chlorinated DBPs were well controlled by the combined process with
significant reductions in THMs (85 ± 4%), dihaloacetonitriles (73 ±
13%), and chloral hydrate (average 86%). 1,1-dichloropropanone and
1,1,1-trichloropropanone were both well mitigated, and were only
present in samples with the lowest bromide concentration and the
highest DOC. Although the reduction in bromide by adsorption onto
magnetic ion exchange® was 32 ± 16%, a shift in speciation in favor of
brominated DBP formation occurred as expected. Increases in the con
centrations of specific Br-DBPs (bromoform and dibromoacetonitrile,
and to a lesser extent bromodichloromethane and bromo
chloroacetonitrile) were observed. The iodinated DBPs were either at or
below the detection limit owing to a significant reduction in iodide (58
± 21%) by magnetic ion exchange® [142].
In contrast to the aforementioned studies, other studies reported that
coagulation resulted in little additional enhancement in DOC removal,
UV absorbance decrease, or DBP formation potential reduction when
combined with coagulation prior to or after ion exchange treatment
[137,143,144]. It was found that there was no significant reduction of
the specific THM formation potential after Alum coagulation, whereas
the combined process considerably reduced the specific THM formation
potential, which was attributed to a significant reduction of the pre
cursors with molecular weight less than 2 kDa by magnetic ion ex
change® [143]. Similarly, Boyer et al. reported that coagulation of
magnetic ion exchange®-treated water did not result in any additional
THM and HAA formation potential reduction compared to magnetic ion
exchange® alone, which could be ascribed to the low humic acid content
of the source water [144]. These results indicated that the contribution
of coagulation to the removal of DBP precursors depends on the char
acteristics of source water, and magnetic ion exchange® removes a
wider range of organics, including the substances refractory to

coagulation. Although there was no significant improvement in DOC or
DBP formation potential removal after coagulation, the doses of mag
netic ion exchange® resin and the contact times could reduce. Addi
tionally, turbidity removal was mainly attributed to coagulation in the
combined process [137,143].
Magnetic ion exchange® could remove a wide range of NOM
including the fractions with molecular weight less than 1 kDa, and
remove both humic and non-humic substances to a similar extent [144].
In general, ion exchange achieves higher NOM removal in the water
with a low alkalinity and a low concentration of bromide, whereas
higher alkalinity, lower DOC samples are afforded inefficient NOM
removal by ion exchange. For source water in which the low-molecular
weight and non-humic is dominant, the assistance of ion exchange can
effectively promote the removal of DBP precursors. Moreover, the
chlorinated DBPs were well controlled in the coagulation-ion exchange
process. Despite the reduction in chlorinated DBP concentration, an
increase in the proportion of brominated DBPs in the total DBP con
centration was generally observed in the combined process. Brominated
DBPs are generally more toxic than chlorinated analogs. Thus, it remains
unknown whether the decreased DBP formation can compensate for the
higher toxic potencies associated with the increased specific brominated
DBPs. However, few studies have considered the toxic potencies. In
addition, the anion exchange resin was functionalized with quaternary
amine groups to provide positively charged exchange sites. The leaching
of nitrosodimethylamine, N-nitrosodiethylamine, N-nitrosodipropyl
amine, and N-nitrosodibutylamine and their precursors from anion ex
change resins has already been confirmed [145]. An increased level of
nitrosodimethylamine was observed after the source water was sub
jected to 10 mL/L magnetic ion exchange® for 30 min followed by
coagulation, although the level was very low (approximately 5–10 ng/L)
[142]. Few studies have focused on the formation of nitrogenous DBPs
other than nitrosodimethylamine after the combination of coagulation
and ion exchange process. These topics should be further studied to
guarantee the security of the combined process application.
5.4. Hybrid adsorption-coagulation process performance
It has been reported that the combination of coagulation with the
adsorption technique is effective in removing NOM [59]. Activated
carbon is the most widely used adsorbent in drinking water treatment
plants. The applicability and efficiency of the combination of coagula
tion and activated carbon for the removal of DBP precursors have been
widely evaluated [142,146–148].
In typical drinking water treatment situations, powdered activated
carbon is generally added in the rapid mixing stage during the coagu
lation process, along with coagulants, and settles in the sedimentation
stage. A maximum THM formation potential removal of 82% was ach
ieved when 80 mg/L ferric chloride and 80 mg/L powdered activated
carbon were applied on a bench scale [146]. The enhancement in THM
formation potential removal was attributed to the complementary
removal of uncharged NOM with a low molecular weight by powdered
activated carbon adsorption. A full-scale drinking water treatment plant
study confirmed the effective reduction in DBP formation potential by
enhanced coagulation coupled with powdered activated carbon
adsorption [147]. THMs, HAAs, and haloacetonitriles decreased by
80%, 85%, and 95%, respectively. However, neither powdered activated
carbon nor coagulation could remove bromide ions, causing an increase
in the proportion of brominated DBPs in the total DBPs.
In comparison to the scenario in which two processes were simul
taneously performed, adsorption prior to coagulation was reported to be
more effective in removing NOM with a reduction in UV254 absorbance
by 99% [149]. In addition, the combination of enhanced coagulation
followed by powdered activated carbon was investigated for the
removal of DBP precursors based on synthetic waters in a recent study
[142]. After enhanced coagulation treatment, powdered activated car
bon achieved an additional 9 ± 3% DOC removal (total average DOC
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removal for enhanced coagulation/powdered activated carbon treat
ment was 70 ± 10%). Although the combined process resulted in
average molar reductions in THMs and dihaloacetonitrile concentra
tions of 91 ± 4% and 51 ± 18%, respectively, the concentrations of
specific highly brominated DBPs increased (bromoform and dibromoa
cetonitrile, and to a lesser extent chlorodibromomethane and bromo
chloroacetonitrile) owing to the increase in the ratio of Br− to DOC.
Besides, these increases in the formation of specific brominated DBPs
were higher than those observed for the enhanced coagulation/mag
netic ion exchange®-treated waters as a result of higher bromide con
centrations in enhanced coagulation/powdered activated carbontreated water.
The addition of powdered activated carbon aims to enhance the
removal of NOM that is difficult to be removed by coagulation alone.
Nevertheless, such a combined process is not justified for the high bro
mide source water owing to general increases in the proportion of
brominated DBPs in total DBPs and associated increases in water
toxicity. Further research should focus on the differences in the char
acteristics of NOM before and after powdered activated carbon treat
ment for its wide application.

waters with different characteristics. Moreover, little is known about the
performance of these new coagulants/coagulant aids in DBP control.
Thus, an evaluation regarding the control of DBPs is of critical impor
tance for their wide application.
Although the combination of coagulation and other treatments can
improve the removal of DOM and mitigate the formation of DBPs, a shift
in speciation in favor of brominated DBP formation as a result of the
increased ratio of Br− to DOC is inevitable, particularly in bromide-rich
water. Further studies should characterize tradeoffs associated with the
removal efficiency of DBP precursors registered for each treatment
applied separately and in the integrated scenario, the increased toxic
potencies related to the specific DBPs (bromate and brominated DBPs),
and the cost of installation and maintenance for the combined process.
Understanding the changes in the characteristics of organic matter (e.g.,
hydrophobicity, aromaticity, reactivity to chlorine, molecular weight,
and charge density) during the drinking water process, integrated before
or after coagulation, is beneficial for the optimization of enhanced
coagulation, which requires further investigation.
Finally, THMs and HAAs are predominately used to represent the
DBPs, as they constitute the majority of DBPs by mass. The minimization
of THMs and HAAs is a reasonable indicator to control the minimization
of total DBPs. Most studies have used THMs and HAAs as the primary
measures of DBP concentration in coagulation-related research. How
ever, the contribution of DBP to toxicity depends on its concentration
and toxicity. The reductions in THM and HAA concentrations may not
represent the removal of the overall toxicity. Therefore, attention should
be given to emerging DBPs such as haloacetaldehydes, nitrogenous
DBPs, and aromatic DBPs, which may occur at trace concentrations but
exhibit cytotoxicity and genotoxicity several orders of magnitude higher
than THMs and HAAs. To date, no single class of DBP has been found to
be responsible for the overall adverse effects, and most total organic
halogens remain unidentified. Thus, rather than focusing on controlling
the concentrations of a specific class of DBPs, research should analyze
the variation of total organic halogens and overall toxicity of disinfected
water when evaluating the enhanced coagulation efficiency, which is
conducive to mitigating the toxicity associated with DBPs in drinking
water.

6. Conclusions and future research needs
6.1. Conclusions
Enhanced coagulation with metal-based coagulants can mitigate a
major fraction of the precursors of halogenated DBPs with a reduction of
20%–60% in DBP formation potential in natural water. The application
of organic polymers in conjunction with metal-based coagulants can
enhance the removal of DOM by 12%–25%, but the leaching of nitrog
enous DBP precursors from the polymers raises concerns. Three modi
fication methods have been proposed to develop methyl iodide-treated,
dipropylamine-based, and phosphorus-substituted polymers, which
mitigate or even eliminate the formation of nitrosodimethylamine dur
ing chlor(am)ination without any negative influence on coagulation
efficiency. The new hybrid coagulants increased the removal of DOM by
up to 90%, which shows high potential for enhancing the mitigation of
DBP precursors. The main objective of developing integration technol
ogies is to benefit from the advantages of each treatment, while over
coming their shortcomings. Enhanced coagulation can achieve the
preferable removal of DBP precursors with the assistance of advanced
treatments. Generally, the combined use of other treatments (ion ex
change, powdered activated carbon adsorption, and membrane filtra
tion) contributes to a complementary reduction in DBP precursors with
low molecular weight/low charge density, which are difficult to be
removed by coagulation. Significant changes in the molecular structures
or chemical characteristics of DOM, or even mineralization, occur dur
ing oxidation. Some of the immediate benefits of pre-oxidation may be
lost upon subsequent coagulation. The formation of brominated DBPs or
bromate with higher cytotoxicity, genotoxicity, and carcinogenic po
tential from the combination process should be considered.
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6.2. Future research needs
Understanding optimization strategies for enhanced coagulation is
beneficial. Optimal organic removal mostly occurs at low pH values (pH
< 6.0). Acidification of the source water with H2SO4 or by increasing the
dose of hydrolyzing coagulant to improve the removal of NOM is not
suitable for high-alkalinity water, as both can increase the corrosivity of
water or the amount of base required to counteract the corrosive ten
dency of water before water distribution as well as sludge production.
Other alternatives that can still achieve comparable removal of DBP
precursors should be explored.
Both the new class of covalently bound hybrid coagulants and the
modified coagulant aids enhanced the DOC removal efficiency. Further
research should extend the applicability of the conclusions to source
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