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INTRODUCTION

ABSTRACT

Disinfection byproduct (DBP) formation during water and wastewater treatment is a concern for
public health and environmental preservation. Dissolved organic nitrogen (DON) serves as a rec-
ognized precursor to DBP formation, which can potentially jeopardize human health. This review
article offers a comprehensive insight into DON's influence on DBP formation during water and
wastewater treatment processes. It delves into DON's sources, properties, and concentrations in
water and wastewater, underlining the variability dependent on water source and environmental
conditions. The mechanisms of DBP formation from DON, encompassing formation pathways
and influencing factors, are meticulously examined. Different treatment methods, like chlorina-
tion, ozonation, and UV disinfection, are carefully examined to see how they affect the formation
of DON and DBP. Factors that sway DON's impact on DBP formation are also explored. The
review also presents various DBP reduction techniques, spanning physical, chemical, and biolog-
ical treatment methods, their efficacy in curtailing DON's influence, and their potential pros and
cons. It addresses challenges, outlines future research directions, identifies knowledge gaps, and
highlights the necessity for regulatory measures and policies, providing recommendations for
prospective research avenues. It is clear from this in-depth review that more research is needed to
understand how DON affects the formation of DBP entirely. It is also essential to protect human
health and the environment and follow the rules first when treating wastewater. In conclusion,
it analyzes DON's part in forming DBP in water and wastewater treatment. This emphasizes the
need for ongoing research and mitigation strategies to protect public health and water quality.
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pact of dissolved organic nitrogen (DON) to the formation of disinfection byproducts (DBP)
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water before it is released into the environment or reused for
various applications [1]. Disinfection, as a vital step in the

Water is an indispensable and precious resource for human
survival, and safeguarding its availability and quality is of
utmost significance. Wastewater treatment is a pivotal mea-
sure in ensuring responsible water resource management. It
effectively treats domestic, industrial, and municipal waste-
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wastewater treatment process, is aimed at neutralizing or
eliminating harmful microorganisms that may pose potential
health hazards to human populations, animals, such as fish,
amphibians, and aquatic invertebrates, can be adversely af-
fected by exposure to disinfection compounds in water [2, 3].
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Water/wastewater disinfection is commonly accomplished
using chemical or physical techniques, such as chlorina-
tion, ozonation, UV radiation, and other advanced oxida-
tion processes [4-7]. These methods effectively eliminate or
deactivate microorganisms, which helps reduce the spread
of waterborne diseases and safeguard public health [4, 8].
However, one drawback is that disinfection can trigger re-
actions between disinfectants and organic matter in waste-
water, forming DBPs [9].

DBPs encompass various chemical compounds that can
arise from chemical reactions between disinfectants and or-
ganic matter in wastewater [10]. Examples of DBPs include
trihalomethanes (THMs), haloacetic acids (HAAs), halo-
acetonitriles (HANs), N-nitrosodimethylamine (NDMA),
nitrosamines, aldehydes, and other halogenated and organ-
ic compounds [11]. DBPs have been recognized as potential
carcinogens and mutagens, prompting concerns about their
health risks to humans and the environment when present
in treated water or wastewater.

Wastewater treatment plants (WWTPs) typically use chlo-
rine or ultraviolet (UV) light for final disinfection before
discharging treated wastewater. Research on the formation
of DBPs in treated wastewater has involved various methods
such as gas chromatography/mass spectrometry (GC/MS)
for identifying unknown DBPs [12], target-compound anal-
yses for specific known DBPs [13], and bulk parameters like
total organic halogen (TOX) [14]. The types and amounts
of DBPs formed from organic matter in wastewater effluent
depend on factors such as the level of wastewater treatment
and concentrations of ammonia (NH3) and DON [13, 15].
Well-nitrified WWTP eftluents with low ammonia concen-
tration (<0.5 mg/L as N) tend to produce large amounts of
THMs, while poorly nitrified effluents (e.g., NH3-N >5
mg/L) generally inhibit THM production [16]. Chlorina-
tion (oxidation) of amino acids can result in the formation
of aldehydes and nitriles, with subsequent chlorine substi-
tution forming chloral hydrate (trichloroacetaldehyde) and
dichloroacetonitrile [17]. Chlorinated wastewater from an
extended aeration treatment plant has been found to pro-
duce chloroform, dichloroacetonitrile, and chloral hydrate
at specific concentration levels (0.032—0.080, 0.007-0.014,
and 0.020-0.038 mg/L respectively) [17]. Higher chlorine
doses can destroy the aromatic ring and the formation of
chloral hydrate and HAAs [16].

Certain methods exhibit varying degrees of effectiveness in
treating DON in drinking water sources. Jar tests involving
natural organic matter fractions showed the least removal
(~10%) for hydrophobic neutrals, while hydrophobic bases
(~30%), hydrophilic bases (~35%), and hydrophilic neutrals
(~50%) demonstrated improved but still lower removal
rates compared to fulvic (70%) or humic (80%) acids [18].
Alum coagulation in an Australian river achieved moderate
DON removal for hydrophobic acid fractions (~50%), hy-
drophilic acid fractions (64%), and unfractionated material
(~64%), but no removal for the neutral fraction [19]. Bio-
filtration holds the potential to either remove or generate
DON in drinking water sources [20]. Powdered activated

carbon has the capacity to eliminate up to 72% of DON,
while the sole study employing the emerging metal organ-
ic framework adsorbent for DON removal demonstrated a
98.1% removal efficiency [21, 22].

Recently, DON, which refers to the portion of organic nitro-
gen that remains in solution after removing particulate or-
ganic nitrogen during wastewater treatment, has gained rec-
ognition as a significant factor in forming DBPs. A substantial
portion of DON, up to 85%, is found in treated wastewater
effluent [23]. This DON comprises various compounds such
as proteins, amino acids, and humic substances, although a
significant portion, approximately 50%, remains unidentified
and uncharacterized [23]. DON can originate from diverse
sources, such as human and animal waste, agricultural run-
off, and industrial discharges [24], and its concentration in
wastewater can vary depending on the composition of the
wastewater and treatment processes employed [9, 25].

The presence of DON in wastewater can have noteworthy im-
plications for DBP formation during disinfection [26]. The
mechanisms by which DON influences DBP formation are
intricate and may involve multiple pathways, including the
formation of nitrogenous disinfection byproducts (N-DBPs),
as well as interactions with other organic and inorganic con-
stituents of effluent organic matters [27, 28]. The influence of
DON on the formation of DBPs during wastewater treatment
is an increasingly essential and researched area due to its po-
tential impacts on water quality, human health, and environ-
mental protection. A thorough understanding of the under-
lying mechanisms and factors that affect the role of DON in
DBP formation is essential for optimizing disinfection pro-
cesses and ensuring the safety of treated wastewater [29].

Hence, this review presents a comprehensive summary of
the current knowledge on how DON affects the formation
of DBPs during water/wastewater treatment. This review
will explore the mechanisms through which DON impacts
DBP formation, the factors that influence these mecha-
nisms, and the strategies that can be utilized to mitigate
DBP formation. Additionally, any gaps in knowledge and
research needs in this field will be highlighted, and the reg-
ulatory and policy implications of the relationship between
DON and DBPs will be discussed.

DISINFECTION BYPRODUCTS: HIDDEN THREAT
IN WATER/WASTEWATER TREATMENT

Disinfection byproducts can silently jeopardize the effec-
tiveness of wastewater treatment processes, as they can be
generated during the disinfection stage and have the po-
tential to impact water quality negatively. Various factors,
such as the level of wastewater treatment, concentrations of
ammonia and DON, and the amount of chlorine used, can
all influence the formation of DBPs [30-32]. Therefore, it is
essential to carefully manage and monitor DBP formation
to guarantee the safety and quality of treated wastewater be-
fore it is discharged into the environment. By implementing
effective strategies to minimize DBP formation, wastewater
treatment plants can help protect the environment and pub-
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Figure 1. DBP formation in wastewater treatment and disinfection with DON presence.
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NDMA, chlorate, chlorite, bromate, and among others
[34-36]. Figure 2 represents the chemical formula of the
different readily formed DBPs during disinfection. THMs
can be produced during chlorination, chloramination, and
ozonation, followed by chlorination [37]. Similarly, HAAs
can form during chlorination and chloramination process-
es. NDMA can be formed through reactions between nitro-
gen-containing precursors, such as dimethylamine (DMA),
and disinfectants, particularly chloramines (formed by the
reaction of chlorine with ammonia) [38, 39]. Chlorite (C1O,
) and chlorate (ClO,’) can be produced during disinfection
processes that involve the use of chlorine-based disinfec-
tants, such as chlorine gas (Cl,), sodium hypochlorite (Na-
ClO), or chlorine dioxide (ClO,) [40, 41]. Bromate (BrO,)
can be produced during disinfection processes that involve
the use of bromide (Br-) ions and an oxidizing agent, such
as ozone (O,) or chlorine-based disinfectants, particularly
in waters with high bromide concentrations [42, 43].

DBPs encompass several properties, including solubility,
volatility, stability, reactivity, and toxicity, collectively con-
tributing to their potential impact on water quality and hu-
man health. The solubility of DBPs can exhibit variability,
with some being volatile and prone to evaporation from wa-
ter due to low solubility, while others may possess a higher
solubility and persist in water for longer durations. The sta-
bility of DBPs can also vary, ranging from relatively stable
compounds to those that degrade or transform into other
substances over time [44]. Furthermore, DBPs can display
differing reactivity, influencing their interactions with other
chemical compounds in water and the environment. Toxic-
ity is another significant property of DBPs, as some may be
associated with potential carcinogenic and adverse repro-
ductive effects [10, 40]. It is important to note that the prop-
erties of DBPs can be influenced by various factors, such
as the type and concentration of disinfectants used, water
quality parameters, and environmental conditions[45].
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Figure 2. Chemical formula of the different types of DBPs; (a)
THMs, (b) HAAs, (c) HANSs, (d) NDMA, (e) chlorite (f) chlorate.

Formation Mechanisms of DBPs

Trihalomethane Formation

Trihalomethane formation is a chemical process that oc-
curs during water disinfection when halogen-based disin-
fectants, such as chlorine, react with organic matter present
in water. Chlorination involves oxidation and substitution
[46]. Oxidized organic compounds are formed when chlo-
rine reacts with organic matter [47]. In the substitution re-
action, chlorine replaces hydrogen atoms in organic matter
to form chlorinated organic compounds [48]. Chlorine fur-
ther reacts with water to form chlorine radicals (Cl*), which
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react with organic matter to form halogenated organic com-
pounds [49]. This step usually limits trihalomethane for-
mation. The most common THMs are chloroform (CHC13),
bromodichloromethane (CHCI,Br), dibromochlorometh-
ane (CHCIBr,), and bromoform (CHBr,) [50-52].

Haloacetic Acid Formation

Figure 3 represents the formation mechanisms of HAAs.
Through chlorination and chloramination, haloorganic
intermediate compounds are formed. The haloorganic in-
termediates can further react with chlorine or chloramines
to form haloacetic acid intermediates through halogenation
reactions. The haloacetic acid intermediates can then un-
dergo hydrolysis or oxidation reactions to form HAAs as
the final product [53].

Haloacetonitriles Formation

HANSs can be formed by the presence of organic nitrogen
compounds and through the Cl, and NH,Cl disinfection
processes [54]. Chlorine or chloramines can react with the
organic nitrogen to form N-chloramines. The produced
N-chloroamines can undergo hydrolysis, which involves
the addition of water molecules, resulting in the formation
of N-chloroimine. The N-chloroimine species can further
react with other organic nitrogen compounds in the waste-
water eftfluent, such as amino acids or other organic matter,
through nucleophilic substitution or addition or rearrange-
ment reactions, resulting in the formation of HANSs [53, 54].

N-nitrosodimethylamine (NDMA) Formation

Dimethylamine (DMA) and amide are two common organ-
ic nitrogen compounds found in water, that can undergo
nitrosation. Nitrite ions (NO,’) react with DMA to form
NDMA as an intermediate and nitrosation of amide can
form N-Nitrosamide intermediates [55]. N-Nitrosamine
intermediates, formed through nitrosation of DMA or
amides, can undergo dimethylation, where dimethylating
agents, such as formaldehyde (HCHO) or other methyl-
ating agents, react with the intermediates to form NDMA
[55]. Figure 4 shows the formation mechanisms of NDMA.

Chlorite and Chlorate Formation

Chlorite (ClO,’) and chlorate (CIO,’) formation can occur
during water disinfection processes that involve the use of
Cl, or NH2CI [56]. Chlorine can react with natural organic
matter (NOM) or other precursors in water, leading to the
formation of chlorite through a series of oxidation reactions
[57]. Chlorine can also oxidize chloride ions (CI') in water
to form hypochlorite (ClO"), and further oxidation of hy-
pochlorite can result in the formation of chlorate [57]. The
specific mechanisms and pathways of chlorite and chlorate
formation can vary depending on pH, temperature, and
chlorine dosage.

Bromate Formation

Bromate (BrO,’) formation is involved with the use of O,
for disinfection. O, reacts with bromide ions (Br’) in wa-
ter to form bromate through a series of oxidation reactions
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o
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Figure 3. Formation mechanisms of the HAAs.
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Figure 4. NDMA formation mechanisms.

[43]. The formation of bromate is highly dependent on fac-
tors such as pH, temperature, ozone dosage, and bromide
ion concentration [58].
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Challenges in Controlling DBPs

Controlling DBPs poses several challenges due to their di-
verse nature and the complexities associated with their for-
mation and control. Some of the specific challenges for con-
trolling DBPs include formation variability, multiple DBP
types, changing regulations, treatment trade-offs, cost impli-
cations, monitoring and optimization, public awareness, and
communication, etc. DBP has a complex and multifaceted
nature. Several factors, such as the type and concentration
of disinfectants, water quality parameters, and environmen-
tal conditions, make it challenging to predict and mitigate
the formation of specific DBPs [60]. Besides, reducing dis-
infectant dosages or changing disinfection methods, may
have trade-offs with other treatment goals, such as pathogen
removal or other water quality parameters. Balancing DBP
control with other treatment objectives can be challenging.

The factors such as temperature, pH, and chlorine dosage
make the DBP control more challenging. The concentra-
tions of regulated DBPs can vary significantly in household
tap water due to changes in water temperature [61]. Specif-
ically, when water is heated for bathing or spa use at higher
temperatures (e.g., 35-50 °C), there can be a rapid increase
in the levels of THMs and HAAs within 0.5 h [62]. This
highlights the potential for significant fluctuations in DBP
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levels in tap water in response to changes in water tempera-
ture, which may have implications for human exposure to
these contaminants. Chuang et al. [28] stated that the con-
centrations of chloroform are 0.028, 0.057, 0.128, 0.171, and
0.304 mg/L for 4, 15, 25, 35, and 50 °C, respectively. He also
found a similar pattern for dichloroacetic acid and trichlo-
roacetic acid also got higher DBP concentrations when the
temperature changes from 10 to 25 °C [63]. It is hard to
control the DBPs with these varying concentrations for dif-
ferent temperatures.

The formation of chlorine DBPs is known to be influenced
by pH, as most chlorine reactions are pH dependent. Low-
er, more acidic pH conditions typically result in less chlo-
roform formation, with a corresponding increase in the
concentration of HAAs [64]. This trend of reduced chloro-
form formation with decreasing pH was also observed in a
study by Ozbelge [65], where hypochlorite was adjusted to
pH 4, 7, and 10 and added to resorcinol in different ratios.
No chloroform was formed at pH 4, and a 1:3 ratio, but at
pH 7 and 10, 50% and 95% of the resorcinol were converted
to chloroform, respectively [65]. With varying pH, different
controlling measures need to be taken to control DBPs.

Potential Effects on Human Health

Human exposure to DBPs can occur through three main
pathways: dermal contact, ingestion, or inhalation [66, 67].
Several epidemiological studies have demonstrated associ-
ations between DBP exposure and increased risks of can-
cer development, liver and kidney defects, central nervous
system issues, adverse reproductive outcomes, and endo-
crine disruption, causing concern for human health in areas
where DBPs are present in drinking water [68-70]. Consis-
tently linked to chlorination DBPs as one of the health risks
associated with DBP exposure is urinary bladder cancer
[70-73]. Another study discovered a potential association
between high concentrations of DBPs and increased risks
of colon and rectal cancer, especially with individual DBPs
such as THMs and HA As, with the most consistent associa-
tion observed for rectal cancer. To better comprehend these
associations, additional research is required [73].

Emerging DBPs formed in distribution systems during
chlorination and chloramination, such as THMs, HAAs,
and HANs, have been reported to cause symptoms relat-
ed to liver, kidney, and nervous system diseases. Unregu-
lated DBPs have been associated with spontaneous abor-
tions, congenital disabilities, stillbirths, and other negative
reproductive effects [74]. Recent research has focused on
maternal exposure to emerging DBPs during pregnan-
cy, particularly THMs and dichloroacetic acid, and some
DNA anomalies have been observed in cord blood, leading
to foetal growth restriction or other adverse reproductive
outcomes [75-78]. Emerging DBPs may also be classified
as carcinogenic substances or have other detrimental effects
on human health, such as alterations in pregnancy dura-
tion, menstrual cycle, pregnancy loss, foetal development,
and congenital malformations, as well as cancer risks, as
reported in various studies [79-81].

According to Lopez-Roldan et al. [82], the risk of devel-
oping cancer or diseases from ingesting THMs is higher
compared to the risk from inhalation during showering or
dermal exposure [83]. This highlights the significant dan-
ger posed to human health by drinking water contaminated
with DBPs, particularly THMs and HA As. The risks may be
higher when the raw water source is surface water, but they
may be lower when it is a mix of surface water and ground-
water, or solely groundwater.

I-aldehydes, cyanides, halonitromethanes, haloketones,
haloacetamides, iodinated-DBPs, and N-nitrosamines are
just some of the DBPs that have been the subject of re-
cent studies. Andersson et al., Chaukura et al., and Chen
et al. [84-86] all report that these DBPs are more cytotox-
ic, genotoxic, and mutagenic than their brominated and
chlorinated counterparts, suggesting they pose serious
health risks. The N-nitrosamine NDMA (N-nitrosodime-
thylamine) has been the focus of much attention because
even trace amounts (ng/L) have been linked to a 10-fold
higher risk of cancer over a lifetime. Among the N-nitro-
samines, NDMA (N-nitrosodimethylamine) has garnered
significant attention due to its presence in drinking water at
low levels of ng/L, which has been associated with a lifetime
excess cancer risk of 10°.

DON: A KEY PLAYER IN DBP FORMATION

DON has been identified as a key player in the formation of
DBPs such as THMs, HAAs, HANs, and NDMA in water
treatment systems [87]. DON is a complex mixture of or-
ganic compounds that can originate from various sources,
such as natural organic matter, wastewater, and agricultur-
al runoff. During water treatment processes, disinfectants,
such as chlorine, can react with DON, leading to the forma-
tion of DBPs, including THMs, HAAs, and other classes of
DBPs. Amino acids, nitrogen-containing heterocyclic com-
pounds found in nucleic acids (e.g., cytosine), cells of al-
gae, and extracellular organic matter have been proposed as
potential precursors for halogenated acetonitriles (HANSs)
when they react with chlorine or chloramines. This sugges-
tion is supported by studies conducted by [63, 88, 89].

When free chlorine is present in organic fractions with a high
concentration of DON, dichloroacetonitrile (DCAN) is more
likely to form at higher concentrations, as reported by Lee et
al. and Dotson et al. [87, 90] and Yang et al. [91] show that
during chloramination in natural waters, the relationship be-
tween DCAN and DON is not well established. According to
a hypothesis by Yang et al. [91] DCAN can be formed during
chloramination via the hydrolysis of N-chloroimine, which
is generated via the direct incorporation of chloramines into
diketone moieties of DOM. DCAN is positively correlated
with SUVA in chlorinated natural waters [91], suggesting that
aromatic content within DOM may be related to the forma-
tion of diketone moieties for HAN formation.

Oftentimes, N-DBPs like halonitromethanes (HNMs),
N-nitrosamines (NAs), and halonitromethanes (HANs)
have been found in chloraminated or chlorinated wastewa-
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ter effluent at concentrations ranging from nanograms per
liter to micrograms per liter [15, 92, 93]. Compared to other
disinfection byproducts that are regulated, like THMs and
HA As, these N-DBPs have been found to be more toxic and
to pose more health risks [11, 94, 95].

DON Sources in WWTP

DON in WWTPs comes from both the wastewater that is
being treated and the microorganisms that are already pres-
ent at the site. Low DON concentrations, between 3 and
7 mg/L, are typical in raw municipal wastewater [96, 97].
Carbamate and pyrimidine compounds are major contrib-
utors to DON in wastewater from industries producing
pesticides, textiles, dairy, fertilizer, leather, and pharmaceu-
ticals, with concentrations ranging from 12 to 71 mg/L [98].
A study found that pproximately 88-91% of the TDN in the
wastewater generated by the yoghurt production industry
comprises DON [99]. A notable origin of DON in waste-
water is the use of agricultural fertilizer [20]. An additional
research finding revealed that the leather industry contrib-
utes 111.5 mg/L of total nitrogen (TN) in wastewater, with
a notable portion being attributed to DON [100]. Prior to
discharge into municipal wastewater collection systems,
DON levels can be reduced to around 10-15 mg/L through
industrial wastewater treatment processes [98]. The break-
down of organic materials in the waste material field can
also increase the concentration of DON in landfill leach-
ate and coincide with the WWTP influent [94-99], which
in turn can react with DBPs precursors in drinking water
treatment processes, potentially increasing the formation
of DBPs[101-103]. Therefore, DON from municipal waste
can play a significant role in forming DBPs in potable water
(104, 105].

Microbially derived DON (mDON) is another source of
DON at WWTPs. It is found in soluble microbial products
(SMP) released during cell metabolism and biomass decay
[15, 106]. Lab-scale aerobic bioreactors treating synthetic
organic wastewater with ammonium chloride as the sole
nitrogen source have been shown to produce up to 3.45
mg/L of DON in the effluent [107]. mDON is largely made
up of bioavailable substances for algae, such as proteins,
enzymes, nucleic acids, amino acids, and fulvic acid-like
substances [108]. There is no chemical difference between
DON from the influent and mDON in domestic WWTPs.
Recent research, however, has suggested that model predic-
tions indicate mDON may account for nearly 50% of the
effluent DON in the activated sludge process [109]. Figure
5 represents the various sources that can generate DON in
wastewater system.

Characteristics and Properties of DON

DON's unique properties can contribute to DBP forma-
tion, making it an important component of wastewater and
natural water systems. DON's varied properties make it a
key player in DBP formation. DON can form nitrogenous
DBPs, for instance. The composition and concentration of
DON in water, disinfectants used, and environmental con-
ditions can affect DON's unique ability to form DBP.

y

Human \\' e
N Waste |
/ Food \1

Q;)

Industrial \ ‘
— L —

Landfill |
Leachate /,J

Discharge |

i

{ DON

" Pharmac \\, I \ Agricultural \‘
euticals / Runoff ‘_,‘

4

/ Infiltration -

Stormwater \\
Runoff ,
Inﬂow 4

Figure 5. Some anthropogenic sources of DON in wastewater.

Studies from Bolyard and Reinhart and Liu et al. [110, 111]
show that the bioavailability of DON is linked to its chem-
ical properties. Effluent with a higher tryptophan to humic
substances fluorescence ratio was found to have more bio-
available DON, which could promote algal growth, accord-
ing to research by [111]. In addition, the bioavailability of
effluent DON was shown to increase with molecular weight
for DON molecules smaller than 1 KDa [107]. The varying
bioavailability of DON in natural waters is likely due to dif-
ferences in DON's chemical composition. Free amino acids
[112-115], urea [116, 117], and nucleic acids [115, 116] are
readily taken up by heterotrophic bacteria and/or marine
and freshwater algae. The research of Carlsson and Granéli
[118] shows that in N-limited systems, algae are less able
to make use of humic substances and other forms of DON
for growth. Photochemical reactions in natural waters may
convert DON into more labile compounds like primary
amines [119] or ammonia [120], although these reactions
can also have a negative impact on the bioavailability of
DON [120]. DON exhibits biodegradability over time, as
evidenced by a study that observed variations in the bio-
degradation of DON among effluent samples from four
examined plants before filtration. Specifically, a decline in
DON was noted in prefiltration samples from two of the
four plants, with these two plants experiencing a reduction
of organic nitrogen ranging between one-quarter to one-
third over a 20-day period [121].

As wastewater progresses through various treatment stages
in a conventional biological nutrient removal (BNR) pro-
cess, the concentration of DON typically decreases, with
the majority of DON removal occurring in the anaerobic
zone of the anaerobic/anoxic/oxic process [97]. In cases
where the DON concentration in the influent is already low
(between 1.1 and 3.9 mg/L), only a small amount of DON
is removed during wastewater treatment, leaving concen-
trations of 0.5 to 1.3 mg/L in the effluent [122]. Studies by
Sattayatewa et al. and Huo et al. [96, 97] show that the ac-
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tual efficiency of DON removal can vary greatly between
different wastewater treatment plants, from 30% to 90%.
Furthermore, the composition of domestic wastewater typ-
ically consists of proteins, amino acids, and humic-like sub-
stances. However, in the effluent, the composition changes
to include amino acids, EDTA, and specific proteins that
are newly produced compounds, as reported in studies by
[97, 123]. In addition, the low molecular weight dissolved
organic nitrogen (LMW DON) concentration, which ini-
tially ranges from 4.2-4.4 mg/L, undergoes changes during
treatment in the effluent, resulting in a range of 1.5-3.5
mg/L (LMW DON), accounting for 50-65% of the efflu-
ent DON [119, 120]. According to Huo et al. [97], more
than 80% of the effluent DON are hydrophilic and these
hydrophilic fractions are mostly bioavailable (almost 85%
of the hydrophilic DON) [124, 125]. Secondary effluent
DON is well-characterized, with abundant presence of pro-
teins, amino acids, and EDTA [126], whereas DON in raw
wastewater is poorly characterized. 60% of the DON in the
effluent is made up of proteins, while only 13% is amino
acids [126]. Huo et al. [97] also reported that between 50%
and 66% of the total DON in WWTP effluent is made up
of LMW compounds. Urea, amino acids, DNA, peptides,
and synthetic nitrogenous compounds like pesticides and
pharmaceuticals are all examples of LMW compounds. In
contrast, Pagilla et al. [127] reported that fulvic acids, pro-
teins, and humic acids make up the bulk of the HMW DON
in the effluent.

DON Species: Precursors of N-DBPs

N-DBPs were identified during the chlorination of natural
water, which include haloacetonitriles, halonitromethanes,
haloacetamides, and NDMA [128]. If excess disinfectants
are added, the amount of N-DBP species formed can be
used to estimate the formation potential of N-DBPs. This
method neutralizes any residual chlorine or chloramine
after disinfection reactions have concluded. After that,
typical N-DBP species like dichloroacetonitrile and tri-
chloronitromethane are extracted using liquid/liquid ex-
traction (LLE) and analyzed using gas chromatography
(GC) with electron capture detection. According to Hu et
al. and Plumlee et al. [29, 129], the most frequently detect-
ed N-DBP is NDMA, which is concentrated using solid
phase extraction (SPE) or LLE and measured using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
or GC coupled to an ion trap MS/MS. NDMA accounts
for greater than 90% of the total proportion and can be
found in wastewater effluent at concentrations greater than
0.0001 mg/L. Najm and Trussell [130] point out that the
use of recycled water raises concerns due to the high lev-
els of NDMA present in this water source. The formation
of 2,2-dichloroacetamide is primarily attributed to amino
acids such as aspartic acid, histidine, tyrosine, glutamine,
asparagine, and phenylalanine [131]. Similarly, chloroace-
tonitrile is derived from nitriles, amino acids including
tryptophan, tyrosine, asparagine, and alanine, as well as
pyrrole, as reported by Yang et al. [132]. Trichloronitro-
methane shares similar amino acid precursors with chlo-

roacetonitrile, including glycine [132]. On the other hand,
NDMA is primarily formed from dimethylamine (DMA)
and tertiary amines that contain DMA functional groups
[133]. The formation of cyanogen chloride (CNCI), an-
other type of N-DBBD, is often attributed to the presence of
glycine and fulvic/humic substances, as identified by [134].
Hydrophilic acids (HiA), hydrophilic bases (HiB), and
hydrophobic acids (HoA) all have varying degrees of po-
tential for dichloroacetamide (DCA) formation, but HiAs
have the most [135]. DCA is most likely formed from pro-
tein-like substances made up of amino acids in the HiA
fraction [135]. The amino acids aspartic acid, histidine,
tyrosine, tryptophan, glutamine, asparagine, and phenylal-
anine are all candidates for DCA formation when exposed
to chlorine [135]. The precursors capable of forming chlo-
ropicrin, with yield capacities ranging from 0.4% to 53%,
include 2-nitrophenol, 3-nitrophenol, 4-pyridinealdoxime,
trimethylamine, nitromethane, glycine, lysine, and trietha-
nolamine [43, 136, 137]. Chlorination of certain free ami-
no acids [138], heterocyclic nitrogen in nucleic acids [139],
proteinaceous materials, and combined and bound amino
acids in humic structures generates dihaloacetonitriles and
other haloacetonitriles [140]. Table 1 shows the chemical
structure of different precursor organic compounds. Com-
pared to other naturally occurring organic compounds, the
identified N-DBP precursors typically have alow molecular
weight and electrostatic charge [53]. Because of this trait,
common water treatment processes, such as coagulation,
are ineffective against them. However, it is anticipated that
many of these N-DBP precursors will be biodegradable,
making them amenable to removal via nanofiltration [53].

IMPACTS OF DON ON DBP FORMATION

An extensive amount of literature has investigated the pos-
sible link between the transformation of DON in waste-
water treatment plants and the formation of N-DBPs; this
includes studies by Aitkenhead-Peterson et al. and Chang
et al. [141, 142], among others. The proportion of amphi-
philic bases to neutrals in DON has been found to be the
most important factor in determining N-DBP formation
potentials [143]. Tertiary amines with benzyl functional
groups were also found to be associated with an increased
likelihood of NDMA formation [144]. The majority of these
analyses, however, have only looked at how DON and its
N-DBP change before and after the disinfection process.
According to research by Selbes et al. [145] and Ding et al.
[54], N-DBPs can be roughly divided into two categories:
non-halogenated N-DBPs (such as N-nitrosamines) and
halogenated N-DBPs. According to previous studies, sec-
ondary amines are a major contributor to N-nitrosamine
compounds formed during the chlorination process, espe-
cially NDMA, as demonstrated by [146]. Bond et al. [88]
point out that the formation of halogenated N-DBPs is
more complicated than that of non-halogenated ones. An-
other two study note that haloacetamides, halonitriles, and
organic halamines have received a great deal of attention
in the study of halogenated DON in wastewater [54, 147].
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Table 1. Chemical structures of different DBPs precursors
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DON in Wastewater Treatment Produce DBP

The formation of N-DBPs from DOM is influenced by a
number of DOM properties, including its nitrogen con-
tent, hydrophobicity, specific UV absorbance (SUVA), and
molecular weight (MW) distribution. A study has shown

that a lower ratio of DOC to DON in DOM indicates high-
er nitrogen contents in DOM, and thus a greater likelihood
of the formation of N-DBPs like HANS, halonitromethanes
(HNMs), and N-nitrosamines during chloramination [148].
Same study also shows that the LMW fractions of DOM with
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a size of less than 1 kDa tend to have a higher contribution to
the formation of N-DBPs during chloramination compared
to the high MW fractions (>3 kDa) [148]. Another study
reports that hydrophilic DOM fractions have a higher pro-
pensity for the formation of HANs and N-nitrosamines than
hydrophobic and transphilic DOM fractions [149]. Howev-
er, they found that the hydrophobic fractions of DOM con-
tribute more to the formation of HNMs during chloramina-
tion than the other fractions [149]. In addition to the natural
organic matter in surface water, Chow et al. [150] notes that
effluent organic matter from biological wastewater treatment
plants can affect the formation of N-DBPs due to differences
in physicochemical properties, such as molecular size distri-
bution, and higher concentrations of DON (0.7-1.9 mg/L
in effluent organic matter vs. a median value of 0.3 mg/L in
NOM). Effluent organic matter contains a high concentra-
tion of microbially derived DON, which is rich in amines,
peptides, and amino acids [151] and therefore has the poten-
tial to be converted into N-DBPs via chloramination [152]. It
is expected that the yields of N-DBPs from reclaimed water
will be greater than those from surface water in situations
where wastewater is reused. This is because recycled water is
chemically and physically distinct from surface water. In ad-
dition, organic matter from effluents is a major contributor
to N-DBP precursors in drinking water supplies vulnerable
to wastewater discharges [153].

Nitrosamines, halonitroalkanes, and nitriles are just some
of the chemical compounds found in the N-DBPs [154].
The N-DBPs also have a wide range of -NO, and -CN de-
rivatives. The genotoxicity of these chemicals toward mam-
malian cells is much higher than that of halogen-contain-
ing DBPs [155]. An increase in N-DBPs in drinking water
supplies has been linked to increased contributions from
wastewater discharge. This is why DON is getting so much
interest in the wastewater treatment sector. DON is a pre-
cursor for the formation of carcinogenic N-DBPs during
disinfection, making its presence in wastewater effluent sig-
nificant in the context of indirect or direct potable wastewa-
ter reuse. Recent studies have highlighted the importance
of determining the sources of N-DBPs in wastewater efflu-
ents, and have found that DON is a major precursor [143,
156]. The formation of N-DBPs can also be aided by organ-
ic nitrogen particulate matter in effluents, such as bacterial
cells. To a greater extent than dissolved nitrogenous organic
matter in secondary effluent, Chuang et al. [28] discovered
that Gram-negative Escherichia coli and Gram-positive En-
terococcus faecalis bacterial cells were capable of forming
N-DBPs like dichloroacetonitrile, dichloroacetamide, and
trichloroacetamide during chlorination.

Effect of DON on DBP Formation

Significant precursors to the formation of nitrogenous
N-DBPs are thought to be DON compounds. Dichloro-
acetonitrile is one N-DBP that can be formed from DON;
it is extremely toxic and has an LC50 value that is orders
of magnitude higher than carbonaceous DBPs [157]. This
indicates that highly toxic by-products may be present in
water due to the formation of N-DBPs from DON during

disinfection processes, highlighting the need for effective
monitoring and mitigation strategies to ensure water safety.
A study reports that several DBPs, including dichloroace-
tonitrile (DCAN), dsorbed organic chlorine (AOCI), and
three nitrosamines (N-nitrosodibutylamine (NDBA), N-ni-
trosodiethylamine, and N-nitrosodipropylamine), were
formed during the chlorination of mDON that accumulat-
ed during denitrification with various carbon sources and
C/N ratios [158]. Sodium acetate as a carbon source and
relatively high C/N ratios generally increased the formation
potentials of NDBA, DCAN, and AOCI. This indicates that
the formation of particular DBPs during the chlorination of
mDON can be affected by the carbon source and C/N ratio
used during denitrification. Upon chloramination, THMs,
dichloroacetic acids, and dihaloacetonitrile originate from
similar precursors, and HANs, HAAs, and THMs originate
from similar structures within DOM [28]. Also, the pre-
cursor of HANs was only about 10% (on a molar basis) of
that of THMs and HAAs [28]. DON/DOC in hydrophil-
ic and transphilic fractions correlates with the potential
for NDMA formation. The HAA showed a clear trend of
increasing concentration only with storage time of long-
term DBP changes across storage times (up to 20 days) and
temperatures (5 to 20 °C) [159]. Chen et al. [160] took into
account the effect of temperature and found that as the tem-
perature was raised (from 250 to 600 °C), there was a de-
crease in the formation of the four DBP categories that were
being studied (THMs, HAAs, HANs, and NDMA). Hua et
al. [161] developed a model for the role of lignin phenols in
NOM product DBP formation based on concentrations and
DBP vyields. Trichloroacetic acid is the most formed DBP,
followed by dichloroacetic acid and chloroform in terms of
the contribution of lignin phenols to the formation of DBP
during chlorination. Trichloroacetic acid > dichloroacetic
acid & DCAN > chloroform is the formation order of these
DBPs due to the lignin phenols in the chloramination [161].
Table 2 shows some potential DBPs formation during the
disinfection process by using chlorine, chloramines, chlo-
rine dioxide, and the combined UV and chlorine due to the
different complex structured emerging organic micropol-
lutants (EOMPs). Industrial wastewater discharge, munic-
ipal sewage discharge, and agricultural runoff are all major
contributors to EOMPs in aquatic environments. Toxins
from pharmaceuticals and personal care products (PPCPs),
endocrine-disrupting chemicals (EDCs), and brominated
flame retardants (BFRs) are just a few examples [162].

Factors Influencing the Impact of DON on DBP
Formation

The impact of DON on DBP formation can be influenced
by several factors.

Concentration and Composition of DON

The concentration and composition of DON in water are
key factors that can influence its impact on DBP formation.
DON is a complex mixture of organic nitrogen-containing
compounds. The concentration of DON in water can vary
widely depending on the source of water, season, and oth-
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Table 2. Different EOMPs with their chemical structures and the respective DBPs formation with the disinfection process

Different EOMPs
(PPCPs, EDCs, BFRs)

EOMP structure

Disinfectant
use

Potential DBPs
formation

Ref

1. Ciprofloxacin

Chlorine

Antibiotic
transformation products
(TP305, TP262, TP262,
TP290, TP292, TP 296,
ETC.)

[163]

2. Enoxacin

Chlorine
dioxide

THMs, HAAs,
HANSs, HKs
(Haloketones), HAL
(Haloacetaldehydes)

[164]

3. Fleroxacin

Chlorine or
Chlorine
dioxide

Haloacetonitriles,
Trihalomethanes,
Haloaceticacids

[165]

4. Ofloxacin

Chlorine

Antibiotic
transformation products
(TP305, TP262, TP262,
TP290, TP292, TP 296,
ETC.)

(73]

5. Sulfamethazine

Chlorine

Transformation products
(TP305, TP262, TP292,
TP 296, ETC.)

[166]

6. Trimethoprim

UV and
Chlorine

Trichloromethane,
Chloral hydrate,
Dichloroacetonitrile,
Trichloronitromethane

[167]

7. Metronidazole

Chloramine

Dichloroacetonitrile,
Tricholoacetamide,
Dicholoacetamide,
Trichloromethane

[168]

8. Ibuprofen

UV and
Chlorine

Trichloromethane,
Chloral hydrate;
1,1-dichloro-2-propanone;
1,1,1-trichloropropanone;
Dichloroacetic acid,
Trichloroacetic acid

[169]

9. Acetaminophen/
Paracetamol

Chloramines

Trichloromethane,
Dichloroacetonitrile,
Dicholoacetamide,
Tricholoacetamide

(54]

10. Diclofenac

Chlorine
dioxide

Enhanced-hazardousness
transformation products

[170]
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Table 2 (cont). Different EOMPs with their chemical structures and the respective DBPs formation with the disinfection process

Different EOMPs
(PPCPs, EDCs, BFRs)

EOMP structure

Potential DBPs Ref

formation

Disinfectant
use

11. Bisphenol A

Chloramine Halogenated bisphenol [171]
A, Trihalomethane,
Haloaceticacids,

Haloacetonitriles

HO ! ! OH
HO OH
|0tI9]
I
S

Il
(6]

12. Bisphenol S

Chlorine Monochloro-, dichloro-, [172]
trichloro-, tetrachloro-
bisphenol; biphenyl

ether dimer and trimers

HsC  CHj
Br l l Br
HO' OH

Br Br

13. Tetrabromobisphenol A

Chlorine Transformation products [173]
(TP305, TP262, TP292,

TP 296, ETC.)

er environmental factors [174]. Higher concentrations of
DON, as well as specific types of organic nitrogen-contain-
ing compounds, may increase the potential for DBP forma-
tion during disinfection processes. When using sludge al-
kaline fermentation liquid (SAFL) as the carbon source, the
DON concentration in the effluent (1.52 mg/L DON) was
higher when compared to when using sodium acetate (0.56
mg/L DON) [175]. However, compared to sodium acetate,
SAFL resulted in effluent formation potentials that were 43%
and 55% lower for dichloroacetonitrile (7.63 g/mg DON)
and nitrosamines (1.57 g/mg DON), respectively. Alanine,
glycine, and tyrosine were found to be important precursors
to N-DBPs [175]. Protein- and lignin-like compounds made
up the bulk of the DON molecules in the effluent [175].

Type and Dosage of Disinfectants

The type and dosage of disinfectants used during water
treatment can significantly influence the formation of DBPs
from DON. Different disinfectants, such as chlorine, chlo-
ramines, chlorine dioxide, and ozone, may react differently
with DON and result in varying levels of DBP formation.
For instance, chlorine is known to react with DON to form
various DBPs, such as trihalomethanes and haloacetic acids,
while chloramines can also react with DON to form nitrosa-
mines, another type of DBP [37]. As an example, the amount
of chlorine added to reclaimed water during the chlorina-
tion process can affect the production of chlorinated DBPs
[176]. Slightly oxidized unsaturated aliphatic compounds
and polycyclic aromatic compounds have been discovered
to be produced during chlorination [177]. In addition, the
proportion of polycyclic aromatic chlorinated DBPs with
one chlorine atom and highly oxidized unsaturated aliphat-
ic chlorinated DBPs with two chlorine atoms was found to
increase with increasing chlorine dosage [177].

Co-occurring Water Constituents

Other naturally occurring water constituents, such as
bromide, iodide, and NOM, are also capable of having an
impact on the relationship between DON and DBP forma-
tion. For example, during the process of disinfection, bro-

mide can react with chlorine to produce brominated DBPs
[178]. These brominated DBPs, which include bromoform
and bromodichloromethane, are known to have a higher
level of toxicity in comparison to their chlorinated coun-
terparts [178]. Bromoform and bromodichloromethane
are both classified as Group 2B, possibly carcinogenic to
humans [179]. Studies have shown that long-term expo-
sure to elevated levels of bromoform and bromodichloro-
methane in drinking water may be associated with an
increased risk of certain adverse health effects, including
bladder cancer, reproductive and developmental effects,
and liver and kidney damage [180]. The toxicity of bromo-
form and bromodichloromethane is primarily attributed
to their potential to induce genotoxicity, oxidative stress,
and disruption of cellular functions. These DBPs can bind
to DNA and proteins, causing DNA damage and impair-
ing cellular processes [181]. During the disinfection pro-
cess, NOM, which is a complex mixture of organic com-
pounds derived from decaying plant and animal materials,
can interact with DON, and affect the formation of DBP.
NOM is a byproduct of decomposition of plant and ani-
mal matter [182].

Water Treatment Processes

The specific water treatment processes employed, such as
pre-oxidation, coagulation, and filtration, can also affect the
impact of DON on DBP formation [183]. These processes
can modify the concentration and composition of DON, as
well as other water constituents, which can subsequently
influence DBP formation during disinfection. For example,
pre-oxidation processes, such as ozonation or chlorination,
can alter the reactivity and characteristics of DON, affect-
ing its potential to form DBPs during subsequent disinfec-
tion processes [184].

Reaction Time and Conditions

The reaction time and conditions during disinfection, in-
cluding contact time, temperature, and pH, can impact
the extent of DBP formation from DON. The reaction
time refers to the duration for which the disinfectant and
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water are in contact during the disinfection process. Lon-
ger contact times can lead to increased DBP formation
as more time allows for greater interaction between the
disinfectant and organic or inorganic precursors in wa-
ter [185]. For example, higher levels of THMs and HAAs
have been observed with longer chlorine contact times
during water treatment processes [186]. Higher tempera-
tures can accelerate the rate of DBP formation as reac-
tions are generally more rapid at elevated temperatures
[187]. For instance, warm water used in hot tubs, spas, or
showers can lead to higher levels of DBPs due to increased
reaction rates. The pH of the water can also affect DBP
formation, as some DBPs are more likely to form under
acidic or basic conditions [187].

Water Quality Regulations

Water quality regulations play a significant role in managing
DBP formation, including the impact of DON. Compliance
with regulatory standards may necessitate adjustments in
water treatment processes, disinfection practices, and mon-
itoring strategies to mitigate DBP formation from DON.
Regulatory guidelines, such as maximum contaminant
levels (MCLs) established by regulatory agencies, dictate
the permissible levels of DBPs in drinking water, and are
typically based on extensive research and risk assessments
to safeguard public health [188]. Ensuring compliance with
these regulations may require utilities to implement addi-
tional treatment steps or optimize existing treatment pro-
cesses to control DBP formation, including addressing the
contribution of DON [189]. To prevent harmful effects on
the environment, it is essential that industrial wastewater
discharge standards do not include nitrogen species, es-
pecially when dealing with situations where DON levels
are high. Strict compliance with regulations helps protect
aquatic ecosystems, lessens the likelihood of eutrophica-
tion, and promotes ecological harmony in the receiving
environment. Hence, understanding and adhering to water
quality regulations are critical factors in effectively manag-
ing DBP formation, including the role of DON, in drinking
water supplies [190].

DBP MITIGATION TECHNIQUES FOR
WASTEWATER TREATMENT

DBP mitigation is important due to the potential health
risks associated with DBPs, such as carcinogenicity, geno-
toxicity, and reproductive and developmental effects.
Compliance with regulatory standards for DBP levels in
drinking water is necessary to ensure the safety of the
water supply and protect public health. Different coun-
tries have different regulatory standards for DBPs [191].
For example, the maximum allowable limits for THMs,
HAAs, bromate, and inorganic DBPs are 0.08, 0.06, 0.01,
and 1 mg/L respectively whereas there has no set limit for
NDMA [27]. Therefore, effective DBP mitigation strate-
gies are essential in wastewater treatment to reduce the
formation of DBPs and ensure compliance with regulato-
ry requirements.

Techniques for DBP Control

Physical treatment methods are employed to decrease the
formation of DBPs in wastewater by physically removing
or altering wastewater constituents. Sedimentation [192],
filtration [193], and membrane processes [194] are some
examples of physical treatment techniques. Sedimentation
facilitates the settling of suspended particles in wastewater,
reducing the availability of precursor materials for DBP
formation [192]. Filtration, on the other hand, involves
passing wastewater through filters to remove particulate
matter, organic matter, and other contaminants that can
contribute to DBP formation [193]. Membrane processes
utilize semipermeable membranes to selectively eliminate
particles, dissolved substances, and microorganisms from
wastewater [194].

Chemical treatment methods involve the utilization of
chemicals to modify or eliminate DBP precursors in waste-
water. Coagulation [195], oxidation [196], and advanced
oxidation processes [197] are examples of chemical treat-
ment techniques. Coagulation entails the addition of chem-
icals that form flocs, aiding in the removal of suspended
particles and dissolved organic matter from wastewater
[195]. Oxidation processes employ chemicals like chlorine
or ozone to oxidize DBP precursors, reducing their reac-
tivity toward DBP formation [198]. Advanced oxidation
processes, such as UV irradiation in combination with hy-
drogen peroxide, generate highly reactive hydroxyl radicals
that can effectively degrade DBP precursors [191, 199].

Biological treatment methods, on the other hand, employ
microorganisms to transform or remove DBP precursors in
wastewater. Activated sludge processes [200], biofiltration
[201], and biological nutrient removal [202], are examples
of biological treatment techniques. Activated sludge pro-
cesses utilize microorganisms in the presence of oxygen to
biodegrade organic matter and remove it from wastewater.
Biofiltration involves the use of microorganisms attached
to a solid support medium to biologically degrade organ-
ic matter [201]. Biological nutrient removal processes use
microorganisms to remove nutrients, such as nitrogen and
phosphorus, from wastewater, which can also indirectly
reduce DBP formation by limiting the availability of DBP
precursors [203].

Effectiveness of Physical, Chemical, and Biological
Treatments in Reducing the Impact of DON on DBP
Formation

The effectiveness of these treatments in mitigating the im-
pact of DON on DBP formation is contingent upon sever-
al factors, including the specific treatment technique em-
ployed, the characteristics of the wastewater being treated,
and the concentration and reactivity of DON. Physical
treatment methods, such as sedimentation and filtration,
can be successful in removing particulate and organic
matter, including DON, from wastewater, thereby reduc-
ing the availability of DON for DBP formation [192, 201].
Chemical treatment methods, such as coagulation and ox-
idation, can also be effective in modifying or eliminating
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DON from wastewater, thus mitigating its contribution to
DBP formation [195, 198]. Biological treatment methods,
such as activated sludge processes and biological nutrient
removal, employ microbial processes to transform or re-
move DON, which can also diminish its impact on DBP
formation [200, 202].

Potential Benefits and Drawbacks of Using These
Treatments

The utilization of physical, chemical, and biological treat-
ment methods in wastewater treatment for controlling DBP
formation has both advantages and disadvantages. These
treatments have the potential to reduce DBP formation,
improve water quality, and comply with regulatory stan-
dards. Physical methods, chemical methods, and biological
methods can selectively modify or remove DBP precursors
through transformation via chemical reaction and micro-
bials, all of which can lead to improved water quality and
reduced health risks associated with DBPs [23].

However, there are also drawbacks to consider. Physical
and chemical methods may require additional equipment,
chemicals, and operational costs, which can increase the
overall cost of wastewater treatment [204]. Chemical meth-
ods may also generate residuals or by-products that need
proper handling and disposal [205]. Moreover, some phys-
ical and chemical methods may not effectively remove all
types of DBP precursors, and additional treatment steps
may be needed. Biological methods may require careful
control of environmental conditions, such as temperature,
pH, and nutrient levels, to optimize microbial activity and
DBP precursor removal [206]. Additionally, biological
methods may have longer treatment times and may not be
suitable for all types of wastewater or treatment plant con-
figurations [207]. While physical, chemical, and biological
treatment methods offer potential benefits in mitigating
DBP formation in wastewater treatment, it is important to
also consider their drawbacks.

CHALLENGES AND FUTURE DIRECTIONS

The field of DBPs control in wastewater treatment has sev-
eral knowledge gaps and research requirements. Further
investigation is needed in key areas such as identifying and
characterizing DBP precursors, understanding the mecha-
nisms of DBP formation, optimizing treatment efficacy, and
assessing the toxicity and health risks of DBPs. Comprehen-
sive research is necessary to identify and characterize differ-
ent types of DBP precursors in wastewater, including their
sources, reactivity, and fate during treatment processes.

The complex mechanisms of DBP formation, including
pathways and reaction kinetics, require further under-
standing. While various treatment methods have been
proposed for DBP control, their efficacy and optimization
in different wastewater treatment scenarios need more in-
vestigation. Limited information is available on the toxicity
and health risks associated with different types of DBPs, in-
cluding genotoxicity, carcinogenicity, and potential adverse

effects on human health and the environment. Further re-
search is necessary to better understand the toxicological
properties of DBPs and their impacts on public health and
the environment. Long-term monitoring and assessment
of DBP precursors, formation, and treatment efficacy in
full-scale wastewater treatment plants are needed to un-
derstand the effectiveness of different treatment methods
under real-world conditions, aiding in the identification of
suitable treatment strategies for different wastewater treat-
ment scenarios.

CONCLUSION

In conclusion, the formation of DBPs in wastewater treat-
ment is a complex issue that requires careful consideration of
the impacts of DON, health effects of DBPs, and mitigation
strategies. DON has been found to influence DBP formation
in wastewater treatment, which has potential implications for
water quality and public health. The health effects of DBPs,
including genotoxicity and carcinogenicity, underscore the
need for further research and understanding of their toxi-
cological properties. Various mitigation strategies, such as
physical, chemical, and biological treatment methods, offer
potential benefits in reducing DBP formation, improving
water quality, and complying with regulatory standards.
However, it's important to note that these methods also have
drawbacks, including additional costs and the potential gen-
eration of chemical residuals or by-products.

To address the knowledge gaps and research requirements in
this field, future investigations should prioritize identifying
and characterizing DBP precursors, understanding mecha-
nisms of DBP formation, optimizing treatment efficacy, and
assessing toxicity and health risks of DBPs. Long-term mon-
itoring and assessment of DBP precursors, formation, and
treatment efficacy in real-world wastewater treatment plants
would provide valuable insights for effective mitigation strat-
egies. Regulatory and policy measures should also be consid-
ered to ensure appropriate guidelines and standards are in
place to mitigate DBP formation and protect public health.

In summary, it is crucial to carefully balance the benefits and
drawbacks of DBP control methods and continue research
efforts to advance our understanding of DBP formation,
health effects, and mitigation strategies in wastewater treat-
ment. This will enable the development of sustainable and
effective approaches to minimize DBP formation, ensure
safe water quality, and protect public health and the envi-
ronment. By addressing the challenges and knowledge gaps
in this field, we can work towards achieving efficient waste-
water treatment practices that prioritize human health, envi-
ronmental sustainability, and regulatory compliance.
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