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Formation of harmful disinfection by-products (DBPs), of which trihalomethanes (THMs) and haloacetic acids
(HAAS) are the major groups, can be controlled by removal of natural organic matter (NOM) before disinfection. In
the literature, removal of precursors is variable, even with the same treatment. The treatment of DBP precursors and
NOM was examined with the intention of outlining precursor removal strategies for various water types. Freundlich
adsorption parameters and hydroxyl rate constants were collated from the literature to link treatability by activated
carbon and advanced oxidation processes (AOPs), respectively, to physico-chemical properties. Whereas hydroxyl
rate constants did not correlate meaningfully with any property, a moderate correlation was found between
Freundlich parameters and log Ky, indicating activated carbon will preferentially adsorb hydrophobic NOM. Humic
components of NOM are effectively removed by coagulation, and, where they are the principal precursor source,
coagulation may be sufficient to control DBPs. Where humic species remaining post-coagulation retain significant
DBP formation potential (DBPFP), activated carbon is deemed a suitable process selection. Anion exchange is an
effective treatment for transphilic species, known for high carboxylic acid functionality, and consequently is
recommended for carboxylic acid precursors. Amino acids have been linked to HAA formation and are important
constituents of algal organic matter. Amino acids are predicted to be effectively removed by biotreatment and
nanofiltration. Carbohydrates have been found to reach 50% of NOM in river waters. If the carbohydrates were to
pose a barrier to successful DBP control, additional treatment stages such as nanofiltration are likely to be required

to reduce their occurrence.

Keywords: disinfection by-products; precursors; water; treatment

Introduction

Although disinfection of drinking water is necessary to
suppress microbial activity, a significant associated risk
is the formation of disinfection by-products (DBPs)
through reactions of disinfectants with natural organic
matter (NOM) [1]. Many DBPs pose a health risk to
humans [1], and consequently two halogenated groups
— the trihalomethanes (THMs) and haloacetic acids
(HAAs) —are regulated in the USA, at 80 ug L™ for total
THMs (CHCI,, CHBrCl,, CHCIBr, and CHBr;) and 60
ng L' for five HAA species (monochloroacetic acid,
dichloroacetic acid [DCAA], trichloroacetic acid
[TCAA], monobromoacetic acid and dibromoacetic
acid). Total THMs are also legislated in the UK, at 100
ng L' In chlorinated drinking water, the dominant
THM species is typically chloroform (CHCI;), with
DCAA and TCAA being the prevalent HAA species [2].
Particularly at high bromide concentrations, which has
been defined as over 200 ug L' [3], the formation of
mixed brominated and chlorinated DBPs is typical [2].
In raw drinking waters bromide concentrations typically

vary from a few micrograms per litre to several milli-
grams per litre [3]. Note that, while typically only
the brominated and chlorinated THMs and HAAs are
considered, iodinated species can also form, and are
currently thought of as emerging DBPs [4]. There
are several approaches to control disinfection by-prod-
ucts (DBPs), including removal of precursor material
before disinfection and altering disinfectant dose, type
or dosing location [5]. However, reducing disinfectant
doses is limited by the need to provide sufficient resid-
uals for distribution. A residual of 0.1-0.2 mg L™" is typi-
cally viewed as suitable for this purpose [6]. Moreover,
switching disinfectant can result in the formation of
alternative DBPs, as illustrated by links between
chloramines and the formation of N-nitrosodimethy-
lamine (NDMA) and dichloroacetonitrile (DCAN) [4,7].

Therefore, in several ways, the removal of NOM,
including precursor material, is more satisfactory [5].
Not only is the production of alternative DBPs avoided,
but precursor removal can often be attained through
utilization of existing technology. Many studies have
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examined DBP precursor removal, particularly THM
precursors, with limited research encompassing HAA
precursor removal [5]. There is wide geographical and
seasonal variation in NOM composition [8,9], which is
reflected in variable removal of NOM, even by the same
treatment. Natural organic matter is typically character-
ized with adsorption chromatography into fractions of
varying hydrophobicity [8,10]. Although nomenclature
varies, in order of descending hydrophobicity, the
following fractions can be isolated: hydrophobic,
transphilic and hydrophilic. In addition, depending on
the method, operationally defined acid, base and/or
neutral subdivisions of the above three fractions can be
separated [8,10]. Such procedures can be used to provide
data about the relative importance of operationally
defined fractions to DBP formation. Although hydro-
phobic fractions, which can constitute up to ~75% of
NOM [11], and humic species, which account for
much of hydrophobic NOM, are thought to be the
major source of DBP precursors [10], a range of species
can be involved. This conclusion is supported by
model compound work, where both hydrophobic and
hydrophilic molecules, notably activated aromatic
species, B-dicarbonyl compounds and a small number of
amino acids, have been identified as reactive DBP
precursors [12—14]. Nitrogen-enriched water sources,
such as those impacted by wastewater and algae, have
been highlighted as more likely to generate various
nitrogen-containing DBPs [15]. Since the majority of
water treatment research uses natural waters rather
than model compounds, links between DBP formation
and treatability are incompletely resolved. This is
compounded by very limited knowledge about specific
chemical identity of DBP precursors in drinking water
and the unpredictability of DBP formation. Conse-

Table 1. Selectivity of NOM removal processes.

quently, there is uncertainty about how to operate NOM
removal processes for targeted precursor removal. The
objectives of this review, therefore, were to analyze liter-
ature data regarding removal of NOM, THM precursors
and HAA precursors and consequently highlight circum-
stances in which various treatment processes can be
effectively deployed for precursor removal.

Precursor removal by coagulation

Coagulation followed by clarification and/or filtration is
the standard process used to remove particulate matter
and NOM from surface waters and is normally the first
step of conventional water treatment [16]. Coagulants
are typically iron or aluminium salts which hydrolyse
rapidly to form positively charged insoluble precipitates
in water, removing NOM through a variety of princi-
pally electrostatic mechanisms (Table 1). Doses of
coagulants typically vary from 10 to 150 mg L™ for
aluminium sulphate, 10 to 250 mg L' for ferric
sulphate and 5 to 150 mg L™! for ferric chloride (Table 2
[17]) depending on turbidity and NOM concentration.
For aluminium sulphate this range equates to 0.3 to 1.1
mgAl mgDOC™ (Table 2). There is a wide range of
efficacy associated with coagulation, with total organic
carbon (TOC) removal ranging from 7% to 76% and
removal of THM and HAA precursors from 7% to 76%
and 15% to 78%, respectively (Table 2 [18-20]). The
respective removals of TOC, ultraviolet absorption
(UV), THM formation potential (THMFP), dihaloacetic
acid formation potential (DXAAFP) and trihalacetic
acid formation potential (TXAAFP) of 8%, 73%, 10%,
12% and 22% in a water with 1.1 mg L' dissolved
organic carbon (DOC) illustrate the lower end of treat-
ability (Table 2 [18]). Two key points arise from

Process Mechanism/s Selectivity Least treatable References
Coagulation  Adsorption onto flocs and charge Large, anionic molecules ~ Neutral molecules [6,11,16,
neutralization/ colloid destabilization. 17,30]
Sweep flocculation
Anion Ton exchange (electrostatic), also adsorption Small, anionic molecules  Neutral molecules [6,25,28,
exchange (hydrophobic) and hydrogen bonding 29,31]
Membranes  Size exclusion, differing diffusion rates across Species >SMWCO Hydrophobic [6,17,70,
membrane. Electrostatics for charged molecules <MWCO 74,79]
membranes
Activated Reversible physical adsorption by non-specific  Small, neutral, hydropobic Hydrophilic charged [6,17,30,
carbon forces molecules molecules 42,44,45]
Biotreatment Enzyme-controlled microbial degradation and Low MW polar molecules Large & hydrophobic [31,62,
adsorption (e.g. amino acids, molecules 65,66]
aldehydes)
AOPs -OH reactions: electron transfer, H abstraction Relatively unselective [17,47,48]
and OH addition
Ozone Electrophilic addition: oxidation and bond Aromatic compounds and  Saturated compounds [6,17,30,
cleavage. Also OH radical reactions amines 52,55,58]
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comparison of this data: the higher removal of UV-
absorbing material compared with other parameters,
and higher removal of TXAAFP relative to DXAAFP.
Both are features of the literature, as illustrated by a
more treatable water, where removal of UV, TOC,
THMFP, DXAAFP and TXAAFP were 52%, 74%,
62%, 65% and 75%, respectively (Table 2 [18]). The
higher susceptibility of TCAA precursors to coagula-
tion than DCAA precursors is linked to the former’s
more hydrophobic nature [18]. High removal of high
molecular weight (MW), hydrophobic organics is typi-
cal during coagulation of drinking water. This is shown
by respective removals of 84%, 64%, 14% and 17% for
the humic acid (HAF), fulvic acid (FAF) hydrophilic
acid (HPIA), and hydrophilic non-acid (HPINA) frac-
tions of an upland water [11]. Note that the hydrophobic
acid fraction consists of the HAF and the FAF. In addi-
tion HPIA and HPINA are respectively equivalent to
transphilic acid and hydrophilic fractions [8,10]. This
data also correlates to charge, since high anionic charge
is a feature associated with hydrophobic fractions of
drinking water, as shown by charge densities of 6.8, 4.2
and 0.006 meq gDOC™" for the HAF, FAF and HPIA
fractions, respectively, of an upland water [9]. A conse-
quence of this selectivity for hydrophobic NOM is that

the levels of HPINA in the raw water indicate the resid-
ual post-coagulation [11]. A similar reasoning explains
the positive relationship between specific ultraviolet
absorbance (SUVA) and treatability (Figure 1), since
high SUVA values indicate a high proportion of hydro-
phobic material in a water [6]. High SUVA waters can
be regarded as those with a SUVA above 4 L mg™' m™
(Figure 1) [6]. The charge-driven nature of NOM coag-
ulation means that electrophoretic monitoring is appro-
priate, for example it has been demonstrated how
optimum removal can be achieved by operating within
a zeta potential window of —10 to 3 mV [11]. However,
NOM removal is often indirectly controlled through
coagulating between pH 4.5 and 6.0 or by using coagu-
lant doses above those required for particle removal,
termed enhanced coagulation [16]. The effect of coagu-
lating at acidic pH on downstream disinfection should
also be considered, since chlorination at acidic pH has
been reported to increase DCAA levels [21]. However,
as THMs have been found to increase and TCAA to
decrease at higher pH, downstream consequences are
complicated [22] and would require empirical verifica-
tion. The same applies to choice of coagulant. While it
is thought that generally higher removals of precursors
can be obtained with iron salts rather than aluminium

90
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Figure 1. Relationships between raw water SUVA and removal of bulk NOM, THM precursors and HAA precursors by

coagulation.
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salts, the latter may be more effective at low coagulant
doses [23]. Thus, coagulation can be expected to be
successful for removal of DBP precursors which are
anionic in character, which will typically also be hydro-
phobic and of high MW. However, in waters where
reactive precursors are of low anionic charge or neutral,
coagulation will have little impact upon their removal,
and they will constitute part of the post-coagulation
NOM residual. Such waters are likely to have a high
proportion on HPINA species and are also likely to be
of low SUVA.

Precursor removal by ion exchange

Ion-exchange removal mechanisms relate to the
exchange of an ion in the aqueous phase for one in the
solid phase attached to the ion exchanger (Table 1). For
example, the MIEX® anion exchange resin developed
for NOM removal works by exchanging anionic NOM
for a chloride ion attached to the cationic resin surface
[24]. MIEX" is a relatively novel process used as an
alternative to coagulation or as an adjunct to reduce
coagulant doses. Reports on its use have shown
improved removal of NOM and THM precursors rela-
tive to coagulation [25]. For instance, coagulation of
one water with alum at 60 mg L' attained respective
removals of DOC, UV, THMFP and HAAFP of 33%,
38%, 40% and 36% (Table 2 [19]). Equivalent values
with 5 mL L™ MIEX® were 75%, 84%, 69% and 71%.
A combined treatment, with 5 mL L™' MIEX® then 16
mg L' alum, was even more effective, with equivalent
values of 76%, 85%, 76% and 73% (Table 2), indicating
synergistic benefits of a combined treatment and that
MIEX® pretreatment can reduce coagulant doses.
Whilst there is still debate regarding the type of NOM
that can be treated more effectively by MIEX® than by
coagulation, evidence suggests transphilic NOM is
involved. Lee and co-workers [24] found MIEX®
removed 63—75%, 70-89% and 2—67% of the hydro-
phobic, transphilic and hydrophilic fractions respec-
tively, in three waters. The transphilic acid fraction was
also found to have a higher affinity for MIEX® than did
the other fractions [26], this being explained by its
higher charge density. While the exact chemical identity
of transphilic acids is unknown, they are assumed to be
more hydrophilic than the hydrophobic acids and with a
high proportion of carboxylic acid functionality [27]. In
a recent study, uptake of a water of hydrophobic char-
acter deteriorated from 65% to 25% with consecutive
MIEX® use designed to simulate full-scale operation,
whereas removal of two waters of hydrophilic
and algogenic character were more consistent at ~60%
and ~30%, respectively [25]. These differences were
explained by the hydrophobic-character water contain-
ing more high MW species capable of blocking resin

exchange sites and the algogenic water containing a
higher proportion of neutral species. Thus, as with
coagulation, NOM composition has a strong influence
on treatability, although it appears the amount of hydro-
phobic species is not the determining factor for anion
exchange. An added benefit of MIEX® is that it offers
some removal of bromide, although this decreases with
increasing alkalinity and bromide concentration [28].
This is significant as bromine, formed by the oxidation
of bromide in the presence of chlorine, is a more effec-
tive substitution agent than chlorine and has been found
to increase DBP levels [2]. However, removal is incon-
sistent: in one water with alkalinity of 20 mg L™ as
CaCO;, MIEX" effected a reduction in bromide from
163 to <10 ug L', whereas with another water with
alkalinity of 155 mg L' as CaCO, and bromide of
38 ug L', no bromide reduction was observed [20].
This variability was rationalized by an increasing
competition for ion exchange sites by bicarbonate ions
in the higher alkalinity water. Residual NOM remaining
after ion exchange is thought mainly to comprise
neutral compounds [29]. Thus ion exchange is likely to
be most effective for treatment of hydrophobic and
especially transphilic DBP precursors, but also offers
removal of low-MW anionic material. As with coagula-
tion, residual NOM remaining post-treatment will be
neutral and low-charge species, properties associated
with the hydrophilic components of NOM [9].

Analysis methods for activated carbon and
advanced oxidation processes

To elucidate relationships between compound proper-
ties and removal by activated carbon (AC) and
advanced oxidation processes (AOPs), Freundlich
adsorption parameters (log K [capacity parameter] and
1/n [intensity parameter]) and aqueous hydroxyl rate
constants (k) were collated [17,28-30] for 158
compounds (Appendix 1). The following compound
physico-chemical properties were also assembled: MW,
octanol-water partition coefficient (log Ky,), molar
volume (MV), surface tension (y), polar surface area
(PSA), polarizability (o), density (p) and the soil-water
partition coefficient (log K,) (Appendix 1). Properties
were taken from [33—-36], and experimental values were
used wherever available. Log K. values were esti-
mated with the Estimation Programs Interface Suite
[33], using two different models. Literature THM
formation data was included where available [37,38].
The Pearson product-moment correlation coefficient
(r), calculated with Minitab 15, was used to assess rela-
tionships between adsorption parameters and compound
physico-chemical properties (Tables 3 and 4). This
coefficient is used to measure the degree of linear
relationship between two variables and can assume a
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Table 3. Correlations between compound properties and log K. for all compounds.
THMFP MW MV Y PSA o Density
log K. I/n log Koo pngmgC™! log Koy Da cm®  dyncm™! A? 10*em® Gem™
I/n —-0.574
log K¢ 0.546  -0.07
THMFP 0347 -0.501 0.058
log Kow 0.568 -0.107 0.69 —0.424
MW 0.557  -0.057 0.574 0.074 0.676
MV 0.609 -0.044 0.622  —-0.055 0.765 0.818
Y 0.26 —-0.097 0.242 0.117 0.006 0371  0.165
PSA 0.038 0.022 -0.128 0.189 —-0.318 0.116  0.097 0.501
o 0.556 0.005 0.686 —-0.073 0.753 0.787 091 0.329 0.073
Density 0.018 —-0.026 —0.044 0.137 0.002 0.147 -0.095 0.116  —-0.024 —0.04
koy 0.309 -0.154 0.187 0.07 -0.048 -0.21 -0.107 0.169 0.08 0.033 -0.168
(108 M s7h
Table 4. Correlations between compound properties and log K. for non-halogenated compounds.
THMFP MW MV Y PSA o Density
log K, 1/n log Koo pngmgC' logKyy,  Da em® dynem!  A? 10*cm® Gem™
I/n —-0.763
log Ko 0.384 —-0.112
THMEFP 0335 -0.499 0.024
log Kow 0473  -0.129 0.655 —0.541
MW 0.4 —-0.091 0.462 0.023 0.68
MV 0.483  —-0.046 0.485 —0.068 0.798  0.908
Y 0.049 -0.111 0.026 0.079 -0.138  0.258 -0.076
PSA —-0.036 0.031 -0.288 0.203 -0.338  0.219 -0.013  0.419
o 0.358 0.018 0.56  -0.116 0.795  0.853 0.858  0.105 -0.109
Density -0.009  -0.095 -0.114 0.149 -0.268  0.233 -0.159  0.888  0.599 -0.002
kon 0396 —0.193 0.412 0.088 0.264 -0.1 —-0.145 -0.019 -0.342  0.04 —-0.022
(108 M s

value from —1 to +1, these values respectively indicat-
ing a negative and positive linear relationship, while a
value of 0 indicates no relationship.

Precursor removal by activated carbon adsorption

The primary adsorbent used for water treatment is
activated carbon, which can be applied as powdered
activated carbon (PAC) or granular activated carbon
(GAC). While PAC can be applied at various stages of
water treatment, GAC is typically utilized after
coagulation—filtration/sedimentation but before post-
disinfection [6]. Typical PAC doses are between 5 and
25 mg L', with average doses towards the lower end of
this range [17]. Activated carbon is variously employed
for removal of specific contaminants, such as pesti-
cides, as well as taste- and odour-causing compounds

and bulk NOM. Granular activated carbon can offer
preferential removal of DBP precursors over bulk NOM
(Table 5 [39—41]). After 50 days operation, removal of
DOC, THM precursors and HAA precursors was high at
80%, 95% and 89%, respectively (Table 5 [41]). After
250 days, the respective removals were 42%, 40% and
71%. This data is from a full-scale trial with an empty
bed contact time (EBCT) of 21 min and illustrates how
initially high removal levels decline over the bed life of
the GAC. A minimum EBCT of 10—-15 min is generally
recommended for DBP precursor removal [41]. Revers-
ible physical adsorption caused by non-specific mecha-
nisms, such as van der Waals forces dipole interactions
and hydrophobic interactions, are considered the
commonest means of sorption (Table 1 [42]). In the
presence of oxygen, it is thought that AC can act as a
catalyst for oxidative coupling reactions between
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Figure 2. Relationship between log K; and log K, for all compounds.

phenolic compounds, which can affect the degree of
sorption [43].

In the literature, many Freundlich parameters are for
toxic and halogenated compounds; thus, to more accu-
rately reflect the nature of NOM, correlations for non-
halogenated compounds are also presented (Table 4).
For both sets of compounds, log K, shows moderate
correlations with log Kgy, MW and MV. For the
complete set of compounds, these relationships have
correlations of 0.568 (Figure 2), 0.557 and 0.609 (157,
157 and 151 data pairs), respectively (Table 4). For the
non-halogenated compounds, the equivalent correla-
tions are 0.473, 0.4 and 0.483 (81, 81 and 77 data
pairs), respectively (Table 4). In addition, for all
compounds, log K. exhibits positive correlations with
log K, and polarizability, at 0.546 and 0.556 (134 and
150 data pairs), respectively. These trends indicate that
adsorbability increases with compound size and hydro-
phobicity but, while MW and log K, provide an indi-
cation of adsorption performance, these relationships
are not strong enough to be used as accurate predictors.
Correlations with MW and o are in accordance with
Traube’s rule, which states adsorbability increases with
size for a series of homologous organic compounds,
corresponding to increasing polarizability. Part of the
reason for the weakness of the correlations is the very
wide range of values exhibited for log K;: from —4.17

for N-dimethylnitrosamine to 4.14 for PCB, which
equate to K values ranging from 6.8 x 107 to 1.41 x
10* (Figure 2). In contrast, the other properties exam-
ined do not vary by such a magnitude. The formation of
THM does not correlate with any physico-chemical
property (Tables 4 and 5), in accordance with a more
extensive study of the formation of a model compound
DBP [15].

However, the literature suggests that for NOM
adsorption these correlations are complicated by size
exclusion and electrostatic effects. It has been reported
that smaller humic acids were preferentially removed
by an activated carbon [44], this being explained by size
exclusion, with smaller GAC pores being less accessi-
ble to high-MW components of NOM molecules. While
average NOM size is thought to be in the range 440 A,
the mean pore radius of F400 carbon, commonly used in
water treatment, is 12 A [44]. This is the likely explana-
tion for carbons with larger pore size having been found
to perform more effectively in regard to NOM uptake
[45], while a more recent study recommended selection
of a carbon with pores >1 nm [46]. Increased NOM
uptake, particularly of HAA precursors, has been
observed for a steam-treated carbon with increased
mesopores, relative to non-modified carbon, although,
for a more hydrophilic water, differences were negligi-
ble [46]. However, since there is limited knowledge
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about DBP precursor size, assessing the benefits of
using a carbon with increased mesopores for precursor
uptake requires empirical investigation and is site
specific. Electrostatics also affect adsorption, with
coulombic repulsion between anionic solutes and acidic
groups on the carbon surface being the most relevant
interactions [45]. The same study recommended selec-
tion of a carbon with a basic point of zero charge
(pH,,.), to facilitate coulombic attraction between NOM
and AC. As most molecules listed in Appendix 1 are
neutral, pK, values were not included as a compound
property. Overall, while the correlation of 0.557
between log K and MW (Table 4) is influenced by the
carbon pore size distribution and electrostatic interac-
tions are affected by the charge of the carbon surface,
hydrophobic molecules are more treatable than
hydrophilic ones (Figure 2). Activated carbon will be
most successful when reactive precursors belong to this
category.

Precursor removal by advanced oxidation processes

Advanced oxidation processes are characterized by the
in situ generation of hydroxyl radicals (-OH), and are
currently considered an advanced water treatment.
There are various ways of generating AOPs, among
them ozone/UV, ozone/H,0,, UV/H,0,, vacuum UV
and Fenton’s reactions [47]. Although the means of
‘OH production varies, all these processes share the
same method of degrading NOM (Table 1), through fast
and non-selective reactions with organic compounds
[17]. The average second-order rate constants for reac-
tions between NOM and -OH in 17 waters was 3.9 x
10 M s7! [48], with values determined by competi-
tion kinetics. More recently, rate constants were
directly measured as 1 x 10 M s7' to 5x 10 M™' 571
for -OH and NOM reactions [49]. These values are
typical for organics and are three to four orders of
magnitude higher than for other oxidants used in water
treatment [17].

For the complete set of compounds, » = 0.309 for the
relationship between k., and log K, (51 data pairs)
(Table 4). All others correlations were between —0.168
and 0.187 (Table 4), which is in accordance with the
non-selective nature of -OH reactions. For the non-
halogenated compounds, the correlations of 0.396 for
the relationship between kg, and log K. (30 data pairs)
and 0.412 for the relationship between k;, and log K
(29 data pairs) were the highest recorded (Table 4).

Ultraviolet radiation doses of 0.5-3.0 J cm™ and
H,0, doses of 10-20 mg L™! for UV/H,0, treatment are
typical of those employed for NOM oxidation [39]. At
0.5 J cm™ reductions in DOC, UV, THMFP, DCAAFP
and TCAAFP of —11%, 24%, 8%, —35% and 8% were
recorded [39]. With 3.0 J cm™, equivalent values were

20%, 59%, 73%, —74% and 69%, thus AOPs can
increase formation of DBPs, and DCAA in particular,
across a range of UV fluence values. Note the similarity
in behaviour between TCAA and THM precursors and
the disparate nature of DCAA precursors, as noted else-
where [50]. Such increases occur through formation of
reactive DCAA precursors on oxidation. The specific
identity of these precursors is uncertain but a rise in
DCAA has been linked to formation of diketones and
then aldehydes [S1]. Higher respective removals of
DOC, UV, THMFP and HAAFP of 56%, 91%, 89%
and 83%, with a similar water source and an ozone-UV
AOP (UV: 1.61 W s cm™ ozone 0.062 mg mL™"), shows
what can be achieved with higher energy and chemical
input [40]. However, while AOPs can completely
mineralize NOM to carbon dioxide, the high costs
involved mean that partial oxidation is the more feasible
means of operation. Since AOP products, including
aldehydes and carboxylic acids, tend to be biodegrad-
able [47], there has been interest in applying AOPs in
synergy with biodegradation. Thus, in contrast to UV/
H,0, alone (UV: 3 J em%; H,0,: 10-20 mg L), the
same AOP dose combined with biological activated
carbon (BAC) achieved reductions in DOC, UV,
THMFP, DCAAFP and TCAAFP of 80%, 81%, 85%,
63% and 85%, respectively (Table 5 [39]), and thus
effected significant DCAAFP removal. Finally, the
presence of carbonate and bicarbonate ions can scav-
enge ‘OH and suppress the success of AOPs [17]. This
would be most likely in high alkalinity waters, such as
the one with alkalinity above 200 mg L' as CaCO,
(Table 6). Thus, while AOPs are an effective technol-
ogy for removing a variety of NOM, careful assessment
of downstream DBP formation is advised before they
are utilized for DBP control.

Precursor removal by ozone

Compared with AOPs, ozone is an established part of
water treatment, with well over 1000 ozone water treat-
ment plants worldwide [31]. Ozone 1is typically
employed for disinfection, taste and odour control, and
degradation of target organic contaminants, rather than
bulk DOC removal. This is partly because rate constants
for reactions of ozone with organics are much lower
than with -OH. For example apparent rate constants
range from 3 x 10° M™' s7! for acetic acid to 20 x 10°
M s7! for dimethylamine to 18 x 10° M~' s! for phenol
[17]. Ozone can be operated as an AOP by adding UV
or H,0, to generate -OH. In fact, -OH is also produced
naturally through reactions between NOM and ozone,
and this is thought to be the major degradation route for
target compounds [48]. There is a consensus that ozone
alone, under typical water treatment conditions, which
involve doses of ~1 mgO, mgDOC™" and a contact time
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of ~15 min, is relatively ineffective for DBP precursor
removal, though higher doses may enable improved
performance [52]. To illustrate, in one reservoir water at
an ozone dose of 0.85 mg mgDOC™' removals of DOC,
UV and THM precursors were 5%, 47% and 6%,
respectively (Table 6 [53—56]). At an ozone dose of 3
mg mgDOC™', removal of these parameters had
increased to 16%, 72% and 43%, respectively, which
also illustrates the selectivity for UV-absorbing species
typical of the process. Particularly at high doses, ozone
has the potential to increase HAA and THM levels,
though these effects are unpredictable. For example, in
one study, with a high ozone dose of 5 mg mgDOC™' an
increase in HAA formation of 50% was observed,
contrasting with a 12% decrease at 0.5 mg mgDOC™'
and a 12% increase at 1.0 mg mgDOC™". Elsewhere, 5%
and 4% increases in THMFP and HAAFP, respectively,
were observed with combined ozone (2.0 mg mgDOC™
1) and biotreatment (Table 6 [56]). Increased levels of
bicarbonate concentration during ozonation have been
reported to decrease subsequent HAA formation [57].
Since bicarbonate reduces the formation of hydroxyl
radicals through scavenging reactions, this indicates that
ozone may be more effective than hydroxyl radicals at
reacting with precursor sites. In one water with a SUVA
of 2.5 L mg' m™', mean removals of THMFP and
HAAFP for ozone—coagulation were, respectively, 57%
and 66% and consequently similar to coagulation—
ozone, where equivalent values of 54% and 71% were
observed [53]. As intimated by the rate constants listed,
ozone reacts preferentially with activated aromatic
compounds. Although nucleophilic reactions are possi-
ble, they are slow and electrophilic addition to unsatur-
ated bonds is the main reaction route [58]. Hence, as
shown by the generally higher reduction in UV-absorb-
ing species than other parameters (Table 6), ozone
primarily reacts with humic species, with the main prod-
uct groups being aldehydes, ketones and carboxylic
acids [58]. As such compounds are typically biodegrad-
able, using ozone upstream of biodegradation can
improve precursor removal. Values of —5% to 54% and
—4% to 70% for removal of THM and HAA precursors,
respectively, have been reported for combined ozone—
biofiltration (Table 6 [52,55,56]). Given the propensity
for ozone to react selectively with aromatics, the effec-
tiveness even of combined ozone-biofiltration for
precursor removal may be limited by the amount of
aromatic’/humic material. This idea is supported by
Wricke and co-workers [59], who found the maximum
production of biodegradable DOC was only around 30%
of the total DOC. Ozone can also form bromate, a
suspected human carcinogen and inorganic DBP,
through reactions with bromide in drinking water [60].
Bromate is currently regulated in the USA at 10 pg L™
and, while its formation is most acute in high bromide

waters, its presence can be mitigated by ozonation at
below pH 7, though this is not straightforward in waters
with a pH above this value [3,60-61].

Precursor removal by biotreatment

Biological processes in water treatment typically entail
development of a biofilm on a sand or activated carbon
filter and are more widely employed in Europe than in
the USA [62]. Biotreatment can remove NOM through
enzyme-controlled microbial degradation as well as
adsorption (Table 1). The rate of biodegradation is
controlled by substrate mass transport and biodegrada-
tion kinetics [63]. Natural organic matter can be divided
into easily biodegradable and recalcitrant material [64].
Typical EBCTs for NOM removal are 19—36 min and
5—-10 min for activated carbon and sand filters, respec-
tively [63,64]. Small non-UV-absorbing molecules tend
to be biodegradable [65]. In general, small compounds
are more biodegradable because of increased ease of
transport across the cell membrane [66]. For example,
aldehydes were found to be readily biodegradable [55],
with average removal of 70% found for various amino
acids [67]. Lower biodegradation of amino acids has
been reported elsewhere, such as 46% removal reported
by Prévost et al. [68]. These values were interpreted as
indicating either aggregation to humic structures or the
lower biodegradability of specific amino acids. The
amount of biodegradable material in a water body is
linked to characteristics of the catchment. Waters with
a higher proportion of biologically derived NOM are
likely to be low in aromaticity, with high nitrogen
content and relatively biodegradable [69]. Amounts of
biodegradable NOM in rivers in Europe and the USA
were found to vary from a few per cent to around 40%
[67]. Despite this, higher removal of HAA precursors,
in particular, are found in the literature, with reductions
of 37% and 62% for THM and HA A precursors, respec-
tively, by bioactive sand (Table 6 [55]). These values
indicate that at least in certain waters, reactive HAA
precursors can belong to a readily biodegradable group,
possibly aldehydes or amino acids. A more moderate
reduction of precursor concentration is found in other
studies, and DBP levels can even increase slightly post-
treatment. This is demonstrated by one study using a 3
d contact with BAC, where increases in THMFP and
DCAAFP of up to 9% and 11%, respectively, were
measured (Table 5 [39]). Interestingly, TCAA precur-
sors proved to be more biodegradable than DCAA
precursors, with respective maximum removals of 29%
and 46%, respectively (Table 5 [39]). This is the oppo-
site of what would be predicted based on the more
hydrophilic character of DCAA precursors compared
with TCAA precursors [18] and high biodegradability
of low MW, aliphatic molecules [65], and highlights the
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uncertain identity of aquatic precursors. To summarize,
biotreatment will only have a significant impact on
precursor removal where reactive precursors are readily
biodegradable. Such situations are more probable in
waters with high amounts of biologically derived NOM,
and are likely to involve HAA precursors. As discussed
above, oxidative pretreatment can also be used to
increase the amount of biodegradable material.

Precursor removal by membranes

Membrane processes are an increasingly common
feature of water treatment [6]. Four types are utilized:
microfiltration, ultrafiltration (UF), nanofiltration (NF)
and reverse osmosis, listed in order of decreasing pore
size and size of molecules rejected, though there is
overlap between these classifications [70]. Meanwhile,
the majority of NOM has an apparent MW between a
few hundred and 10,000 Da, with the mean value
towards the lower end of this range [71,72]. Rejection
of molecules occurs through size exclusion and electro-
static repulsion for charged membranes, whereas for
tighter membranes differing diffusion rates of various
solutes across the membrane also participate [70]. Thus,
the properties of the membrane surface affect the type
of molecules removed. In general, owing to the small
size of DBP precursors, NF membranes are required for
successful precursor removal. Ultrafiltration has been
found to have only limited efficacy for DBP control,
with removals up to 44%, 50% and 32% found for bulk
DOC, THM precursors and HAA precursors, respec-
tively, by a membrane with molecular weight cut-off
(MWCO) of 60,000 Da (Table 7 [73—75]). These values
are higher than those of other work using UF
membranes, where respective retentions as low as 17%
[73], 10% [76] and 13% have been recorded. It is feasi-
ble that the highest value [73] relates to increased high
MW species in the particular water, which had a high
SUVA of 6.2 L mg™' m™'. Elsewhere SUVA has been
found to positively correlate with MW [77,78]. In
contrast, while requiring higher operating pressures, NF
has proved extremely effective for precursor removal
(Table 7 [73=75]). The maximum retention achievable
with NF is represented by a study using four different
membranes with MWCO of 100-300 Da where, for one
water with 3.8 mg L™' DOC, removals of 93%, 98% and
99%, respectively, were recorded for DOC, THM and
HAA precursors (Table 7 [73]). The minimum retention
from a study using five waters, a thin film composite
(TFC) and a negative membrane of MWCO 200 Da
were 67%, 66% and 67%, respectively (Table 7 [75]),
values presumed to correspond to a large proportion of
low MW NOM. Several studies have suggested that
optimum precursor removal is obtained with a
membrane with a MWCO of around 200 Da [79], at

which pore size rejection of THMs and HAAs them-
selves can also be expected.

In addition to studies using natural waters, model
compounds have also been used to assess membrane
performance, with removal found to be affected by
properties other than size. Hydrophilic model
compounds were found to be preferentially removed,
compared with hydrophobic compounds, for three
different NF membranes [80,81]. The latter study found
that, for a group of neutral molecules of MW 146-154
Da, retention varied from 0% to 91% and 0% to 82% for
two NF membranes with MWCO of 180 and 150-300
Da, respectively [81]. There was found to be a linear
relationship between log K, and retention. The prefer-
ential rejection of acids by a negatively charged
membrane [82] can be explained by coulombic repul-
sion between solute acids and membrane surface. One
potential problem with NF is the low removal of
bromide, which can cause a shift towards brominated
DBPs upon chlorination of the permeate stream [74].
Despite this, NF is still highly effective for DBP precur-
sor removal and may perhaps be used to best effect for
removal of low MW, hydrophilic precursors recalcitrant
to other treatment processes.

Physical properties of NOM groups

The analysis of removal mechanisms shows treatability
of NOM is largely determined by physical properties,
especially size, charge and hydrophobicity (Table 1).
Thus, to assess the treatability of NOM groups by
different treatment processes it was necessary to assign
these properties. Several assumptions were made while
compiling Table 8 [83—87], because of the uncertainty
about the precise characteristics of NOM. This ambigu-
ity is complicated by aggregation and overlap in func-
tionality between the listed groups. For example, amino
acids and humic species can have carboxylic acid func-
tionality, whereas amino acids may be associated with
humic substances in natural waters [88]. It is proposed
that humic species are the largest, most hydrophobic
and highly charged of the NOM groups. This is because
charge is primarily a feature of hydrophobic fractions
[9], while MW and aromaticity have been reported to be
directly proportional to SUVA,,, [77,78]. Although
fragmentation of large humic species may occur natu-
rally, it is assumed fragments will retain the character of
the whole. Carboxylic acids in NOM are assumed to be
smaller and more hydrophilic than humic species, prop-
erties consistent with the NOM transphilic fraction
known for high carboxylic acid functionality [26,27].
One specific example would be citric acid [69]; other
examples include mixed keto-acid compounds [13] or,
more simply, still fatty acids. Thurman considered
glutamic acid, glycine, serine and aspartic acid to be the
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most abundant aqueous amino acids [87]. These species
are relatively small (MW 75-147 g mol™") and hydro-
philic (log K,y —3.21 to —3.89), while only glutamic
and aspartic acid have a single negative charge based on
pK, values. However, combined amino acids are
considered to be four to five times more common than
free species [83], hence amino acids are considered to
be of intermediate MW (Table 8). Proteins in water
often originate from algae or phytoplankton and, based
on pyrolysis data, can include phenol, pyridine, toluene
and styrene groups [10]. Glucose is considered the most
common sugar in drinking water [87], though arabinose
and mannose are also thought to be widespread [89].
These three carbohydrates are neutral, relatively hydro-
philic (log Koy —2.39 to —3.24) and relatively small
(MW 150-180 g mol™") and are taken as representative
of species found in aquatic environments.

Discussion: implications for DBP control

Because of the difficulty of identifying precursor mate-
rial, characterizing waters to predict DBP formation is
more complicated than predicting treatability. Forma-
tion of DBPs is not straightforward to predict from bulk
characters, except where a majority of precursors
belong to a group which correlates to a bulk property, as
has been observed for humic species and UV absor-
bance [50]. Since the treatability of NOM groups can be
predicted, assuming their physical characteristics are
understood, guidance can be provided for their targeted
removal. The high DBPFP of humic species is well
known (Table 8), and they can represent up to 75% of
NOM in temperate upland catchments (Table 8). Fortu-
nately, because of their charge and size, humic
substances are the NOM group most treatable by coag-
ulation (Table 8). Therefore well-optimized coagulation
may be sufficient for DBP control where humic species
contain the bulk of precursor material. There are
precedents for high precursor removal by coagulation in
hydrophobic-rich waters, for example the maximum
removals of 71% and 78% for THM and HAA precur-
sors, respectively, reported by Singer and Bilyk [20].
There is also evidence that TCAA precursors are more
treatable than DCAA and THM precursors by coagula-
tion [18]. Residual humic substances remaining after
coagulation are perhaps most likely fragments of lower
size and charge. Owing to their hydrophobicity, in situ-
ations where they retain significant DBPFP, activated
carbon adsorption is recommended for their removal.
Anion exchange or oxidation by ozone/AOP followed
by biofiltration may also be successful. Such situations
will be indicated by hydrophobic fractions of a post-
coagulation holding relatively high DBPFP.

The wvariety, identity and amount of carboxylic
acids present in NOM have not been fully elucidated

(Table 8). Assuming carboxylic acids are generally
smaller and consequently have fewer charged groups
than do humic substances, their removal by coagulation
is also presumed to be lower (Table 8). The transphilic
fraction of NOM, having high DBPFP, is hypothesized
to coincide with carboxylic acids being an important
source of precursors. lon exchange is proposed to be an
effective choice for their treatment, given its efficiency
in treating the transphilic fraction of NOM. Otherwise
activated carbon, biotreatment, membranes and AOPs
can all be expected to have some success, depending on
the nature of the acids present. Owing to electrostatic
repulsion, lower removal by activated carbon and
charged membranes can be expected than by neutral
analogues.

Amino acids and proteins are particularly important
constituents of NOM in waters with high algal activity,
wastewater influence, or generally higher amounts of
biologically derived NOM. Where amino acids and
proteins are reactive precursors, it is feasible that the
concentration of nitrogen-containing NOM will corre-
late to DBP formation, in particular non-regulated
nitrogen-containing DBPs [7]. Further, L-aspartic acid
and L-asparagine are known to be reactive HAA precur-
sors [14], and are probably significant DBP precursors
in such waters. Coagulation and ion exchange may
provide uptake of the charged amino acids, but, because
of the low charge of the commonest aquatic species,
high removal is not expected for these two processes
(Table 8). Since amino acids are known to be readily
biodegradable, biotreatment is a recommended process
option, and nanofiltration is also likely to be effective.
The efficacy of adsorption would depend on other NOM
present, since, owing to their low hydrophobicity, they
will be less adsorbable than similar hydrophobic NOM
components. Because of their relatively non-selective
nature, AOPs are proposed to be a suitable process
across the range of NOM, including amino acids (Table
8). It is predicted that since proteins are larger than
amino acids and may incorporate hydrophobic and/or
changed side groups, this will make them relatively
more responsive than amino acids to all treatments
except biodegradation (Table 8). This observation is in
accordance with the successful removal of algae by
coagulation previously reported [90]. Finally, carbohy-
drates have been found to constitute 50% of NOM in
river waters and to form significant THM levels at pH &
(Table 8). On current knowledge the predominant
carbohydrates in water are small, neutral and relatively
hydrophilic. Thus, they are not expected to be treatable
by either coagulation or ion exchange. Instead addi-
tional treatment may be necessary in waters where there
are important sources of precursors. Nanofiltration may
perhaps be most effective, while activated carbon,
biotreatment and AOPs may also meet with success. In
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summary, more effective process selection criteria for
precursor removal would come with increased
knowledge of precursor identity in an individual water.
This would facilitate choice of appropriate technologies
for precursor treatment. Depending on the nature of
reactive precursors present, optimized coagulation
treatment may be proved sufficient for precursor control
in hydrophobic waters. Where the post-coagulation
residual remains reactive regarding DBP formation, the
deployment of MIEX® for carboxylic acid precursors,
and/or GAC for hydrophobic precursors, and/or NF for
hydrophilic precursors is recommended.
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