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A B S T R A C T

Halogen-based oxidants are widely used in water treatment processes in order to inactivate pathogenic
microorganisms. They react with naturally occurring organic matter as well as with other contami-
nants, leading to the formation of a wide range of unwanted by-products including organohalogen by-
products (OXBPs), which have shown toxic properties. The quantity of OXBPs in a water sample can be
estimated by a parameter called AOX (halogenated organic compounds adsorbable on activated carbon).
Despite the growing number of quantified OXBPs, the material balance (percentage of known OXBPs mea-
sured individually divided by the AOX value) indicates that a significant portion of OXBPs remains unknown.
This lack of knowledge is a barrier in the assessment of the effects of water treatments on ecosystems
and human health. This manuscript is the first part of a review trio on OXBPs; the 2d and 3rd articles are
devoted to OXBPs extraction processes and analytical techniques, respectively.
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1. Introduction

Halogen-basedoxidants, suchas chlorine (gaseous form:Cl2, liquid
bleach: NaOCl or calcium hypochlorite (Ca(OCl)2), chlorine dioxide
(ClO2), andmonochloramine (NH2Cl)), arewidely used inwater treat-
ment processes in order to inactivate pathogenic microorganisms,
control biofouling and reduce the risk of introducing invasive species
into local aquatic ecosystems. The first applications were for dis-
infection of wastewater and drinking water in order to eradicate
waterborne bacterial diseases, such as typhoid, cholera and dys-
entery [1]. Chlorine is themostwidely used biocide in industry today
due to its low cost, ease of use, its high efficiency and wide range
of applications. A “side-effect” of water treatment by halogen-
based oxidants is that they react with naturally occurring organic
matter as well as with bromide and iodide ions, microorganisms,
biofilms, anthropogenic contaminants, etc., leading to the forma-
tion of awide range of unwanted chemical by-products, commonly
called disinfection by-products (DBPs) [2]. Among the chemical com-
pounds formed, organohalogen by-products (OXBPs) have received
particular attention from the scientific community and public au-
thorities, since the discovery in the mid-1970s of the carcinogenic
effect of trihalomethanes (THMs), following the discovery of these
chlorination by-products in drinkingwater [3]. OXBPs can be quan-
titatively estimated using the AOX group parameter (Adsorbable
OrganicHalides), which represents the sumof the organically bound
chlorine, bromine and iodine. However, these indicator parameters
may not provide a final answer because the toxicological signifi-
canceof theobtainedvalues cannotbeestablishedwithoutknowledge
of the chemical structures of themeasured compounds [4]. To date,
more than 600 DBPs have been identified. The main OXBPs iden-
tified with regular frequency in water are THMs, haloacetic acids
(HAAs), haloacetonitriles (HANs), cyanogenhalides (CX), haloketones
(HKs), haloaldehydes (HALs), halonitromethanes (HNMs),
haloacetamides (HAcAms), halophenols (HPs), haloaldehydes,
halofuranones, halopyrroles, and haloquinones [5]. Some of these
substances have shown toxic effect [6]. Nitrogenous and iodinated
organohalogen by-products have recently received increased at-
tention, since toxicological studies suggest that they have higher
toxicity than the currently regulated carbonaceous by-products [7].
THMsandHAAs are still considered to be thedominantOXBPs groups
on a weight basis in drinking water. Their formation mechanism is
now well understood and their concentration levels are regulated
in various countries [8]. Despite the growing number of quantified
OXBPs and the increasing sensitivity of analyticalmethods, thema-
terial balance (MB), defined as the percentage of known OXBPs,
indicate that a significant portion of OXBPs remains unknown: only
50% of the AOX can be attributed to individual known OXBPs under
typical chlorination conditions. In the case of monochloramine and
chlorine dioxide, theMB is even lower (<20%) [9].More than 40 years
after the discovery of THMs, the determination of UOXBPs identity
and toxicity remains amajor objective and a continuously evolving
challenge. This highlights the need for development of new ana-
lyticalmethodologies and alternative approaches to identifyUOXBPs
or to monitor OXBPs previously identified.

This manuscript is the first part (part 1) of a literature review
on OXBPs generated through water treatment by halogen-based oxi-
dants, which is divided into three sections. The first section
summarizes the state of knowledge concerning OXBPs formation,
including an overview of the different factors influencing their con-
centration and speciation. The second section presents the main
OXBP groups commonly produced in water and a selection of reg-
ulatory and guidelines values. In this section, we also discuss the
percentage of unknown organohalogen by-products. The last section
presents a detailed description and critical analysis of the methods
used to estimate the total quantity of OXBPs presents in a water
sample (group parameters).

2. Origin of organohalogen by-products in water

There is considerable evidence that organic matter constitu-
ents act as precursors in the formation of organohalogen by-
products during water treatment. Incorporation of halogen into
organic compounds takes place through three possible reaction path-
ways namely oxidation, substitution and addition. Oxidation may
be the dominant reaction occurring between oxidant and organic
matter in water [10]. However, addition and substitution are the
reactions that lead to the formation of more organohalogen by-
products [11]. The formation of lowmolecular weight organohalogen
by-products involves successive isomerization, rearrangement, hy-
drolysis, and elimination reactions. It is important to note that only
a very small amount of the oxidant introduced for water treat-
ment turns into organohalogen by-products [12]. The OXBP
concentration and speciation is influenced by the water quality and
treatment modalities. These two parameters encompass many in-
fluencing factors, including the nature and form of the organicmatter,
the presence of amino-nitrogen, bromide and iodide, the nature and
amount of the halogen-based oxidant, the removal of organic matter
prior to introducing the oxidant, the contact time, temperature and
pH [13,14]. The effect of each parameter on the potential genera-
tion and speciation of OXBPs is summarized in the following sections.

2.1. Influence of the nature of organic matter

Organic matter in aquatic environments is a heterogeneous
complex mixture of organic compounds with different molecular
weight, elemental composition, hydrophobicity and functional
groups. Moreover, its composition varies considerably, depending
on the water source, season, local geology, water flow, weather and
pollution events, etc. According to its origin, organic matter can be
divided into four categories: (1) natural organic matter (NOM), (2)
organic matter from algal blooms, (3) organic matter from biolog-
ical sources such as microorganisms and biofilms, and (4)
anthropogenic organic chemicals. Substantial studies have been
conducted to evaluate the effect of NOM on the formation of OXBPs
and to understand the chemical mechanisms involved in their
formation [15].

NOM is a major contributor to dissolved organic carbon (DOC)
in natural waters (river and lake waters). It consists predomi-
nantly of humic substances (50 to 80%), mainly composed of humic
and fulvic acids. They are natural biopolymers with heteroge-
neous functional groups and a wide molecular weight distribution.
The contribution of natural organic matter is dominant in the for-
mation of several families of OXBPs, particularly THMs, HAAs, HANs
and HKs [16]. The NOM characteristics (e.g. relative proportions of
fractions of hydrophilic/hydrophobic, aromatic/aliphatic, low/
high molecular weight and dissolved organic carbon/dissolved
organic nitrogen compounds) have strong influences on the OXBPs
concentrations and speciation.

OXBPs are not only formed from reactions between halogen-
based oxidants and dissolved NOM in the treated water. The treated
water also contains particulate organic matter (POM) including bac-
teria, algae, protozoa, etc. [17]. The reactivity of these biological sources
of organic matter with halogen-based oxidants has not been thor-
oughly studied. Recently, Huang et al. showed that chlorination of
POM significantly contributes to the formation of OXBPs [18]. The
chlorination tests performed on the effluents from secondary do-
mestic wastewater showed that POM accounts for 26 to 46% of the
total amount of dichloroacetonitrile (DCAN) and dichloroacetamide
(DCAcAm). Chlorination tests carried out on twomodel bacteria, Es-
cherichia coli and Escherichia faecalis, also revealed the formation of
DCAN and DCAcAm, confirming the precursor role of microorgan-
isms in the formation of OXBPs. A study byWang et al. reported that
chlorination andmonochloramination of Escherichia coli leads to the
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