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a b s t r a c t
Adsorbable Organic Halogen (AOX) is an analytical parameter of considerable interest since it allows
to evaluate the amount of organohalogen disinfection by-products (OXBPs) present in a water sample. Halogen speciation of AOX into adsorbable organic chlorine, bromine and iodine, respectively AOCl,
AOBr and AOI, is extremely important since it has been shown that iodinated and brominated organic
by-products tend to be more toxic than their chlorinated analogues. Chemical speciation of AOX can
be performed by combustion-ion chromatography (C-IC). In the present work, the effectiveness of the
nitrate wash according to ISO 9562 standard method protocol to eliminate halide ions interferences
was ﬁrstly examined. False positive AOX values were observed when chloride concentration exceeded
100 ppm. The improvements made to the washing protocol have eliminated chloride interference for
concentrations up to 1000 ppm. A C-IC method for chemical speciation of AOX into AOCl, AOBr, and
AOI has been developed and validated. The most important analytical parameters were investigated. The
following optimal conditions were established: an aqueous solution containing 2.4 mM sodium bicarbonate/2.0 mM sodium carbonate, and 2% acetone (v/v) as mobile phase, 2 mL of aqueous sodium thiosulfate
(500 ppm) as absorption solution, 0.2 mL min−1 as water inlet ﬂow rate for hydropyrolysis, and 10 min as
post-combustion time. The method was validated according to NF T90-210 standard method. Calibration
curves ﬁtted through a quadratic equation show coefﬁcients of determination (r2 ) greater than 0.9998,
and RSD less than 5%. The LOQs were 0.9, 4.3, and 5.7 g L−1 Cl for AOCl, AOBr, and AOI, respectively.
The accuracy, in terms of relative error, was within a ± 10% interval. The applicability of the validated
method was demonstrated by the analysis of twenty four water samples from three rivers in France. The
measurements reveals AOX amounts above 10 g L−1 Cl in all untreated samples, suggesting the presence
of organohalogen compounds in the sampled rivers. On weight concentration basis, AOCl accounted for
77–100% of AOX in the treated water samples. A good agreement between the conventional AOX method
and the developed C-IC method was found.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Halogen-based inorganic oxidants, such as chlorine (HOCl),
chlorine dioxide (ClO2 ), ozone in presence of bromide (O3 /Br− ),
and monochloramine (NH2 Cl), are widely used in water treatment
processes in order to inactivate pathogenic microorganisms, control biofouling and prevent risk of introducing invasive species
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into local aquatic ecosystems [1]. These oxidants react also with
naturally occurring organic matter, inorganic compounds (e.g. bromide and iodide), and anthropogenic contaminants, leading to
the formation of a vast and heterogeneous range of unwanted
organohalogen byproducts (OXBPs) such as trihalomethanes
(THMs) and haloacetic acids (HAAs) [1].
Methodologies for monitoring OXBPs are mainly of two different
types. The ﬁrst one uses targeted analysis to quantify known OXBPs
as individual compounds, while the second one, referred to as “surrogate” parameter; measures a sum of halogens of OXBPs regardless
of their chemical identity. The speciﬁc analysis of all known OXBPs
would not only be very time consuming and prohibitively expen-
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sive but simply impossible due to limits in the available analytical
methodologies for many of them. Indeed, only known byproducts
for which analytical methods with sufﬁcient accuracy and sensitivity are available can be measured. Consequently, targeted analysis
inevitably misses unidentiﬁed OXBPs and a major part of known
compounds. This raises the importance to develop integrative analytical methodologies capable of measuring total amounts of OXBPs
to achieve better monitoring and management of these chemicals in treated waters. All OXBPs can be quantitatively evaluated
thanks to the parameter adsorbable organically bound halogens
(AOX, where X = Cl, Br, and I). This analytical parameter provides a
measure of the sum of halogens incorporated into organic chemicals, without information about the structure or nature of the
organic compounds to which halogens are bound. The AOX analytical procedure involves three main stages, namely: (i) enrichment
and concomitant isolation of OXBPs from acidiﬁed water samples
by adsorption on activated carbon, (ii) washing of the activated
carbon with a nitrate solution to remove interfering inorganic
halides, and (iii) mineralization of adsorbed organohalogen compounds followed by on-line analysis of released halogenides (HX)
by argentometric titration (usually microcoulometry). The detection method is based on the high afﬁnity of chloride, bromide and
iodide ions towards silver ions (Ag+ ). AgF however is more soluble
in water (1.8 g/L at 25 ◦ C), explaining why organoﬂuorides are not
accounted in the AOX measurements [1]. The silver-based microcoulometric titration is incapable to differentiate between halides,
making the AOX method inappropriate to halogen speciation. By
convention. AOX values are expressed as microgram per liter Cl
equivalents (g L−1 Cl).
The halogen-speciﬁc AOX determination, namely adsorbable
organic chlorine (AOCl), bromine (AOBr), and iodine (AOI), is very
important since it has been recently demonstrated that organoiodine and organobromine byproducts tend to be more toxic than
their chlorinated analogues [2–4]. Thus, the differential determination of AOCl, AOBr and AOI may provide a ﬁrst indication on the
toxicity and chemical nature of the by-products formed, as well as it
enables to understand the effect of halide concentrations on the formation and distribution of OXBPs [5,6]. Halogen-speciﬁc AOX can
be analyzed according to two main different ways. Neutron activation ion analysis (NAA) is an U.S. EPA (United States Environmental
Protection Agency) approved method that involves irradiation of
activated carbon by a neutron ﬂux, followed by detection of the
radioactive halogens (38 Cl, 80 Br, and 128 I) by gamma-ray spectrometry [7]. Although highly sensitive and speciﬁc, the NAA method
remains inadequate for routine analysis due to its high cost and
skill level required [8,9]. The second approach involves hydropyrolysis of AOX, collection of HX formed in an adsorption solution
followed by analysis of the collected halides. Ion chromatography
(IC) and inductively coupled plasma mass spectrometry (ICP/MS)
are the most widely used techniques for quantitating halide ions in
trapping solutions [10]. Other alternative detection methods have
also been reported. Pontius et al. developed a method that uses
inductively coupled plasma atomic emission spectroscopy (ICPAES) for determination of halides [11]. More recently, Pan and
Zhang described a detection method based on liquid chromatography (LC) coupled with mass spectrometry (MS) for iodide detection
by setting selected ion recording on m/z 127 [12]. LC/MS, ICP/MS,
and AES have in common the drawback of being very expensive
and requiring extra skill. LC/MS suffers also from the formation of
adducts (isobaric interferences) in the mobile phase and in the ionization source. Ion chromatography has been presented in several
studies as a technique of choice for halides determination because
of its ease of use, robustness, and affordable price. A further advantage is that IC also allows AOX determination by summing AOCl,
AOBr, and AOI, as well as analysis of adsorbable organic ﬂuorine
(AOF). IC can be coupled either online or ofﬂine with a combus-

tion furnace. Recently, several analytical instruments companies
have developed online couplings, commercialized under the name
of “combustion ion chromatography”, C-IC. To date, there have been
relatively few studies examining the potential of the C-IC technique
for the analysis of sub-groups of AOX in water samples, almost all
of these based on ofﬂine couplings [1].
AOX, and halogen-speciﬁc AOX are also metrics particularly
useful for determining to what extent the known and measured
byproducts are representative of the amount of formed OXBPs.
From the amounts of OXBPs (Ci) obtained by targeted analytical
methods (e.g., GC–MS), their respective molar mass (Mi), as well
as the molar mass of chloride (MCl = 35.45 g mol−1 ), the percentage
parts of known and unknown AOX (respectively KAOX and UAOX),
can be calculated using the Eqs. (1) and (2) presented below. In
Eq. (1), n represents the number of halogen atoms in each OXBP.
Known vs unknown AOCl, AOBr, and AOI can be determined in an
analogous manner.
% KAOX = ˙

n × 35.45 × Ci⁄Mi
AOX

× 100

(1)

%UAOX = 100 − % KAOX

(2)

AOXC-IC = AOCl + AOBr + AOI

(3)

Today, more than 500 OXBPs have been identiﬁed. Several studies have investigated the occurrence of several of them in treated
waters from various sources. According to Kinani et al., 40–70%
of the AOX formed by chlorine are attributed to known OXBPs
(KOXBPs), while the value is less than 20% on average for treatments using monochloramine, and chlorine dioxide, suggesting
that several unknown and unidentiﬁed OXBPs remain to be identiﬁed [1]. Recent researches have shown that a signiﬁcant fraction
of uncounted AOX could be attributed to unidentiﬁed polar and
high-molecular weight OXBPs unamenable to be detected by gas
chromatography, which is usually used for structural identiﬁcation
of unknown compounds [13–17]. An elevated UAOX-to-AOX ratio
could be also related to an overestimation of AOX actual values. It
has been reported that incomplete removal of inorganic halides
during the wash step by a nitrate solution causes positive bias
[18–20]. Data on the amount of halides beyond which a signiﬁcant
bias occurs remain heterogeneous and contradictory while they are
crucial to measure the AOX and its sub-groups with great accuracy and repeatability for the best estimation of the UAOX values.
In addition, to our knowledge, only chloride effects have been the
subject of several studies. On the other hand, adsorption-pyrolysis
approaches measure only the amount of OXBPs retained on activated carbon and trapped in the adsorption solution. For example,
polar, low molecular weight, and relatively hydrophilic OXBPs are
known to be weakly adsorbed onto activated carbon, and therefore
poorly recovered [8,21]. For a rigorous and accurate assessment of
the KAOX percent, the amount of OXBPs lost during the various
stages of the AOX analysis procedure must be taken into account
in the calculations of the mass balance (Eq. (1)), as it is the case
for targeted analyses. However, so far, very few studies have been
devoted to the recoveries of known OXBPs, and only a limited number of chemicals have been examined. Thus, there is a manifest need
for further studies to evaluate the recoveries of known OXBPs by
the AOX method.
The objectives of this study were to: (i) ﬁnd a suitable washing protocol to remove inorganic halides, in order to obtain
reliable and precise AOX results; (ii) determine the recoveries of 43 OXBPs belonging to nine different chemical classes
including 8 halomethanes, 11 haloacetic acids (HAAs), 6 haloacetamides (HAcAms), 6 haloacetonitrils (HANs), 4 haloketones
(HKs), 4 halophenols (HPs), 2 halopropanes, 1 haloacetaldehyde,
and 1 halonitromethane; (iii) develop and optimize conditions for
halogen-speciﬁc AOX determination by on-line combustion-ion
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chromatography (C-IC) and ﬁnally; (iv) analyze river water samples
using the C-IC developed method, in order to assess its suitability
for the simultaneous determination of AOX and its sub-groups.
2. Materials and methods
2.1. Reagents and chemicals
Aqueous solutions were prepared in ultrapure water (18 M cm
at 25 ◦ C) produced by a PURELAB Chorus 1 water puriﬁcation system (Veolia Water Technologies, Wissous, France). All
reagents used were of analytical grade or higher purity. Sodium
nitrate (NaNO3 , ≥99.5%), nitric acid (HNO3 , ≥65.0%), acetic acid
(CH3 COOH, ≥96.0%), and sulfuric acid (H2 SO4 , >98.0%), were purchased from VWR International (Fontenay-sous-Bois, France).
Working solutions for the AOX method were prepared in accordance with the ISO 9562: 2004 standard method. Two kinds
of high purity powdered activated carbon were employed: the
ﬁrst one marketed by TE Instruments (grain size 10–50 m) for
use with the AOX analyzer and the second one, supplied by
Metrohm (grain size 30–63 m), for C-IC experiments. Sodium
thiosulfate (Na2 S2 O3 > 98%) was purchased from VWR International (Fontenay-sous-Bois, France). Sodium sulﬁde nonahydrate
(Na2 S·9H2 O, >99.99%) and the hydrogen peroxide solution for ultratrace analysis (H2 O2 , 30% w/w in H2 O) were purchased from
Sigma Aldrich (Saint-Quentin Fallavier, France) and sodium sulﬁte
(Na2 SO3 , >98.0%) was purchased from Merck (Fontenay-sous-Bois,
France).
Commercially analytical standards of ﬂuoride, chloride, bromide, and iodide each one at 1000 ppm were provided by Metrohm
(Villebon-sur-Yvette, France). A multi-element solution at 1 ppm
in each halide was prepared to calibrate the ion chromatograph.
Primary nitrite, nitrate, sulfate, sulﬁte and, thiosulfate standards
(each one at 1000 ppm), assumed to be potential interfering
ions, were prepared by dissolving the appropriate amounts of
their corresponding salts in water. All the stock solutions were
stored in plastic bottles, and kept refrigerated at 4 ◦ C until use.
Solvents and chemicals used in the preparation of IC eluents
included sodium bicarbonate with a purity of more than 99.7%,
sodium carbonate with a purity of more than 99.9% (Sigma-Aldrich,
Saint-Quentin-Fallavier, France), and HPLC-grade acetone (Merck,
Fontenay-sous-Bois, France). For recovery experiments, 43 OXBPs
belonging to nine different chemical classes were studied. These
include 8 halomethanes, 11 haloacetic acids (HAAs), 6 haloacetamides (HAcAms), 6 haloacetonitrils (HANs), 4 haloketones
(HKs), 4 halophenols (HPs), 2 halopropanes, 1 haloacetaldehyde,
and 1 halonitromethane. They have been selected for their frequent occurrence in treated water and commercial availability as
analytical standards. Their commercial sources, purities, molecular weights, boiling points and solubilities are given in Table
SI-1 (Supporting Information). The selected OXBPs exhibit different
volatilities, hydrophobicities, and solubilities in water. Individual
standard stock solutions of each chemical at 1 ppm were prepared
in methanol and immediately stored in amber glass vials at 4 ◦ C
until use. The working aqueous solutions were prepared daily by
diluting appropriate volumes of the stock solutions in water.
2.2. Sample collection
The developed methods were applied to river water samples, which were collected between July and October 2016 at
three locations in France (River 1, River 2, and River 3), before
and after treatment with a halogen-based inorganic oxidant. The
water samples characteristics are given in Table SI-2 (Supporting
Information). All the samples were collected in 2 L amber glass
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bottles containing 2 mL of l-ascorbic acid at 1.6 g L−1 to destroy
the residual disinfectant, and then ﬁlled without headspace to prevent volatilization of OXBPs. The amount of ascorbic acid used in
this study is sufﬁcient to neutralize 0.65 mg L−1 Cl2 of halogenbased disinfectant, which is approximately twice the concentration
measured for the taken samples. Once collected, the water samples were transported immediately to the laboratory by vehicles
equipped with a cooling device. Upon receipt at the laboratory,
samples were kept in the dark at 4 ◦ C and analyzed as soon as possible, always within 48 h after collection. The water samples were
analyzed without ﬁltration.
2.3. Determination of AOX using the
adsorption–pyrolysis–microcoulometric method
The AOX content was analyzed using an AOX analyzer (Xplorer)
equipped with an autosampler (Newton) from Trace Elemental
Instruments (Opheleia Instruments, France). For enrichment onto
granular activated carbon, the batch shaker procedure according
to the ISO 9562 standard method was used. Brieﬂy, after collection the water samples were immediately quenched of remaining
residual oxidant by 1 N sodium sulﬁte (10 mL per 1 L of sample).
100 mL of each sample were introduced into 250 mL Erlenmeyer
ﬂasks and acidiﬁed to pH < 2 by addition of 0.2 mL of concentrated
nitric acid 65.0% (w/w), followed by 5 mL of acidic nitrate solution
and 50 mg activated carbon powder. The ﬂasks were hermetically
sealed and automatically shaken on an orbital shaker (KS 500, Labo
Moderne, France) at 150 rpm and room temperature for one hour.
Samples were then ﬁltered through a quartz frit to recover the
carbon particles using an automatic ﬁltration unit equipped with
three independent ﬁltration channels (Xprep-3, Ophelia Instruments, France). Samples were percolated through ﬁlters at a ﬂow
rate of 5 mL min−1 using nitrogen at a pressure of 30 psi. To remove
trapped inorganic halides, the “ﬁltration cakes” were washed thrice
with a 0.01 N nitrate solution (15.5 mg NO3 − per sample) for a total
volume of 25 mL. The ﬁlters were then placed on the AOX analyzer
autosampler for introduction into the combustion furnace. A weak
nitrogen stream was applied within the enclosure of autosampler,
in order to prevent samples contamination by laboratory air. The
temperature furnace in which circulates oxygen at a ﬂow rate of
300 mL min−1 was kept at 1000 ◦ C. The resulting combustion gases
were directed to a tube ﬁlled with concentrated sulphuric acid to
trap water and interfering compounds. The dried and clean gases
were lead into a temperature controlled titration cell (30 ◦ C) containing acetic acid (70.0%, w/w), where halide ions were quantiﬁed
by microcoulometry. The AOX analyzer performs an analysis in
about 10 min per sample.
2.4. Determination of halogen-speciﬁc AOX parameters using the
adsorption–pyrolysis–ion chromatography method
Determination of halogen-speciﬁc AOX parameters was performed using an on-line C-IC system from Metrohm (Villebon-surYvette, France). It comprises a combustion furnace, a gas absorption
unit (920 Absorber Module), and an ion chromatograph (881 Compact IC pro). The IC system was equipped with a dual isocratic
pump, an automated membrane eluent degasser, a sample injector
equipped with a 250 L sample loop, and a conductivity detector
with chemical suppressor. Instrumental control, data acquisition
and data processing were performed using the MagIC Net 2.2
for Windows chromatography software (Metrohm). A schematic
diagram of the instrument is given in Figure SI-1 (Supporting Information).
The enrichment procedure was similar to that described in Section 2.3. However, the employed C-IC system requiring ﬁlters with
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Fig. 1. Interference of halogen ions concentrations on the AOX responses (A: ultrapure water spiked with chloride ions. B: ultrapure water spiked with iodide ions. C:
ultrapure water spiked with bromide ions, and D: river and ultrapure waters spiked with chloride ions).

dimensions different from those compatibles with the Opheleia
AOX analyzer, ﬁltration was achieved using the automatic ﬁltration
unit AFU 3 from Analytik Jena (Villebon-sur-Yvette, France). After
ﬁltration, the ﬁlters (containing the activated carbon onto which
the organic halogens were adsorbed) were automatically introduced into the combustion tube thanks by a boat control unit. The
combustion was conducted in a pure oxygen (99.999%) stream at a
constant ﬂow rate of 300 mL min−1 . The ﬁlters were introduced into
a hot zone at 400 ◦ C and gradually moved inside the combustion furnace to where the temperature reached 1050 ◦ C. A sensor measured
the intensity of the ﬂame produced and controlled the speed of
introduction of the sample into the furnace, thereby avoiding soot
formation and optimizing the duration of the combustion. A postcombustion time was applied in order to burn remaining organic
compounds. Argon delivered at 100 mL min−1 was used as carrier
gas. During the combustion, water was introduced into the furnace
using a dosing control unit. At the end of combustion, the inner
walls of the combustion tube as well as the gas transfer lines were
rinsed with 1 and 2 mL, respectively, of ultrapure water, in order to
ensure that all produced halogens were collected in the absorption
solution. The combustion gases and rinsing waters were trapped in
2 mL of an absorption solution containing a strong reducing agent.
The role of the reducing agent as well as the chemical chosen are
described in Section 3.2.2. The concentration of halide ions was
determined by automatically injecting 200 L of the absorption
solution into the IC column. After injection, the absorption tube was
washed with the absorption solution to prepare the next analysis.
The chromatographic column was a Metrosep A Supp 4 analytical column (4 × 250 mm, 9 m particle size) having a stationary
phase of polyvinyl alcohol with quaternary ammonium groups, that
was safeguarded with a Metrosep A Supp 4/5 Guard/4.0 column
(4 × 5 mm, 5 m particle size) supplied by Metrohm. The column
was maintained at 30 ◦ C in the chromatograph oven. Detection was
performed using a conductivity detector with chemical suppressor.
Conductivity suppression was performed using a system combining

a chemical suppressor and a carbon dioxide suppressor, respectively MSM II and MCS, from Metrohm. The IC instrument was
equipped with a dosing control unit, allowing to perform calibration curves from only one standard solution by accurate injection
of decreasing volumes.
3. Results and discussion
3.1. AOX analysis using the
adsorption–pyrolysis–microcoulometric titration approach
3.1.1. Investigation of the interferences caused by inorganic
halides on AOX measurements
It is well known that artefacts can easily be produced with
the AOX method. During the enrichment phase, activated carbon
may adsorb halides, some of which being detectable by microcoulometry, that can thus impact the measure of OXBPs in a water
sample. Washing the activated carbon with a nitrate solution constitutes a key step for removing adsorbed halides. Although the
ISO 9562 standard method speciﬁes that washing of the ﬁltration cake with 25 mL of a 0.01 M nitrate solution (corresponding
to 15.5 mg NO3 − per 100 mL of sample) is effective for removing
chlorides up to 1000 ppm, several studies have indicated that chlorides may cause positive interference even at lower concentrations
[18,22–24]. Dilution of the water samples may minimize this interference but also leads to dilution of the AOX contents, which is
especially problematic when the AOX concentration is close to the
limit of quantitation (10 g L−1 Cl). Experiments were conducted
aiming at providing additional information on the effectiveness of
the ISO 9562 washing procedure and evaluating the eventual positive bias caused by inorganic halides on AOX measurements. They
were based on the analysis of ultrapure water (OXBPs free) spiked
with halides at concentrations ranging from 1 to 1000 mg L−1 for
chloride, 25–200 mg L−1 for bromide, and 10–100 g L−1 for iodide.
These values are representatives of halides concentrations in nat-
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Table 1
Recoveries of 43 selected OXBPs using combustion-microcoulometric method vs online C-IC method (n = 3).
Group

Halomethanes

Halopropanes
Haloacetamides

Haloacetic acids

Haloacetonitriles

Halonitromethanes
Haloacetaldehydes
Haloketones

Halophenols

a

OXBPs

Chloroform
Bromodichloromethane
Dibromochloromethane
Bromoform
Iodoform
Dichloroiodomethane
Chloroiodomethane
Bromoiodomethane
1,2-Dibromopropane
1,2,3-Trichloropropane
Chloroacetamide
Dichloroacetamide
Trichloroacetamide
Bromoacetamide
Tribromoacetamide
Iodoacetamide
Monochloroacetic acid
Dichloroacetic acid
Trichloroacetic acid
Monobromoacetic acid
Dibromoacetic acid
Tribromoacetic acid
Bromochloroacetic acid
Bromodichloroacetic acid
Dibromochloroacetic acid
Iodoacetic acid
Diiodoacetic acid
Chloroacetonitrile
Dichloroacetonitrile
Trichloroacetonitrile
Bromoacetonitrile
Dibromoacetonitrile
Iodoacetonitrile
Bromonitromethane
Tribromoacetaldehyde
Chloropropanone
1,1-Dichloropropanone
1,3-Dichloropropanone
1,1,3-Trichloropropanone
1,1,1-Trichloropropanone
4-Chlorophenol
4-Bromophenol
4-Iodophenol
2,4,6-Tribromophenol

Recovery % ± RSD – AOX procedure (n = 3)

Recovery % ± RSD – C-IC procedure (n = 3)

Complete procedure

DAa

Complete procedure

DAa

53.1 ± 2.8
65.8 ± 4.3
71.4 ± 4.0
78.0 ± 1.7
88.6 ± 2.1
84.2 ± 4.2
69.9 ± 2.1
81.0 ± 2.3
83.1 ± 1.6
92.3 ± 3.9
4.4 ± 1.2
34.7 ± 1.4
79.2 ± 2.0
6.8 ± 2.6
92.2 ± 0.3
32.4 ± 3.0
28.3 ± 2.3
60.4 ± 3.3
75.0 ± 3.8
48.6 ± 2.6
83.8 ± 4.1
60.5 ± 1.7
70.0 ± 4.1
75.5 ± 0.2
65.4 ± 5.8
56.8 ± 4.1
105.0 ± 2.5
7.4 ± 2.6
66.6 ± 3.1
83.7 ± 3.0
19.4 ± 2.0
91.5 ± 1.0
54.4 ± 3.0
55.9 ± 0.7
90.8 ± 2.2
34.1 ± 1.7
82.2 ± 1.3
72.2 ± 1.8
105.6 ± 4.2
–
93.9 ± 2.1
91.5 ± 1.0
90.7 ± 3.2
93.4 ± 1.0

50.5 ± 0.8
65.4 ± 2.3
86.7 ± 1.3
78.5 ± 0.3
96.9 ± 1.0
79.3 ± 1.7
75.6 ± 1.6
77.9 ± 1.4
77.2 ± 2.2
93.1 ± 1.6
97.5 ± 1.0
97.8 ± 2.3
86.2 ± 1.2
95.8 ± 0.6
93.7 ± 0.6
92.9 ± 1.0
79.0 ± 0.1
92.0 ± 0.7
92.9 ± 1.4
77.1 ± 2.1
92.7 ± 1.8
81.3 ± 1.0
90.7 ± 2.5
90.0 ± 0.7
89.6 ± 0.7
93.8 ± 0.5
105.0 ± 0.4
82.5 ± 1.0
93.1 ± 0.2
94.8 ± 0.3
82.5 ± 0.8
101.2 ± 0.9
94.5 ± 0.5
110 ± 0.8
99.6 ± 0.1
97.0 ± 0.1
104.0 ± 0.5
101.7 ± 1.7
118.5 ± 0.3
–
97.9 ± 0.1
98.0 ± 0.3
95.9 ± 0.6
95.5 ± 1.8

36.6 ± 1.4
63.5 ± 1.0
74.8 ± 3.2
74.3 ± 0.8
91.5 ± 4.2
85.5 ± 4.2
96.5 ± 1.3
98.5 ± 3.3
93.1 ± 1.6
97.3 ± 3.9
90.0 ± 4.7
96.1 ± 2.3
91.8 ± 4.6
96.5 ± 1.3
93.7 ± 3.3
94.9 ± 0.6
44.6 ± 0.7
70.0 ± 2.7
83.0 ± 1.7
53.3 ± 0.7
79.7 ± 2.0
85.6 ± 3.0
90.9 ± 5.4
75.3 ± 2.3
72.7 ± 1.4
56.6 ± 2.6
104.5 ± 1.9
92.9 ± 4.2
97.4 ± 2.2
91.6 ± 6.0
92.6 ± 5.4
97.2 ± 2.5
99.3 ± 0.5
93.4 ± 2.1
95.4 ± 5.8
56.7 ± 2.3
93.4 ± 0.8
82.9 ± 1.2
104.9 ± 1.4
78.4 ± 2.2
99.1 ± 2.5
98.0 ± 1.9
98.4 ± 2.5
100.5 ± 1.7

86.6 ± 2.6
86.9 ± 0.7
90.0 ± 0.3
89.5 ± 1.5
96.4 ± 0.4
93.4 ± 0.4
97.5 ± 1.4
97.5 ± 1.4
97.2 ± 0.2
98.1 ± 1.6
90.0 ± 3.3
98.1 ± 3.8
91.8 ± 3.4
96.5 ± 1.0
96.7 ± 2.7
95.3 ± 0.7
96.9 ± 0.9
96.1 ± 2.0
92.3 ± 0.9
97.9 ± 2.7
92.3 ± 0.9
96.8 ± 1.2
98.1 ± 4.7
93.4 ± 2.7
96.4 ± 0.9
100.0 ± 1.1
106.3 ± 1.8
92.2 ± 2.8
96.9 ± 2.7
94.6 ± 4.6
92.7 ± 4.8
97.2 ± 2.4
99.6 ± 0.5
93.4 ± 2.1
104.3 ± 1.7
99.2 ± 1.3
100.9 ± 0.8
101.1 ± 0.4
120.7 ± 1.2
98.6 ± 1.6
99.9 ± 0.3
100.0 ± 0.6
101.4 ± 0.6
100.9 ± 2.7

DA: Direct analysis of activated carbon on which a volume corresponding to a concentration of 50 g L−1 Cl of each tested OXBP has been dropped.

ural freshwaters, where they are expected to vary between 1 and
1000 mg L−1 , 0.01–1000 g L−1 , and 0.5–100 g L−1 , for chloride,
bromide, and iodide, respectively [25,26]. Analyses were performed
following the protocol described in Section 2.2. The experiments
were realized in triplicate. Data were corrected by subtracting procedure blank values and expressed as a mean ± standard deviation.
Fig. 1(A–C) summarizes the obtained results.
The results in Fig. 1A show that AOX responses increase
when increasing chloride concentrations. An excellent correlation
(r2 = 0.99) was calculated for the linear regression between inorganic chloride concentrations against AOX response, indicating
a positive interference caused by inorganic chlorides. This interference produces a measurable false-positive AOX value even at
a chloride concentration of 100 ppm. The chloride interference
evidenced in this study can lead to erroneous conclusions when
analyzing real samples, since chloride concentrations higher than
100 mg Cl L−1 may be found in natural fresh waters, as previously
speciﬁed. For example, chloride concentrations in Moselle River
water (France) may reach more than 400 mg L−1 [27,28]. According
to Fig. 1A, it can be reasonably expected that AOX measurement
according to the ISO 9562 wash protocol overestimates the AOX
amounts in this water source from 13 to 27 g L−1 Cl approxi-

mately. As can be seen from data on Fig. 1C, bromide ions at
concentration up to 100 mg L−1 do not signiﬁcantly interfere with
the determination of AOX. Concerning iodide ions, the magnitude
of interference was more important than that induced by chloride
ones, as illustrated on Fig. 1D. The slope of the regression line is
0.53 with a correlation coefﬁcient of 0.99, indicating that approximately 50% of the inorganic iodine amount is measured as AOX
in the analyzed samples. However, inorganic iodide (iodide and
iodate ions) concentrations in natural waters are typically very
low. The reported mean value for river waters is about 5 g L−1
[29,30]. At this concentration, it is unlikely that inorganic iodide
cause measurable false positive values. However, increased iodide
concentrations can be found in source waters from areas impacted
by salt water and wastewater intrusion or with special geological
formation [31].
3.1.2. Elimination of chloride interference on the determination
of OXBPs by the AOX method
Removal of inorganic chloride interference is crucial for more
accurate determination of AOX amounts, and thus of UAOX. Overestimation of AOX values leads to exaggerate the part of unknown
OXBPs. This is of particular concern in the case of monochloramine
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because it produces lower concentrations of OXBPs compared
to other halogen-based inorganic oxidants. To eliminate chloride
interference, numerous factors were identiﬁed as possible inﬂuent
parameters, including concentration and/or volume of the nitrate
washing solution, the washing operating mode, and memory effects
of sample ﬁltration reservoirs. Several studies have shown that
increasing nitrate concentration and/or volume improves inorganic
halides removal efﬁciency but unfortunately causes the loss of
numerous OXBPs [32]. In order to obtain effective chloride removal
without sacriﬁcing recovery of OXBPs, it has been decided to not
modify either volume or concentration of the nitrate solution. The
mechanism of incomplete removal of inorganic chlorides during
the washing phase might be related to a preferential passage of
the nitrate solution through “channels” formed as consequence of
excessive drying of the ﬁltration cake after sample loading. To verify
this hypothesis, the following procedure was tested. After loading of the water samples, the nitrogen ﬂow was stopped before
complete drying of activated carbon. For minimization of memory effects, the ﬁlters containing ﬁltration cakes were removed and
connected to cleaned sample containers. A 2 mL spray of ultrapure
water was applied to re-suspend the activated carbon before it
was washed three times with a 0.01 N nitrate solution for a total
volume of 25 mL, without complete drying between each fraction.
This designed protocol was applied to the analysis of both river
and ultrapure water samples spiked with chloride at concentrations
ranging from 100 to 1000 mg L−1 . Fig. 1D summarizes the obtained
results. As can be seen, all obtained values are below the quantitation limit of the AOX method (l0 g L−1 Cl), demonstrating the
effectiveness of our modiﬁed washing procedure to eliminate interference due to chloride ions up to 1000 mg L−1 . Hence, this washing
protocol was applied for all further experiments.
3.1.3. Recovery of OXBP compounds
For a rigorous assessment of the KAOX percent, the loss of OXBPs
that might occur during the AOX procedure should be taken into
account when calculating the mass balance (Eq. (1)), as it is the case
for targeted analyses. For this purpose, the recoveries of 43 OXBP
compounds belonging to nine different chemical classes were evaluated. Experiments consisted in analyzing water samples prepared
from OXBPs stock solutions in ultrapure water. Three concentration levels were tested: 25, 50, and 75 g L−1 Cl. Synthetic solutions
were considered as real samples and treated according to the procedure described in Section 2.3. Experiments were repeated on three
different days for each solution. The recovery was calculated as
percentage by comparing the obtained concentration with the theoretical one. To evaluate the efﬁciency of the adsorption phase on
activated carbon, experiments were carried out by directly analyzing 50 mg of activated carbon on which a volume corresponding
to a concentration of 50 g L−1 Cl of each tested OXBP had been
dropped. Table 1 provides a summary of results.
The AOX method provided recoveries below 100% for all studied compounds except 1.1.3–trichloropropanone and diiodoacetic
acid. Mean recoveries were within a range of 53.1–88.6%
for halomethanes (HMs and THMs), 28.3–105.0% for HAAs,
34.1–105.6% for HKs, 7.4–83.7% for HANs, 4.4–92.2% for HAcAms,
83.1–92.3% for halopropanes, 90.7–93.9% for HPs, 55.9% for
bromonitrometane, and 90.8% for tribromoacetaldehyde. The
RSD values were below 6% for all tested compounds, indicating a good reproducibility. Similar values were found by
Reckhow et al. who employed the conventional AOX method
using columns packed with activated charcoal to extract THMs
and HAAs [33]. Sullivan et al. concluded that low molecular
weight AOX are poorly recovered by the shaker method, while
high molecular weight AOX are essentially quantitatively recovered [34]. The obtained recoveries vary greatly between OXBPs.
The lowest recoveries were detected for the more polar com-

pounds such as monobromoacetamide, monochloroacetonitrile,
monobromoacetonitrile, monochloroacetic acid and dichloroacetamide. The poor recovery of polar compounds might be
due to their limited adsorption on activated carbon and their
high solubility in water. Conversely, the more bulky hydrophobic compounds, such as halophenols and halopropanes, show
recovery values close to 100%. In general, recoveries values
tend to increase with increasing the number and molar weight
of halogen atoms. This was the case for HAAs for example,
where the recovery increases in the order monochloroacetic
acid (28.3%) < monobromoacetic acid (48.6%) < monoiodoacetic
acid (56.8%) < dichloroacetic acid (60.4%) < trichloroacetic acid
(75.0%) < dibromoacetic acid (83.8%) < diiodoacetic acid (105.5%). It
should be noted that for a given chemical, hydrophobicity increases
and volatility decreases with the number of halogen atoms and
their molar weight. A correlation analysis showed strong positive correlation (0.912 < r2 < 0.996) between recovery yields and
hydrophobicity of studied OXBPs (Figure SI-2, Supporting Information). The low recovery yields of THMs could be expected given
their volatility. Indeed, during the combustion phase, a competition occurs between volatilization and decomposition by pyrolysis.
The volatilization phenomenon leads to lower AOX values since
only the part of adsorbed analytes that is converted into halides
during pyrolysis is taken into account in the AOX measurements.
The degree of losses varies considerably depending on the chemical
nature of the OXBPs examined, as evidenced by the results provided
by direct injection into the AOX analyzer. Figure SI-3 (Supporting
Information) shows a good linear relationship between recovery
yields and volatility of halomethanes with a correlation coefﬁcient greater than 0.66. The low recovery yield of TBAA (60.5%) in
comparison to that of DBAA (83.6%) is probably related to its degradation during pyrolysis. Mia and Chiang reported that injection of
underivatized HAAs into the gas chromatograph injector causes
their thermal decomposition into halomethanes [35]. These transformation by-products may be thereafter volatilized, as explained
below. The formation of species untitratable with the microcoulometric detector during OXBPs combustion such as HOX, X2 , and
− OX was found to have a signiﬁcant negative impact on OXBPs
3
recoveries [11,36]. Also, it might be possible that OXBPs undergo
degradation during sample preparation and/or adsorption on activated carbon, leading to lower recoveries. For example, Li et al.
found that a portion of AOCl can be reduced to chloride by activated carbon [37]. On the other hand, the ISO 9562 standard method
recommends adding sodium sulﬁte to remove residual oxidant and
nitric acid (to a pH < 2), in order to preserve AOX as well as to convert
ionic OXBPs to neutral forms (e.g. haloacetates to HAAs). The effects
of quenching agents on the preservation of OXBPs have been widely
investigated and discussed. For example, Chu et al. found that a
relatively large amount of sodium sulﬁte, sodium thiosulfate or
ascorbic acid degraded HAcAm compounds to some degree, especially the brominated and iodinated ones [38]. In another study,
Liew et al. showed that the tri-HNMs degraded in the presence of
sodium sulﬁte [39].
Our results highlight the importance of integrating the recoveries obtained by the AOX batch method for an accurate assessment
of the KAOX percent. Based on the recovery values summarized
in Table 1, a correction factor may be calculated for each studied
OXBPs, with the aim to correct its contribution to the AOX value
(Section 1, Eq. (1)).
3.2. Optimization of C-IC operating conditions
The third objective of this work was to develop a robust, efﬁcient
and user-friendly C-IC method for chemical speciation of AOX. The
method has been optimized by studying the effect of various combustion, adsorption and chromatographic parameters. The details
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Fig. 3. Effect of sodium thiosulfate concentration on the absorption efﬁciency.
Pyrohydrolysis conditions were: a ﬂow rate of water inlet of 0.1 mL min−1 , and a
post-combustion time of 5 min. Determination by C-IC (error bars are the standard
deviation for n = 3).

Fig. 2. Comparison of ion chromatograms obtained with the different mobile phases
tested: (A) mobile phase A; (B) mobile phase B; and (C) mobile phase C. The chromatographic peaks correspond to the following anions: ﬂuoride (1), chloride (2),
nitrite (3), bromide (4), nitrate (5), sulﬁte (6), sulfate (7), iodide (8), and thiosulfate
(9).

and highlights of method development are discussed in the following sections.
3.2.1. Ion chromatography conditions – optimization and
interference study
The method was optimized by changing the analytical conditions in order to obtain the most suitable chromatographic
separation. The analytical column used in this work is commonly
employed for routine anion separation [40]. Mobile phase types
and possible interference from several ions were studied. Given the
low stability of the employed stationary phase at high pH values
(pH > 12), a carbonate/bicarbonate mixture was selected as eluent.
Three different mobile phase compositions were used and their
effect on the separation of halides ions was studied: phase A was
composed of ultrapure water containing 1.0 mM Na2 CO3 /2.0 mM
NaHCO3 , phase B was composed of ultrapure water containing
2.4 mM Na2 CO3 /2.0 mM NaHCO3 and phase C was composed of
water containing 2.4 mM Na2 CO3 /2.0 mM NaHCO3 with 2% of acetone. The anions derived from the quenching reagent (SO3 2− ), the
nitrate wash solution (NO3 − , NO2 − ), as well as the absorption solution (S2 O3 2− , SO4 2− ) may affect chromatographic resolution. Their
possible interferences with halide ions were investigated. Each
anion was injected individually in IC to determine its retention
time prior to injection in a mixture solution. Results were evaluated
on the basis of peak shape and chromatographic resolution. Fig. 2
shows an example of ion chromatograms obtained from a standard
mixture of halide ions and ﬁve potentially interfering anions.
As expected, the retention times decrease for all anions when
increasing carbonate concentration, and the use of acetone as
organic modiﬁer produces sharper peaks, and reduces retention
times of hydrophobic ions. The best separation was achieved using
the mobile phase C. With this mobile phase composition, inorganic halides were resolved from each other and also from other
common inorganic anionic species expected to interfere with their
determination. It has been thus selected for halides separation.

3.2.2. Optimization of absorption conditions
Ultrapure water was selected as absorption solvent due to its
high compatibility with ion chromatography. Pyrohydrolysis of
organohalogen compounds may form, in addition of halide ions
(X− ), several other inorganic halogen-containing species such as
molecular halogens (X2 ), and hypohalogen acids (HOX) [41,42].
Molecular halogens may be generated according to the Deaconlike reaction (Reaction (4)). Based on thermodynamic predictions,
the molar Br2 -to-HBr ratio is much higher than that of Cl2 -toHCl. At 900 ◦ C, it has been estimated that this ratio equals 30%
for bromine, whereas chlorine is largely in the HCl form. According to Miyake et al., the I2 -to-HI ratio may be greater than that of
bromine because iodine has lower electronegativity [43]. To convert possible X2 and HOX into X− forms in the combustion gases, a
chemical reducing agent should be added in the absorption solvent.
Many reducing agents have been reported in the literature [44].
The reducing agent should meet several stringent requirements,
such as efﬁcient conversion of inorganic halogen species into halide
ions and compatibility with ion chromatography; it must not interfere with halides determination. Four reducing chemicals including
hydrogen peroxide, sodium sulﬁte, sodium thiosulfate, and sodium
sulﬁde were evaluated. The volume of the absorption solution was
kept constant at 2 mL. According to the results obtained (Table SI3, Supporting information), sodium thiosulfate was chosen due to
its better suitability for IC determinations as well as its efﬁciency
to recover all halogens. The required amount was evaluated testing concentrations ranging from 0 to 600 ppm. Fig. 3 presents the
effect of the concentration of sodium thiosulfate on the absorption
efﬁciency.
4HX + O2  2X2 + 2H2 O

(4)

2Na2 S2 O3 + HOCLl → Na2 S4 O6 + NaCl + NaOH

(5)

Na2 S2 O3 + 4Cl2 + 5H2 O → 2NaHSO4 + 8HCl

(6)

As can be seen in Fig. 3, recoveries lower than 50% were
obtained for all halogens in the absence of sodium thiosulfate. They
decrease in the following order: Cl (43%) > Br (22%) > I− (9%), which
seems in accordance with thermodynamic predictions. Halides’
recoveries increase gradually as the concentration of sodium thiosulfate was increased then remain constant at above 400 ppm.
These results clearly denote the formation of inorganic halogencontaining species other than halides ions. The comparison of yields
obtained in the presence of sodium thiosulfate at a concentration
above 400 mg L−1 and those obtained without sodium thiosulfate
suggests that released halogens are predominantly X2 and/or HOX.
The reason for the high ratio of X2 - and/or HOX-to-HX may be

48

A. Kinani et al. / J. Chromatogr. A 1539 (2018) 41–52

Fig. 4. Effect of the water inlet ﬂow rate on the recovery of halide ions. Pyrohydrolysis and absorption conditions were: 5 min of post-combustion time, an adsorption
solution of 2 mL of aqueous sodium thiosulfate solution at 500 ppm, determination
by C-IC (error bars correspond to the standard deviation for n = 3).

partly explained by a deﬁcit of water molecules during the combustion step. Indeed, according to Reaction (4), water is a product
of the Deacon reaction. Thus, the equilibrium of this reaction shifts
towards the formation of HX in accordance with Le Châtelier’s principle when the system contains low amounts of water. It is also
possible that the transfer of the water introduced into the combustion furnace to the absorption solution is faster than its reaction
with the halogen, leading to a balance shift of the reaction of Deacon to the right. These hypotheses seem to be conﬁrmed by the
results obtained in Section 3.2.3 (water inlet paragraph). Therefore, an aqueous solution of sodium thiosulfate at 500 ppm was
considered as the suitable absorption solution in this work.
3.2.3. Optimization of combustion conditions
Different parameters of the combustion program have to be
adjusted to obtain a complete combustion and guarantee that all
halogens are detected. They include ﬂow rate of combustion gas,
combustion temperature, water inlet ﬂow rate, and combustion
duration. According to the literature and instructions provided by
the C-IC supplier, oxygen ﬂow rate and furnace temperature were
set at 300 mL min−1 and 1050 ◦ C, respectively [44,45]. Water inlet
ﬂow rate and post-combustion duration were optimized.
3.2.3.1. Water inlet. Ultrapure water is continuously introduced
into the furnace during the combustion stage. The water vapor plays
mainly three roles: ﬁrst, as carrier gas, it takes out the gases formed
in the combustion tube and reduces chemisorption effects; second,
it participates in chemical reactions of pyrohydrolysis as shown by
Reaction (7), and third, it limits corrosion of the combustion tube
(in quartz) by shifting the equilibrium of Reaction (8) towards the
left [46,47].
Cn H2n+1 X + H2 O → Cn H2n+1 OH + HX

(7)

SiO2 + 4HF  SiF4 + 2H2 O

(8)

The total amount of introduced water depends on the combustion time and of the selected ﬂow rate. Accurate water addition
using a dosing control unit eliminates the need to add phosphate to
serve as an internal standard to correct volume variations between
experiments in combustion IC methods [38]. The water inlet ﬂow
rate is a parameter to be optimized because increasing it also
increases the volume of the absorption solution, causing dilution
of the trapped halides. In order to evaluate this parameter, 50 mg
of activated carbon ﬁled with 50 L of a mixture of 4-chloro-,
4-bromo-, and 4-iodophenol, each one corresponding to an equivalent of 50 g L−1 Cl, were analyzed by C-IC. Two ﬂow rates of
water inlet were tested: 0.1, and 0.2 mL min−1 (maximum ﬂow

Fig. 5. Inﬂuence of post-combustion time on combustion efﬁciency. Experiments
were conducted in triplicate using 2 mL of an adsorption solution of sodium thiosulfate at 500 ppm with a water inlet ﬂow rate of 0.2 mL min−1 and C-IC detection.

rate allowed). The following absorption and combustion conditions
were applied: 2 mL of aqueous sodium thiosulfate at 500 ppm as
absorption solution and 5 min as post-combustion time. Experiments were conducted in triplicate. Results are summarized in
Fig. 4.
Unlike chloride ions, which were recovered at more than 90%,
bromide and iodide ions were recovered at less than 60%, even at a
water ﬂow rate of 0.2 mL min−1 . As can be seen on Fig. 4, increase of
the water ﬂow rate from 0.1 to 0.2 mL exhibits considerable inﬂuence on the recovery yields of bromide and iodide ions (10–20%
increase), whereas it has only a weak effect on chloride ions (3%
increase). It can be concluded that improvement of the combustion
process prevails over the dilution caused by the increased ﬂow rate
in the case of iodide and bromide ions, while both phenomena are
balanced concerning chloride ions (ﬁnal volume of the absorption
solution 6 mL vs 7 mL). Therefore, 0.2 mL min−1 was selected as the
optimum water inlet ﬂow rate for further experiments.

3.2.3.2. Post-combustion time. In order to ensure an optimal burning of the activated carbon, a post-combustion time must be applied
in addition to the combustion time automatically determined. In
order to evaluate this parameter, 50 mg of activated carbon ﬁled
with 50 L of a mixture of 4-chloro-, 4-bromo-, and 4-iodophenol,
each one corresponding to an equivalent of 50 g L−1 Cl, were analyzed by C-IC. Three post-combustion times were investigated: 5,
7, and 10 min. Experiments were conducted in triplicate using 2 mL
of an absorption solution of sodium thiosulfate at 500 ppm with a
water inlet ﬂow rate of 0.2 mL min−1 . Results are summarized in
Fig. 5.
As shown in Fig. 5, no signiﬁcant effect of post-combustion
time on recovery yields of chlorides was observed, whereas bromide and iodide ions recoveries increase signiﬁcantly with the
post-combustion time. The best recoveries (>97%) were achieved
with a 10 min post-combustion time for the three halogens. 10 min
was thus adopted as the optimum post-combustion time and was
selected for further experiments. It is important to point out that
recovery improvement might not be directly related to an improvement of the burning process due to an increase of activated carbon
residence time in the combustion furnace. Actually, a prolonged
post-combustion time ensures a better transfer of the combustion gases to the absorption solution. It increases the amount of
water introduced in the pyrohydrolysis unit, as well as the reaction
time between gases and the reducing agent, thus improving the
recoveries. These parameters may act concomitantly. In addition,
no memory effects were revealed, showing that the total combus-
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Table 2
Calibration and validation data for C-IC analytical method.
Halogen

Cl (AOCl)
Br (AOBr)
I (AOI)

Concentration range
(g Cl.L−1 )

R2

3–120
3–120
3–120

0.9998
0.9998
0.9998

LOQs (g Cl L−1 )

0.9
4.3
5.7

Accuracy (%)
25 g Cl L−1

50 g Cl L−1

75 g Cl L−1

<7.6
<8.8
<4.3

<5.0
<5.2
<3.7

<2.9
<3.4
<0.3

Note: % Accuracy =% (Bias + Standard relative uncertainly); calibration was examined by injecting halides in aqueous mixture in the IC system, correctness was evaluated by
analyzing water samples spiked with 4-chlorophenol, 4-bromophenol and 4-iodophenol after extraction on activated carbon.

tion time was sufﬁcient to achieve complete transfer of combustion
gases into the absorption solution.
3.3. C3C-IC performances
The developed method was validated according to the French
NF T90-210 standard, already described in our study dedicated
to monochloramine determination [48]. This normative document
provides statistical tools for the initial evaluation of quantitative
methods in the ﬁeld of water physicochemical analysis. The validation parameters were the response function, limit of quantiﬁcation
and correctness. Acceptance criteria were ﬁrst deﬁned and tests
were conducted to check the validity of the method using these
pre-determined criteria.
3.3.1. Response functions
Ion chromatography was calibrated by injecting a decreasing
volume of halides in aqueous mixture, each one at 120 g L−1 Cl. For
the determination of the response function, ﬁve calibration curves,
each plotted with six concentration levels (120, 60, 24, 12, 6, and
3 g L−1 Cl), were produced over ﬁve different days. The calibration
curves were obtained by plotting the ratio of the peak area of each
halide against the concentration. In order to obtain the best calibration curves, several mathematical functions, with and without
weighting (1/x, 1/x2 ) were applied and compared. The best relationship between concentration and response was obtained with the
quadratic model. All halides showed determination coefﬁcients (r2 )
higher than 0.9998, and RSD less than 5%. Table 2 lists calibration
and validation data for the analytical method.
3.3.2. Limits of quantiﬁcation
First, a presupposed limit of quantiﬁcation (LOQ) has been estimated for each halide as the concentration corresponding to a
signal-to-noise ratio equal to 10. Next, standard mixtures containing all the halides at the presupposed LOQs were prepared over ﬁve
different days, and analyzed by ion chromatography. In the absence
of any regulatory requirements, a maximum acceptable deviation
of 60% was ﬁxed, as recommended by standard NF T90-210. The
experimental LOQs for chloride, bromide and iodide were 0.9, 4.3,
and 5.7 g L−1 Cl, respectively, while those reported in the literature were in the range of 3.0–9.0, 2.7–7.1, and 1.6-8.2 g L−1 Cl for
AOCl, AOBr, and AOI, respectively [8,12,20,49,50].
3.3.3. Method accuracy
Ideally, accuracy (precision and trueness) should be veriﬁed
using samples with a certiﬁed reference value and a maximum
acceptable deviation based on regulatory requirements, ofﬁcial
standards or even speciﬁcations provided by a client or the laboratory itself. Since no certiﬁed reference materials were available for
AOCl, AOBr and AOI in water samples, the C-IC procedure accuracy
was evaluated by analyzing water samples spiked with 4-chloro-,
4-bromo- and 4-iodophenol, as model compounds of AOCl, AOBr,
and AOI, respectively. These solutions were considered as real samples and therefore treated according to the procedure described in
Section 2.4. The accuracy was assayed over ﬁve separate days at

three different concentration levels for each OXBP model (4-chloro, 4-bromo-, and 4-iodophenol): 25, 50, and 75 g L−1 Cl. On each
day of analysis, each water sample was measured twice. The maximum acceptable deviation was ﬁxed at ± 10%. The accuracy of the
method has been proven since the results were within the chosen
maximum acceptable deviation (see Table 2).
3.3.4. Recovery of OXBP compounds using the C-IC analysis
approach
The developed method was applied to recovery studies of
OXBPs according to the methodology described in Section 3.1.3.
The determined recoveries are shown in Table 1. Mean recoveries were within a range of 36.6–98.5% for halomethanes (HMs and
THMs), 44.6–104.5% for HAAs, 56.7–104.9% for HKs, 91.6–99.3%
for HANs, 90.0–96.9 for HAcAms, 93.1–97.3% for halopropanes,
99.1–100.5% for HPs, 93.4% for bromonitromethane, and 95.4% for
tribromoacetaldehyde. The RSD values were below 6% for all the
compounds, indicating a good reproducibility of measurements.
Compared with existing methods, better results were obtained in
this work [8,43,51]. The hypotheses made in paragraph 3.1.3 may
be considered to explain the differences between doping and measured concentrations. In a general way, the recovery yields from
combustion-microcoulometric titration and C-IC were comparable. However, there were some exceptions. The developed C-IC
method provides substantially improved yields for CIM (96.5% vs
69.0%), CAcAm (90.0% vs 4.4%), DCAN (96.1% vs 34.7%), BAcAm
(96.5% vs 6.8%), IAcAm (94.9% vs 32.4%), MCAA (44.6% vs 28.3%),
TBAA (85.6% vs 60.5%), CAN (92.9% vs 7.4%), DCAN (97.4% vs 66.6%),
BAN (92.6% vs 19.4%), IAN (99.3% vs 54.4%), BNM (93.4% vs 55.9%),
and chloroketone (56.7% vs 34.1%). Assuming that the main difference between both approaches concerns the combustion gases
trapping step, the improvement in recoveries seems to indicate formation of inorganic halogen-containing species (e.g., HOX, X2 , and
− OX ) during the combustion phase, which are undetectable by
3
microcoulometric titration. In the case of the C-IC method, these
species are converted to halides in the absorption solution before
being measured by ion chromatography.
3.4. Application to river water samples
In order to test the applicability of the C-IC method to real
samples, halogen-based disinfectant treated and untreated water
samples from three rivers in France were analyzed and the results
were compared to those obtained with the AOX standard method.
Table 3 shows the results of AOCl, AOBr, AOI, and AOX determination. The AOX values derived from the C-IC (AOXC-IC ) approach
were obtained by summing the amount of measured AOCl, AOBr,
and AOI.
The measurements conducted in the untreated water samples
revealed AOX concentrations above the LOQ value of 10 g L−1
Cl in all samples. The AOX contents of the river water samples
decrease in the following order: River 1 (mean: 17.4 ± 1.5 g L−1 Cl,
n = 6)  River 2 (mean: 17.9 ± 0.6 g L−1 Cl, n = 6) > River 3 (mean:
13.2 ± 1.5 g L−1 Cl, n = 4), traducing the occurrence of signiﬁcant
levels of organohalogen compounds in the studied river waters.
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Table 3
Results of TOCl, TOBr, TOI, and AOX determination.
River

1

Sampling
date

Sampling
location

04/08/2016

untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated
untreated
treated

18/08/2016
01/09/2016
15/09/2016
22/09/2016
06/10/2016
2

01/08/2016
08/08/2016
22/08/2016
29/08/2016
05/09/2016
12/09/2016

3

27/07/2016
10/08/2016
24/08/2016
07/09/2016

Halogen-speciﬁc AOX g eq Cl L−1 (n = 3)

AOX g eq Cl L−1 (n = 3)

AOCl

AOBr

AOI

IC detection

Microcoulometric
detection

15.0 ± 0.7
51.6 ± 0.2
14.2 ± 0.5
51.2 ± 1.1
15.0 ± 1.7
51.4 ± 5.5
15.1 ± 1.1
52.6 ± 1.8
13.5 ± 0.3
50.8 ± 1.4
15.1 ± 1.1
22.6 ± 1.8
10.5 ± 1.1
49.1 ± 0.5
14.6 ± 1.4
47.3 ± 1.2
13.1 ± 0.8
48.7 ± 2.5
11.5 ± 1.6
49.7 ± 1.1
8.5 ± 1.7
47.3 ± 2.1
13.1 ± 0.3
50.2 ± 3.2
8.9 ± 1.6
31.4 ± 1.0
11.9 ± 0.3
31.2 ± 0.2
9.0 ± 0.9
26.3 ± 0.5
13.1 ± 0.3
19.7 ± 4.0

4.5 ± 0.3
6.1 ± 2.1
6.5 ± 0.1
5.0 ± 0.8
<LOD
<LOQ
4.3 ± 0.9
5.2 ± 0.3
4.3 ± 0.3
<LOQ
4.3 ± 0.9
5.2 ± 0.3
6.3 ± 0.3
9.4 ± 1.9
6.0 ± 1.1
7.1 ± 0.5
6.8 ± 0.1
4.3 ± 0.3
4.3 ± 0.5
4.6 ± 0.6
4.3 ± 0.3
6.9 ± 0.7
<LOQ
<LOQ
<LOQ
<LOQ
4.3 ± 0.6
7.2 ± 0.4
<LOQ
<LOQ
<LOQ
<LOQ

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

19.5 ± 2.1
57.7 ± 1.1
20.7 ± 0.9
56.2 ± 4.2
15.0 ± 1.7
51.4 ± 5.5
19.4 ± 5.4
57.8 ± 5.3
17.8 ± 1.6
50.8 ± 1.4
19.4 ± 5.4
27.8 ± 2.9
16.8 ± 2.6
58.5 ± 1.0
20.6 ± 4.7
54.4 ± 5.2
19.9 ± 1.5
53.0 ± 6.4
15.8 ± 4.0
54.3 ± 4.6
12.8 ± 3.4
54.2 ± 3.6
13.1 ± 0.3
50.2 ± 3.2
8.9 ± 1.6
31.4 ± 1.0
16.2 ± 2.7
38.4 ± 2.4
9.0 ± 0.9
26.3 ± 0.5
13.1 ± 0.3
19.7 ± 4.0

18.4 ± 0.7
54.0 ± 1.1
18.3 ± 0.6
56.3 ± 0.7
18.3 ± 0.6
56.9 ± 0.5
17.2 ± 0.6
55.6 ± 2.5
17.6 ± 1.3
52.0 ± 3.2
17.1 ± 0.5
21.9 ± 2.9
16.0 ± 0.7
56.1 ± 1.2
17.0 ± 0.1
56.2 ± 1.0
17.5 ± 1.9
58.7 ± 1.2
16.7 ± 0.7
55.2 ± 0.7
19.6 ± 0.6
52.0 ± 1.9
17.9 ± 1.0
55.3 ± 0.5
11.9 ± 0.7
33.0 ± 0.8
12.5 ± 0.2
33.8 ± 0.9
15.4 ± 0.8
29.3 ± 0.8
13.2 ± 0.9
15.2 ± 0.5

These “unknown compounds” could originate from discharges
resulting from anthropogenic activities, as well as biogenic emissions. Despite the signiﬁcant difference in the physicochemical
properties of the sampled rivers, similar ranges of AOX were
obtained.
The AOX concentrations in treated water samples were found
to be higher due to the formation of organohalogen byproducts
resulting from the reaction of the halogen-based disinfectant with
organic materials. Overall, the AOX values obtained by microcoulometric titration and those determined by ion chromatography (sum
of AOCl, AOBr, and AOI) were in the same range, varying from 26.3
to 58.5 g L−1 Cl, and from 29.3 to 58.7 g L−1 Cl, respectively. The
relationship between these two approaches was examined and the
results are shown in Figure SI-4. A regression slope of 0.97 and
a correlation coefﬁcient greater than 0.97 indicate a good agreement between the two methods, offering additional support to the
accuracy of the developed method. The slope value, close to 1, suggests that the measured OXBPs in real water samples behave in
the same way with both methods. This is consistent with literature
data according which a signiﬁcant portion of AOX can be attributed
to high molecular weight-OXBPs [52,53].
As can be seen in Table 3, AOCl accounts for a major portion of
AOX values in all the analyzed water samples, followed by AOBr,
whereas AOI concentrations are below LOQ. On weight concentration basis, AOCl accounted for 77–100% of the AOX in the treated
water samples. The AOCl-to-AOX ratios are comparable with the
values reported by others researchers [50,51]. The low proportion
of AOBr compared to AOCl can be explained by both low bromide
ions concentrations in the studied river water samples and by a low
reactivity of the halogen-based disinfectant used here. The absence
of AOI can be related to a low level of iodide ions in treated river
water samples.

4. Conclusion
AOX measurements pose a great challenge, mainly because of
the interferences due to halide ions. A precise and accurate method
for AOX determination is needed since very important decisions are
taken on the basis of such measurements. One of the key steps of
the analytical procedure of AOX concerns washing of the activated
carbon with an acidic sodium nitrate solution. The tests conducted
in this work showed that the washing protocol of the ISO 9562
standard method might produce false positive AOX when chloride concentrations exceed 100 ppm. For example, a concentration
of 400 ppm of chloride ions may overestimate the AOX amounts
by 13–27 g L−1 Cl approximately. The improvements conducted
on the washing procedure have permitted to efﬁciently remove
chlorides bias even when they reach 1000 ppm, without increasing
either the volume of the nitrate solution nor its concentration. In the
second part of this work, an analytical method for chemical speciation of AOX in river water samples into adsorbable organic chlorine
(AOCl), bromine (AOBr) and iodine (AOI) has been developed
and validated. Under the optimized conditions, the results of the
method validation were satisfactory. The best relationship between
concentration and response was obtained by a quadratic model.
For all halides, the method showed determination coefﬁcients (r2 )
higher than 0.9998, and RSD less than 5%. The experimental LOQs
for chloride, bromide and iodide were 0.9, 4.3, and 5.7 g L−1 Cl,
respectively. Recovery experiments using ultrapure water spiked
with OXBP standards, as AOX model compounds, showed that the
C-IC method provides recovery values lower than 100% but better than those obtained with the conventional AOX method. These
recoveries should be taken into account for an accurate assessment
of the known part of AOX. However, additional trials are needed to
better determine the potential inﬂuence of dissolved organic mat-
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ter on the recovery of OXBPs from real samples, and to make sure
that ultrapure water may constitute a reliable reference matrix
for river water analysis. The microcoulometric titration and C-IC
methods provide similar results on real river water samples.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.chroma.2018.01.
045.
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