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also for in vitro toxicity studies. However, XAD resin recoveries for complete classes of halo-
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genated DBPs have not been evaluated, particularly for low, environmentally relevant levels
(ng/L to low μg/L). Thus, it is not known whether levels of DBPs or the toxicity of drinking wa-
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sidering both adsorption and elution from the resins, for extracting 66 DBPs from water. Re-
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sults demonstrate that among the 7 classes of DBPs investigated, trihalomethanes (THMs),
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including iodo-THMs, were the most efficiently adsorbed, with recovery of most THMs rang-
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ing from 50%-96%, followed by halonitromethanes (40%-90%). The adsorption ability of XAD
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resins for haloacetonitriles, haloacetamides, and haloacetaldehydes was highly dependent
on the individual species. The adsorption capacity of XAD resins for haloacetic acids was
lower (5%-48%), even after adjusting to pH 1 before extraction. Recovery efficiency for most
DBPs was comparable with their adsorption, as most were eluted effectively from XAD resins
by ethyl acetate. DBP polarity and molecular weight were the two most important factors
that determine their recovery. Recovery of trichloromethane, iodoacetic acid, chloro- and
iodo-acetonitrile, and chloroacetamide were among the lowest, which could lead to underestimation of toxicity, particularly for iodoacetic acid and iodo-acetonitrile, which are highly
toxic.
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Introduction
To protect humans against harmful pathogens and waterborne disease, disinfection of drinking water is important
(Calderon, 2000). However, disinfection byproducts (DBPs) are
produced unintentionally from the reaction of disinfectants
and organic matter in water, and they have been widely detected in drinking water all over the world (Richardson and
Postigo, 2015; Chaukura et al., 2020). To date, halogenated DBPs
have received the most attention (Hua and Reckhow, 2007;
Chaukura at al., 2020), and >800 DBPs have been reported
(Richardson, 2011a; Li and Mitch, 2018; Yang et al., 2019). This
number will likely increase with improved detection methods (Cuthbertson et al., 2020; Richardson and Postigo, 2015;
Li and Mitch, 2018). Although most DBPs in drinking water
are usually present at low levels (ng/L-μg/L) (Kali et al., 2021;
Allen et al., 2022; Krasner et al., 2006), millions of people consume disinfected water daily over a lifetime, making DBPs
a continuous, ubiquitous exposure. DBPs have been associated with adverse health effects, including bladder cancer, colorectal cancer, miscarriage, and birth defects (Waller et al.,
1998; Villanueva et al., 2004, 2007; Savitz et al., 2005; Bove
et al., 2007; Nieuwenhuijsen et al., 2009; Grellier et al., 2010;
Rahman et al., 2014; Cantor et al., 2010; Costet et al., 2011;
Beane-Freeman et al., 2017; Summerhayes et al., 2021). In addition, many DBPs are cytotoxic, genotoxic, mutagenic, carcinogenic, or teratogenic (Richardson et al., 2007; Wagner and
Plewa, 2017; Gonsioroski et al., 2020); moreover, recent studies also reported developmental toxicity and growth inhibition
(Yang et al., 2013; Gao et al., 2021; Li et al., 2016).
Since most DBPs are present at trace levels, toxicity research is contingent on the development of reliable methods
to extract and enrich DBPs at sufficient concentration (Le Roux
et al., 2017; Wagner and Plewa, 2017). Liquid-liquid extraction
(LLE), freeze-drying, reverse osmosis, roto-evaporation, and
solid phase extraction (SPE), including XAD resin adsorption,
are well-documented methods for DBP extraction and concentration (Kool et al., 1981; Plewa et al., 2004a, 2004b; Richardson
et al., 2008a; Zhou et al., 2013; Han et al., 2018; Lau et al., 2021).
Of these, macro-porous XAD resins are popular because they
are simple to use and enable extraction of large quantities
of water (e.g.,10-20 L) (Daignault et al., 1988; Le Roux et al.,
2017). Among the XAD resins, XAD-2 and DAX-8 have gained
widespread acceptance because of their chemical stability
across a broad pH range and their ability to extract a wide
range of DBPs (Allen et al., 2017; Daiber et al., 2016; Richardson
et al., 2003, 2008a, 2010; Pressman et al., 2010; Krasner et al.,
2006; Plewa et al., 2004a, 2004b; Daignault et al., 1988). Nonpolar XAD-2 resins are styrene-divinylbenzene copolymers,
while polar DAX-8 resins are methyl methacrylate polymers.
Their combination makes them effective for concentrating a
broad range of compounds of differing polarity (Kool et al.,
1981; Ringhand et al., 1987).
A protocol is published for DBP extraction, analysis, and
toxicity assessment, consisting of the extraction of large
volumes (>5 L) of disinfected waters by DAX-8 and XAD2 resins in series, followed by elution with ethyl acetate
(Richardson, 2011). This extraction method has been widely
used for comprehensive, nontarget identification of unknown
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DBPs and also for the analysis of in vitro toxicity in drinking water, swimming pool water, and treated wastewater effluent (Allen et al., 2017, 2021, 2022; Liberatore et al., 2017;
Daiber et al., 2016; Richardson et al., 2003, 2008a, 2010; Plewa
et al., 2004a, 2004b, 2011; Jeong et al., 2012; Dong et al., 2016;
Le Roux et al., 2017; Pressman et al., 2010; Krasner et al.,
2006; Li et al., 2021). For in vitro toxicity measurements (including mutagenicity, cytotoxicity, and genotoxicity), the final 1.0 mL ethyl acetate extract is typically solvent-exchanged
into dimethylsulfoxide (DMSO). Understanding the recovery
of DBPs from XAD resins is important because it directly determines whether the concentrations and toxicities of these
treated waters are underestimated, or potentially overestimated due to DBPs transforming during the extraction process. However, information is lacking whether DAX-8/XAD-2
resins can effectively adsorb and extract halogenated DBPs. In
addition, DBPs retained on XAD resins are desorbed by eluting
with an organic solvent by gravity (Richardson, 2011); recovery
during this elution step is also unknown.
At present, despite the growing application of XAD resin
extraction for DBP toxicity measurements, few studies have
investigated their recoveries. In a study by Le Roux et al.,
(2017), DAX-8 resin recovery of wastewater-associated toxicity
was 72%, and recovery of DAX-8/XAD-2 resins for mixed organic compounds in river water samples from China was 63%
(Le Roux et al., 2017; Zhou et al., 2013). Stalter et al. (2016) reported recoveries for total organic halogen (TOX) as low as
∼33%. However, the origins of these losses were not determined, nor the specific DBP recoveries. More recently,
Lau et al. (2021) found that recoveries of 22 (semi-)volatile
DBPs by XAD resins was lower than by liquid-liquid extraction and other traditional SPE methods. However, except for
volatility, the effects of other chemical properties on DBP recovery have not been described. In addition, the distinction
between differences in adsorption and elution have not been
reported.
Thus, the goals of this study were to investigate the adsorption, elution, and overall recovery efficiencies of 7 different classes (66 species) of trace individual halogenated DBPs
by XAD resins. Moreover, Pearson correlation analyses between the recoveries and DBP characteristics (pKa , logKow , and
molecular weight (MW)) were made.

1.

Materials and methods

1.1.

Chemicals and instruments

The 66 halogenated DBPs were obtained from Sigma-Aldrich
(St. Louis, MO), CanSyn Chem. Corp. (Toronto, ON), Aldlab
Chemicals (Woburn, MA), and TCI America (Waltham, MA).
These DBPs belong to 7 classes: trihalomethanes (THMs) (including iodo-THMs), haloacetic acids (HAAs) (including iodoHAAs), haloacetonitriles (HANs), haloacetamides (HAMs),
halonitromethanes (HNMs), haloacetaldehydes (HALs), and
haloketones (HKs). The complete lists of these DBPs and their
abbreviations can be found in Appendix A (Tables S1- S7); their
structures are shown in Fig. 1.
The following solvents, methanol, dichloroacetonitrile,
acetonitrile, ethyl acetate, and methyl tert-butyl ether (MTBE)
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Fig. 1 – Structures of 7 DBP classes studied.

were purchased from Sigma-Aldrich (St. Louis, MO), Fisher
Scientific (Pittsburgh, PA), and VWR International (Radnor,
PA) and were obtained at the highest level of purity. Vendor information for each DBP standard is available elsewhere
(Cuthbertson et al., 2020). Amberlite XAD-2 and Supelite DAX8 resins were obtained from Sigma-Aldrich (St. Louis, MO).
A Burrell wrist-action shaker was used for liquid-liquid extractions, and an Agilent 7890 gas chromatograph (GC) coupled to a 5977A single quadrupole mass spectrometer (MS)
(Santa Clara, CA) was used for analysis of all DBPs except HAAs
and iodo-HAAs. Derivatized HAAs and iodo-HAAs were analyzed using a GC-triple quadrupole-MS (GC-MS/MS) (Thermo
Scientific, Waltham, MA).

1.2.

Experimental procedures

Preparation of solutions: Stock solutions of 66 halogenated DBPs
were prepared by dissolving individual standards in methanol
or acetonitrile (Cuthbertson et al., 2020). Then, mixed substock solutions were made up at 10 mg/L. Appropriate dosages
of sub-stock solutions were spiked into 6 L nanopure water (18
M-cm) to make initial levels of 1.0 μg/L, close to the levels
of halogenated by-products found in drinking water (Krasner
et al., 2006; Richardson et al., 2008a; Allen et al., 2022). Exact
concentrations were determined using GC-MS or GC-MS/MS.
XAD resin preparation: DAX-8 and XAD-2 resins were
cleaned using sequential 24-hr Soxhlet extractions with
methanol, ethyl acetate, and methanol; afterwards, they were
stored in methanol and refrigerated (Richardson, 2011b). Ten
mL of DAX-8 and 10 mL XAD-2 resins were poured into a glass
column (25 × 1.5 cm), with DAX-8 placed on top of the XAD2 resins and glass wool at the bottom of the column and 1
inch above the resin bed to ensure that resins stay in place
while passing water through the columns (Richardson, 2011b;
Allen et al., 2022). The resins were conditioned prior to use by
rinsing with 0.1 mol/L HCl, 0.1 mol/L NaOH, and finally nanopure water after packing the column (Richardson, 2011b). The
cleanliness of the resins was verified by analysis of an extracted nanopure water control, ensuring a clean background
by GC-MS and that the total organic matter in the effluent was
<0.2 mg/L.
XAD resin adsorption and elution: To convert anionic
haloacetic acid DBPs to a neutral state for better adsorption,

nanopure water samples (6 L) containing a mixture of 66
DBPs were adjusted to pH 1 using H2 SO4 . DBPs were concentrated 250-fold by passing 5 L of this water slowly (by gravity,
about 30 mL/min) through the XAD resin columns. We prepared two columns for parallel experiments (duplicate) and
for each sample obtained, we performed triplicate analysis
and calculated the average value. The ratio of water to XAD
resins (250:1) was well within the recommended ratio of 770:1
(Richardson, 2011b). The remaining 1 L of water was used
for determining the amount of DBPs in the influent of XAD
columns. The effluent of the column was also collected for
DBP analysis. The resin-adsorbed DBPs were eluted with 50
mL ethyl acetate and concentrated to 1.0 mL with nitrogen using a TurboVap (Biotage). The concentrated eluent extract was
analyzed for the 66 target DBPs using GC-MS.
Liquid-liquid extraction: Influent and effluent water samples
(100 mL each, pH <1) were extracted using liquid-liquid extraction (LLE) with 5 mL MTBE, repeated three times, yielding a 15 mL extract. The extract was then dried using sodium
sulfate and concentrated further under nitrogen to 200 μL.
This extract was separated into two equal parts for analysis
of HAAs/iodo-HAAs and the other DBPs (THMs, HALs, HKs,
HAMs, HANs, and HNMs), respectively (Cuthbertson et al.,
2020; Allen et al., 2022).

1.3.

Analytical methods

Sensitive analytical methods were used to analyze the chloro-,
bromo-, and iodo-DBPs species for these 66 compounds from
7 chemical classes (Cuthbertson et al., 2020; Allen et al., 2022).
Sample extracts (liquid-liquid and XAD resin extracts) were
analyzed using GC-MS (Agilent 7890 GC, 5977A mass spectrometer, Agilent Technologies, Santa Clara, CA) with electron
ionization at 70 eV in selected ion monitoring mode. Nine
HAAs and 4 iodo-HAAs were derivatized using diazomethane
and analyzed by GC-MS/MS with multiple reaction monitoring
mode. Sample extracts (1.0 μL) were injected into a multimode
inlet (MMI) in pulsed splitless mode, and separated using a
Restek Rtx-200 column (30 m ×0.25 mm × 0.25 μm film thickness; Restek Corporation, Bellefonte, PA). This column provides improved separation and detection limits particularly
for iodo-THMs and haloacetamides (Cuthbertson et al., 2020).
The GC temperature program for all DBPs except HAAs was
as follows: initial temperature of 35°C for 5 min, increased to
220°C at 9°C/min, and then ramped at 20°C/min to 280°C and
held for 15 min. The GC temperature program for the analysis
of the 9 HAAs and 4 iodo-HAAs was as follows: initial temperature held at 35°C for 5 min, increased to 280°C at 9°C/min,
and then held for 15 min. The transfer line was held at 280°C
and source temperature at 200°C for both methods.

1.4.

Recovery calculations

Calibration curves were made using mixtures of the 66 DBPs at
the following concentrations: 0.1, 0.25, 0.5, 1, and 2.5 μg/L. An
additional blank sample was extracted and analyzed for each
calibration curve. Taking in consideration the influence of solvent on GC-MS measurements, the quantitation of XAD eluents was done using a calibration curve where standards were
spiked into ethyl acetate (to match the XAD elution solvent).
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Fig. 2 – XAD recovery, adsorption and elution efficiencies of trihalomethanes (including I-THMs).

Fig. 3 – XAD recovery, adsorption, and elution efficiencies of haloacetic acids (including iodo-HAAs).

Moreover, DBP concentrations from the analysis of XAD resin
extracts were corrected with the concentration factor of extraction and evaporation steps; DBP levels in the influent and
effluent of the XAD columns were similarly corrected. The recovery, adsorption, and elution of 66 halogenated DBPs by XAD

resins was calculated according to Eqs. (1)-(3).
Recovery efficiency =

CXAD
CInf

Adsorption efficiency =

CInf − CEff
CInf

(1)
(2)
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Fig. 4 – XAD recovery, adsorption, and elution efficiencies of haloketones (HKs).

Fig. 5 – XAD recovery, adsorption, and elution efficiencies of haloacetaldehydes (HALs).
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Fig. 6 – XAD recovery, adsorption, and elution efficiencies of halonitromethanes (HNMs).

Fig. 7 – XAD recovery, adsorption, and elution efficiencies of haloacetamides (HAMs).

Elution efficiency =

CXAD
CInf − CEff

(3)

Where,
• CXAD is the concentration of DBPs that eluted from the XAD
resins;

• CInf is the concentration of DBPs in the influent of the XAD
resin column;
• CEff is the concentration of DBPs in the effluent of the XAD
resin column.
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Fig. 8 – XAD recovery, adsorption, and elution efficiencies of haloacetonitriles (HANs).

1.5.

DBP Correlation Statistics

Regression analyses were performed to determine the Pearson product-moment (r) and the corresponding P value. An r >
0.90 was considered to have a strong, positive relationship between XAD recovery and the given characteristic (pKa , logKow ,
molecular weight), while an r < 0.50 was considered to have
a weak, positive relationship. P < 0.05, <0.01, and <0.001 were
considered significantly correlated, highly significantly correlated, and very highly significantly correlated, respectively.

2.

Results and discussion

2.1.
Recoveries of 10 trihalomethanes (including
iodo-THMs)
THMs are typically formed at highest concentrations of all
DBPs in drinking water and have been reported in water
disinfected with chlorine, chloramine, ozone, and chlorine
dioxide disinfection (Postigo et al., 2018; Krasner et al.,
2006; Richardson, 2011). Four THMs (trichloromethane,
bromodichloromethane, dibromochloromethane, and tribromomethane) are regulated in the U.S. and in many other countries (Chaukura et al., 2020; U.S. EPA, 2020; Richardson, 2021).
Iodo-THMs have also been reported in chlorinated, chloraminated, and ozonated water in the presence of iodide ions
(Allen et al., 2022; Ioannou et al., 2016; WHO, 2011; Richardson
et al., 2008b; Krasner et al., 2006), and they are favored in chloraminated waters (Bichsel and von Gunten, 1999; Richardson
et al., 2008b). Although iodo-THMs are not yet regulated, they

are much more cytotoxic and genotoxic than regulated THMs
(Wagner and Plewa, 2017; Richardson et al., 2008b).
The recovery efficiencies for THMs and iodo-THMs are
shown in Fig. 2a and were calculated by the amount of DBPs
eluted from the XAD column (CXAD shown as red dots) divided
by amount in the influent (CInf. in black dots). Adsorption efficiencies shown in Fig. 2b were obtained from the DBP concentration difference between the influent (CInf in black dots)
and effluent (CEff in blue dots) divided by CInf . The elution efficiency in Fig. 2c is representative of a mass balance between
the concentration of the XAD eluate (CXAD ) and that adsorbed
by the column (CInf. -CEff. ). The same representations are used
in following figures for other DBP classes (Figs. 3–8).
As shown in Fig. 2, most THM species were well adsorbed by
XAD resins except trichloromethane (TCM), and their recoveries were relatively high (50%-96%). Moreover, the adsorption
and recovery by XAD resins were similar, with XAD elutions
close to 100% for all except TCM. The adsorption efficiency for
TCM was <20%, and its recovery was <10%, due to low elution
efficiency (<60%). This is consistent with Le Roux et al. (2017),
who reported that the most hydrophobic THMs are easily retained on DAX-8 resins. Ethyl acetate (eluent) can also desorb
these THMs from XAD resins effectively. Compounds in nonpolar or non-ionic states are principally adsorbed by van der
Waal forces, which are relatively weak, and therefore, they are
easily desorbed from resins with solvents of comparably low
polarity (Daignault et al., 1988). THMs were in acidic solution
(pH 1), so they were in neutral, non-ionic states and could be
easily desorbed from the resins with ethyl acetate. Interestingly, THM recovery by XAD resins in this paper were significantly higher than by liquid-liquid extraction (39%-83%) in a
previous paper from our group (Cuthbertson et al., 2020).
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Thus, while TCM is typically a major DBP in drinking water, it is poorly recovered by XAD resins (Fig. 2), likely due to its
high volatility combined with poor adsorption. Thus, its contribution to the overall drinking water toxicity might be underestimated, but this may not be a major concern because its
cytotoxicity is quite low, and it is not genotoxic (Wagner and
Plewa, 2017). Our recovery results agree with a recent study
by Lau et al. (2021). On the other hand, iodo-THMs not only
adsorbed strongly onto XAD resins, but they also eluted effectively from the resins, yielding an overall recovery of 90%116%. Thus, the toxicity of iodo-THMs would not be significantly underestimated (based on extraction and evaporation
to 1.0 mL).
To explain the distinct absorption for THMs, the pH of the
solution is important, as it has a large effect on the recoveries of compounds adsorbed onto XAD resins (Daignault et al.,
1988). At pH 1, THMs were in a neutral state and could be easily
adsorbed onto the nonionized surface of the XAD resins. This
is consistent with a previous study that reported that XAD
resins concentrated neutral compounds more efficiently than
those that are ionized (Ringhand et al., 1987). Moreover, the recovery of THMs also relates to the types of halogen atoms (Cl,
Br, I) they possess. In general, it follows the principle: Cl < Br
< I. For example, three THM recoveries followed the following
order: TIM (97%) > TBM (76%) > TCM (6%), which also followed
the MW order.
In addition, as shown in Appendix A Table S8, we found no
statistically significant correlation between XAD recovery for
THMs and MW or between XAD recovery and logKow , although
logKow values indicate that the THMs might partition well to
the XAD resins (vs. water). Moreover, the volatility of THMs
(particularly TCM) also played a role in their lower recoveries
(Lau et al., 2021).

2.2.
Recoveries of 13 haloacetic acids (including
iodo-HAAs)
Besides THMs, the second most prevalent DBP group is HAAs;
five HAAs are regulated by the U.S. EPA (chloro-, bromo-,
dichloro-, dibromo-, and trichloroacetic acid), and several are
regulated in other countries (Richardson, 2021; Islam et al.,
2016; U.S. EPA, 2006). Iodo-HAAs are among the most cytotoxic
and genotoxic DBPs studied to-date, with iodoacetic acid being the most genotoxic of all DBPs studied (Richardson et al.,
2008b; Wagner and Plewa, 2017; Jeong et al., 2016; Xia et al.,
2018; Gonsioroski et al., 2020). IAA is also tumorigenic in mice
(Wei et al., 2013). Thus, while iodo-HAAs are typically found
at low or sub-μg/L levels (Allen et al., 2022; Cuthbertson et al.,
2019; Richardson et al., 2008b), they are quite toxicologically
important. Further, although the toxicity of the bromo-chloroHAAs is not as high as nitrogen-containing DBPs (N-DBPs),
HAA concentrations are significantly higher, such that their
potential health risks should not be ignored (Wagner and
Plewa, 2017).
As shown in Fig. 3, XAD resins were not as effective for
extracting HAAs from water as compared to THMs, with recoveries of most HAAs 20%-50% and recoveries of most THMs
50%-110%, except TCM (6%). This is similar to recoveries
by liquid-liquid extraction reported by our group (17%-45%)
(Cuthbertson et al., 2020). Although HAAs are significantly less
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volatile than THMs, their recoveries by XAD resins were much
lower. Therefore, it is the polarity and not the volatility that
determined their adsorption onto the resins. As shown in Appendix A Fig. S1 and Table S8, HAA recoveries were strongly
and very highly significantly correlated with logKow (r = 0.85,
P <0.001) and were highly significantly correlated with MW
(r = 0.67, P < 0.01) and pKa (r = -0.63, P < 0.05). Many HAAs
have pKa s <2 (Appendix A Table S2), such that a significant
portion will be in a protonated state at the low pH used for
extraction. The ionic forms are much more water soluble and
should not adsorb well onto XAD resins like the neutral forms.
Further, the relationship between recovery and logKow is consistent with previous research indicating that recovery mainly
depends on their hydrophobicity, with more hydrophobic
compounds (THMs) better retained on DAX-8 resins than
more hydrophilic compounds (HAAs) (Le Roux et al., 2017).
The micro-reticular XAD resins specifically adsorb relatively
non-polar organic compounds, with negatively charged compounds, like HAAs, adsorbed at low efficiencies (Kool et al.,
1981; Ringhand et al.,1987). Lau et al. (2021) also reported low
recoveries of these HAAs (< 6%) for XAD resin extracts taken to
dryness.

2.3.

Recoveries of 9 haloketones

Haloketones are frequently reported in chlorinated water
(Krasner et al., 2006; Allen et al., 2022), but can undergo basecatalyzed hydrolysis (Kali et al., 2021). No cytotoxicity or genotoxicity studies have been conducted yet in mammalian cells
for this class, so their toxicological importance relative to
other DBPs is not currently known.
Results presented in Fig. 4 demonstrate that most haloketones can bond to the XAD resins effectively under acidic
conditions (pH 1). The recoveries of 1,1-dibromopropanone
(11DBP), 1-bromo-1,1-dichloropropanone (1B11DCP), and
1,1,3,3-tetrabromopropanone (1133TeBP) were up to 66%,
84%, and 65%, respectively; these DBPs have a relatively
high adsorption owing to their high MW and pKa , while
1,1-dichloropropanone (11DCP), chloropropanone (CP), 1,3dichloropropanone (13DCP), and 1,1,3-trichloropropanone
(113TCP) recoveries were relatively low (17%-37%). In addition, the elution of most haloketones from XAD resins was
80%-100%, except 1,3-dichloropropanone, which had a low
recovery (20%). A low recovery for 1,1-dichloropropanone was
reported by Lau et al. (2021), even though its predicted logKow
value is approximately 1.0 (Appendix A Table S3). Thus, this
illustrates that the octanol water partition coefficient is not
the only factor that determines recovery of DBPs by XAD
resins. Haloketones will not dissociate in acidic conditions,
thus, factors affecting their XAD recoveries are not related
to pKa , but rather to logKow and MW, which show significant correlations between recovery and logKow (r = 0.72, P
<0.05) and MW (r = 0.71, P <0.05) (Appendix A Fig. S2 and
Table S8).
In addition, it should be noted that the recovery of haloketones by XAD resins was generally lower than by liquid-liquid
extraction reported by our group (Cuthbertson et al., 2020),
which was 51%-128%, with the exception of chloropropanone
(32%).
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Recoveries of 4 haloacetaldehydes

Like haloketones, haloacetaldehydes are also easily hydrolyzed, and their cytotoxicities and genotoxicities are 1001000 times that of THMs and HAAs (Jeong et al., 2014;
Wagner and Plewa, 2017). Trichloroacetaldehyde is one of
the most commonly occurring species (Krasner et al., 2006;
Allen et al., 2022), is listed as possible human carcinogen by
the U.S. EPA, and has a WHO guideline limit of 10 μg/L (U.S.
EPA, 2006; Jeong et al., 2014; Kali et al., 2021). Mean adsorption
and recovery for haloacetaldehydes is shown in Fig. 5.
XAD resin recovery for trichloroacetaldehyde (TCAL) was
only 22%, but was somewhat higher (56%-58%) for bromodichloroacetaldehyde (BDCAL), dibromochloroacetaldehyde (DBCAL), and tribromoacetaldehyde (TBAL). A previous
paper showed much higher recoveries by liquid-liquid extraction in ultrapure and tap waters (>160%) (Cuthbertson et al.,
2020), which were proposed to be due to the transformation of other DBPs to form these haloacetaldehydes or
by reactions occurring with precursors. The recoveries of
BDCAL and DBCAL by XAD resins that we measured (46%
and 53%, respectively) were similar to liquid-liquid extraction recoveries (55%-56%) reported by Lau et al. (2021), but
were much higher than XAD resin recoveries reported by
these authors after extracts were evaporated to dryness
(13%).
Like haloketones, haloacetaldehydes are in a neutral form
in acidic solution, such that pKa should not impact their recovery by XAD resins. On the other hand, logKow and MW were
important factors. The recoveries for HALs showed strong and
significant correlations with logKow (r = 0.97, P < 0.05) and MW
(r = 0.96, P <0.05) (Appendix A Fig. S3; Table S8).

2.5.

Recoveries of 7 halonitromethanes

Halonitromethanes can be formed by chlorine or chloramine
disinfection and are enhanced when pre-ozonation is used
before chlorination or chloramination (Allen et al., 2022;
Ioannou et al., 2016; Plewa et al., 2004a; WHO, 2011). While
trichloronitromethane (also known as chloropicrin) has been
commonly measured in many studies (due to the ease of
incorporating it with other DBPs in EPA Method 551), the 7
halonitromethanes shown in Fig. 6 have also been measured
in drinking water (Weinberg et al., 2002; Krasner et al., 2006;
Cuthbertson et al., 2019; Cuthbertson et al., 2020; Allen et al.,
2022). They are potent mammalian cell cytotoxins and genotoxins (Plewa et al., 2004a; Wagner and Plewa, 2017) and are
mutagenic in Salmonella bacterial cells (Kundu et al., 2004).
XAD resin recoveries for halonitromethanes are shown in
Fig. 6.
As can be seen from Fig. 6, the adsorption of most
halonitromethanes (56%-80%) was also relatively high, except tribromonitromethane (TBNM) (28%), and they were
better recovered compared to liquid-liquid extraction (38%52%) (Cuthbertson et al., 2020). Moreover, the XAD elution of
most halonitromethanes was >80%, except for dibromonitromethane (DBNM) and TBNM. Moreover, TBNM could not be
eluted efficiently, which reduced its recovery further to <20%.
A relatively low recovery (26%) of TBNM was also found with
liquid-liquid extraction (Cuthbertson et al., 2020). These re-

sults indicate that the toxicity of some halonitromethanes
might be underestimated using XAD resin extraction, which
is important because DBNM and TBNM are among the most
toxic of the halonitromethane class (Plewa et al., 2004a). MW
was an important factor for the recovery of HNMs as seen
by the statistically significant correlation (r = - 0.77, P <0.05;
Appendix A Fig. S4 and Table S8) between MW and recovery.
LogKow did not show a significant correlation (Appendix A Table S8).

2.6.

Recoveries of 13 haloacetamides

Haloacetamides are typically found in chlorinated and chloraminated drinking water (Krasner et al., 2006; Allen et al.,
2022), and they also can be formed directly from chloramination reactions with NOM (Huang et al., 2012) and also by hydrolysis of haloacetonitriles (Reckhow et al., 2001; Farré et al.,
2012; WHO, 2011). As many plants in the U.S. and in other
countries have switched from chlorine to chloramine to lower
regulated DBPs, the increased formation of haloacetamides
is a concern. The commonly detected species of haloacetamides are dibromoacetamide (DBAM), dichloroacetamide
(DCAM), and trichloroacetamide (TCAM) (Krasner et al., 2006;
Farré et al., 2012; Allen et al., 2022; Cuthbertson et al., 2019;
Yang et al., 2014). Although haloacetamides have not yet
been regulated in any country, they are much more cytotoxic
and genotoxic than the regulated THMs and HAAs and are
among the most cytotoxic DBPs studied to-date (Wagner and
Plewa, 2017).
The XAD recovery of most haloacetamides was 40%-60%
(Fig. 7), and was especially low for chloroacetamide (CAM), bromoacetamide (BAM), and iodoacetamide (IAM) (<40%). This
result was similar to a previous study, which reported lower recoveries for CAM and BAM compared to other haloacetamides
by liquid-liquid extraction (Kosaka et al., 2016). The recoveries of CAM, BAM, and IAM were also very low by liquid-liquid
extraction (1%-3%), with other haloacetamides having somewhat higher recoveries (22%-66%) (Cuthbertson et al., 2020).
As weak alkaline substances, most haloacetamides will
have a significant proportion in a positively-charged ionic
state at pH 1 (Cuthbertson et al., 2020), making them relatively
difficult to adsorb onto XAD resins. For example, CAM and
DCAM have a reported pKa of -0.26 (Wada and Takenaka, 1971).
No significant correlations were observed for the recovery of
haloacetamides and logKow or MW (Appendix A Table S8).

2.7.

Recoveries of 10 haloacetonitriles

Haloacetonitriles are commonly reported in chlorinated
and chloraminated drinking water (Allen et al., 2022;
Cuthbertson et al., 2019; Muellner et al., 2007; Krasner et al.,
2006; Quintiliani et al., 2018). Haloacetonitriles generally
form rapidly and hydrolyze slowly (Reckhow et al., 2001;
Huang et al., 2012), and exhibit orders of magnitude higher
levels of cytotoxicity and genotoxicity than THMs and HAAs
(Plewa et al., 2008; Wagner and Plewa, 2017; WHO, 2011).
The adsorption of haloacetonitriles was not as high as
THMs, as the former are polar substances, while the latter are more non-polar. For chloroacetonitrile (CAN), bromoacetonitrile (BAN), iodoacetonitrile (IAN), and tribromoace-
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tonitrile (TBAN), their adsorption was 25%-41%, which is
slightly lower than with liquid-liquid extraction (36%-47%)
(Cuthbertson et al., 2020). The recovery of other haloacetonitriles (except trichloroacetonitrile (TCAN)) by XAD resins
was comparable to liquid-liquid extraction; while TCAN had
higher recovery by XAD resins (81%) compared to liquid-liquid
extraction (20%) (Cuthbertson et al., 2020).
While haloacetonitriles exhibited a poorer adsorption on
resins than THMs, they were much better than HAAs, which
is in good agreement with the hydrophobic character order
of DBP classes: HAAs < HANs < THMs (Le Roux et al., 2017).
As the genotoxicity and cytotoxicity of haloacetonitriles is
much higher than THMs and HAAs (Muellner et al., 2007;
Wagner and Plewa, 2017), and DCAN, BCAN, and DBAN were
reported as toxicity drivers in U.S. drinking water (Allen et al.,
2022), the toxicity of haloacetonitriles might be underestimated due to their relatively low XAD recoveries. No significant correlations were observed for the recovery of haloacetonitriles and logKow or MW (Appendix A Table S8).
In addition, it should be noted that the elution recoveries
for some haloacetonitriles (e.g., BCAN, TBAN, DBAN, IAN) were
>100%, possibly a result of side-reactions among DBPs taking place, which should be investigated in future research. An
isolated study of each DBP class, rather than a combination
of them all, may help control this phenomenon. However, it
should be noted that this may also be noticed during the enrichment step of mixed DBPs in actual water matrices.

3.

Conclusions

XAD resins are a universal sorbent that can adsorb all 66 halogenated DBPs across 7 different chemical classes, but to a
different degree, due to their varied chemical properties. In
general, XAD resins are better adsorbents for THMs, HKs, and
HALs, but weaker adsorbents for HAAs, HANs, and HAMs. The
recoveries of TCM, IAA, CAN, IAN, and CAM by XAD resins was
extremely low; thus, these resins are not ideal for their extraction and may lead to an underestimation of toxicity. The
recovery efficiencies of most DBPs were comparable with their
adsorption, as most are eluted effectively from XAD resins by
ethyl acetate. DBP adsorption by XAD resins is a complex process. Removal (elution) efficiencies not only depend on the
chemical characteristics of DBPs themselves (polarity, MW,
pKa , volatility, halogen atom species, etc.), but also depend
on the chemical functional group on the surface of the XAD
resins. Therein, polarity and MW are important factors that
determine the recovery of halogenated DBPs by XAD resins.
Future studies should investigate potential effects of the presence of NOM or suspended solids on the recovery of DBPs
by XAD resins. Finally, future studies should investigate improved extraction methods, including the use of specialized
SPE cartridges, which were recently shown to have better recoveries compared to XAD resins (Lau et al., 2021).
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