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A B S T R A C T   

Haloacetic acids (HAAs) are a group of disinfection byproducts ubiquitously found in disinfected drinking water 
and they are currently regulated by some governments. Conventional HAAs analytic methods employ either gas 
chromatography (GC), two-dimensional ion chromatography (2D-IC), or ion chromatography with electrospray 
ionization tandem mass spectrometry (IC-ESI-MS/MS) to reduce the effect of interfering compounds and enhance 
detection resolution; however, they are either laborious in sample preparation procedures or too expensive to be 
used by common laboratories. To bypass these problems, this study proposes to analyze HAAs by employing a 
one-pump column-switching ion chromatography (OPCS-IC) that allows direct sample injection without 
requiring extraction and derivatization pretreatments. Unlike 2D-IC method, which uses two pumps and two 
parallel sets of IC columns, this method applies only one pump and one column. The tailored OPCS-IC removes 
coexisting anions from water and enriches HAAs simultaneously, thereby distinguishing HAAs from interfering 
anions and magnifying the signals of HAAs. For example, when HAAs were enriched by five times, the coexisting 
F− , Cl− , Br− , NO3

–, and SO4
2− were removed by 62.4%, 93.9%, 99.7%, 99.9%, and 98.9%, respectively. Mean-

while, the recoveries of HAAs dosed into real samples ranged from 84% to 102%, similar to those obtained from 
conventional GC method, meaning that the convenience of this method did not compromise its performance. The 
study hence proves an easy-to-use and relatively cheaper method for measuring HAAs in drinking water.   

1. Introduction 

During drinking water treatment process, disinfectants (e.g., chlo-
rine, ozone, and chlorine dioxide) can react with aqueous organic matter 
and bromide/iodide to produce disinfection byproducts (DBPs) [1,2]. To 
date, over 700 chlorinated DBPs have been identified in water, and 
haloacetic acids (HAAs) are the second most abundant DBP group in 
drinking water, ranking just after trihalomethanes [3,4]. The average 
concentration of five major HAAs (HAA5) in finished drinking waters 
was found to be 23 μg⋅L− 1 in the United States [5], 10 μg⋅L− 1 in Korea 
[6], 17 μg⋅L− 1 in Spain [7], and 45 μg⋅L− 1 in the United Kingdom [8]. 
Due to their widespread occurrence and potential health risks [5], some 
authorities have issued limits on HAA5 concentrations in drinking water, 
such as 60 μg⋅L− 1 in the United States [9] and 80 μg⋅L− 1 in Health 
Canada [10]. Thus, it is necessary to analyze HAAs routinely in drinking 
water to safeguard consumers’ health. 

Currently, the United States Environmental Protection Agency 
(USEPA) has issued a series of standard methods (i.e., Method 552, 
Method 552.1 Method 552.2, and Method 552.3) to determine HAAs by 
using gas chromatography (GC) tandem electron capture detector (ECD) 
[11–14]. These GC-based methods generally take three steps during 
sample preparation process prior to GC analysis, including sample 
acidification, liquid–liquid extraction, and esterification derivatization 
[15], which are labor-intensive and time-consuming (e.g., 2 h is needed 
for derivatization only). Meanwhile, high-performance liquid chroma-
tography (HPLC) with ultraviolet detector (UV) was once used to detect 
HAAs [16]. However, it is difficult to quantify trace levels of HAAs nor 
separate HAAs from coexisting compounds well in water, because HAAs 
are highly hydrophilic and do not have characteristic UV absorbing 
wavelengths. Given that HAAs normally exist in ionic forms in neutral 
water because their acid-dissociation coefficients (pKa) are low (ranging 
from 0.6 to 2.9 for HAA5) [17], the use of ion chromatography (IC) 
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tandem conductivity (CD) detector has been already brought about to 
determine HAAs as it can distinguish HAAs without requiring any 
sample pretreatment [18]. 

However, a major challenge for HAAs determination via IC-based 
methods derives from the interference of abundant coexisting compo-
nents in water, which may have either similar elution time as HAAs or 
huge chromatographic peaks that overlap HAAs’ peaks. For example, 
the chromatographic peak of chloride (Cl− ) may interfere with the de-
tections of monobromoacetic acid (MBAA) and dichloroacetic acid 
(DCAA), while the presence of abundant sulfate (SO4

2− ) may conceal the 
chromatographic peak of trichloroacetic acid (TCAA) [19]. To overcome 
this issue, USEPA issued another standard method (i.e., Method 557) to 
analyze HAAs by equipping IC with electrospray ionization tandem mass 
spectrometry (IC-ESI-MS/MS) [20]. Despite so, coexisting salts in water 
may disturb the ionization performance of MS, thus affecting the accu-
racy of HAAs quantification. Now that the MS method may not 
adequately quantify HAAs in the presence of interferents, a two- 
dimensional ion chromatography (2D-IC) method [21–23] was devel-
oped to detect HAAs and remove interferents by placing divert valves in 
eluent flow path [19,24,25]. Although this approach has been adopted 
as a standard USEPA method in 2017 (i.e., Method 557.1) [26], two sets 
of IC systems (i.e., two pumps, two sets of columns, two detectors, two 
suppressors, etc.) are needed, making it expensive and hard to be 
accepted by common laboratories. 

Recently, a one-pump column-switching ion chromatography 
(OPCS-IC) technique has been developed to detect trace anions in the 
presence of coexisting components, such as trace chlorate and iodate in 
water enriched with salts [27,28], to distinguish selected anions and 
pharmaceutical drugs in the presence of other organics [29,30], and to 
determine selected anions in water containing abundant weak acids or 
surfactants [31–35]. The principle of OPCS-IC method is to enrich and 
separate aqueous analytes by switching valve ports and aligning the 
positions of analytical column and concentrator column alternatively 
[21]. By heart-cutting interfering compounds and delivering them into 
waste, target components were selectively and temporarily retained at 
the concentrator column [35]. So, the analytes of interest can be 
enriched for subsequent analysis in the second run. Compared to con-
ventional IC, the OPCS-IC method is more robust in reducing coexisting 
interferents and therefore enabling better quantification of target ana-
lytes. Compared to 2D-IC, the OPCS-IC requires fewer instruments. 
However, this technique has yet been applied to analyze HAAs before, 
because it is more challenging than before as it needs to carry out 
multiple column-switching actions to reduce the interferences of mul-
tiple anions. 

In addition to matrix removal, online analytes enrichment is another 
merit of OPCS-IC method. In most of earlier 2D-IC and OPCS-IC studies, 
the concentrator column was only used to enrich analytes by only once. 
In theory, the concentrator column can be used multiple times for 
further enrichments by successive injections, as well as simultaneous 
matrix removal. Compared to conventional HAAs enrichment and ma-
trix removal methods, such as liquid–liquid extraction [36], solid-phase 
extraction [37], and liquid extraction/back extraction [38,39], the on-
line OPCS-IC method is not only labor-saving in sample pretreatments 
but also easy to automate. However, there are few studies employing 
OPCS-IC method to enrich HAAs now, probably because interfering 
anions are likely enriched too in the meantime of HAAs enrichment. So, 
both analytes enrichment and matrix removal are necessary to detect 
trace HAAs in drinking water. 

In this context, we for the first time tested and optimized the OPCS-IC 
method in analyzing HAA5 in drinking water. The recovery of HAAs and 
removal of interferents are the two major prerequisites guarantying its 
practical application. In sequence, we assessed the performance of this 
method on HAA5 enrichment first. Then, we checked the performance of 
HAA5 enrichments and interferents removals. Next, we explored the 
applicability of the method in terms of its method detection limit (MDL), 
calibration curve, analytical accuracy, and precision. Lastly, we 

compared the detections of HAA5 in several real water samples between 
this method and a conventional GC-based method (i.e., USEPA standard 
method 552.3). 

2. Materials and methods 

2.1. Chemicals and samples 

The HAA5 stock solutions including monochloroacetic acid (MCAA), 
MBAA, DCAA, dibromoacetic acid (DBAA), and TCAA were prepared by 
dilution of 97 % or higher purity reagents (Aladdin Inc., China) in ul-
trapure water. Ultrapure water with an electric resistance of 18.2 
MΩ⋅cm− 1 was used for preparing synthetic samples. KOH (purity ≥ 95 
%, Aladdin Inc., China) was used as mobile phase of IC. The reagents 
used in the USEPA 552.3 method, including sodium sulfate, sodium 
bicarbonate, methyl tert-butyl ether, 1,2,3-trichloropropene, and methyl 
alcohol were chromatographic grade and purchased from Aladdin Inc., 
China. Sodium hydroxide and sulfuric acid were used to adjust water pH 
whenever needed. In addition, four typical drinking water samples were 
collected from laboratory faucets and public drinking water facilities. 
The contents of anions in these samples are provided in Table S1. 

2.2. Apparatus 

The proposed OPCS-IC consists of a host engine (RPIC-2017, Qing-
dao Reepo Analytic Instrument Co., ltd., China), an automatic electro-
dialytic eluent generator (RPEG-1-A, Qingdao Reepo Analytic 
Instrument Co., ltd., China), an automatic eluent suppressor (WLK-8A, 
Qingdao Reepo Analytical Instrument Co., ltd, China), a CD detector, 
and a UV detector (SPD 20A, Shimadzu, Japan). The IC engine contains a 
high-pressure peek pump, an injection loop (500 μL), an eluent purifi-
cation column (RPTC, 40 µm × 100 mm × 4 mm), two valves (one six- 
port and another ten-port valve), and a temperature-maintaining oven 
(set to 30 ◦C in this study). In this system, an IonPac AG 19 guard column 
(Thermo Fisher, USA, 11 µm × 50 mm × 4 mm) was used as the 
concentrator column and an IonPac AS 19 (Thermo Fisher, USA, 7.5 µm 
× 250 mm × 4 mm) was used for compounds separation (Fig. S1). The 
working pressure in this system was 1552 psi. The setups of the IC are 
provided in Fig. 1. 

USEPA method 552.3 was also carried out to analyze HAA5. For this 
method, a GC equipped with an ECD (GC-9720, Fuli, China) was used. In 
brief, 3.0 µL sample was introduced into the GC under splitless injection 
mode and the compounds were separated by a capillary column (ZB- 
624, Phenomenex, USA, 1.40 µm × 30 m × 0.25 mm). The flow of carrier 
gas (nitrogen) was set at 1.0 mL⋅min− 1. The oven temperature was held 
at 50 ◦C for 1 min and then ramped to 190 ◦C at a rate of 10 ◦C⋅min− 1 

and held for 16 min, further to 250 ◦C at a rate of 20 ◦C⋅min− 1 for 20 
min. The injector temperature was 220 ◦C, and the temperature in the 
electron capture detector was maintained at 280 ◦C. The UV spectra of 
HAA5 were obtained by using a UV–vis spectrophotometer (S-3100, 
Scinco, Korea). The detailed descriptions of its acidification, liquid-
–liquid extraction, and derivatization procedures are described else-
where [14]. 

2.3. Operation procedures 

Firstly, sample was loaded into the IC sampling loop (Fig. 1a). During 
the injection period, IC eluent flew stepwise through the six-port valve, 
concentrator column, ten-port valve, analytical column, suppressor, 
detector, and finally to the waste. Secondly, the sample was carried by IC 
eluent and moved from the sample loop to the analytical column for 
primary separation, during which most of interfering components were 
delivered to waste by adjusting the positions of valve ports (Fig. 1b). 
Thirdly, the concentrator column was shifted behind the CD detector 
and the target compounds were selectively retained on the concentrator 
column (Fig. 1c). For those interferents (e.g., Cl− ) with elution time right 
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after target analytes (e.g., MBAA), we first collected target analytes and 
then delivered interferents into waste. Since samples contained not only 
HAAs but also interfering anions, the second and third steps need to be 
repeated several times until HAAs were all collected in the concentrator 
column and most of potential interfering anions were removed. The 
criteria for selection of column-switching time for HAAs collection was 
described in Fig. S2. Finally, the concentrator column was shifted in 
front of the separation column, and the initially concentrated HAAs in 
the concentrator column were further separated (Fig. 1d). 

3. Results and discussion 

3.1. HAA5 preconcentration 

Fig. 2 shows the comparison between five successive injections at 
0.2 mg⋅L− 1 and a single injection at 1.0 mg⋅L− 1. The peaks of HAA5 and 
interfering anions between these two concentrations overlapped well, 
indicating that online preconcentration was successfully achieved. In 
theory, components can be enriched by many times as long as their 
concentrations do not outweigh the capacity of the concentrator col-
umn. However, considering analysis time, this study only evaluated 
fivefold enrichment at most. To prevent excessive backpressure for the 
suppressor, this OPCS-IC only used a set of guard and analytical column, 
a pump, a detector, and a suppressor, so it required less instrumental 
cost than that of 2D-IC. The separation result between HAA5 and 
interfering anions in this system is similar to that obtained by combining 
an analytical column and a capillary column in an earlier 2D-IC system 
[19]. However, the elution time of HAAs in a 2D-IC system is theoreti-
cally longer than that of this method because eluent flows much slowly 
in a capillary column than that in an anion analytical column. Therefore, 
compared with 2D-IC, OPCS-IC not only decreases the test cost of HAA5 
but also improves the analytical efficiency. 

To further assess the enrichment performance, we compared the 
HAA5

′ calibration curves (ranging from 2.0 ~ 100.0 μg⋅L− 1) between 
online preconcentration (at low concentrations) and calibrations 
without preconcentration (at high concentrations). As seen in Fig. S3, 

the enrichment and non-enrichment calibration curves of MCAA, DCAA, 
DBAA, and TCAA were very close (their slopes and correlation co-
efficients were provided in Table S2). These phenomena indicate that 
MCAA, DCAA, DBAA, and TCAA were not lost throughout the column- 
switching processes. However, there was an exception between 
MBAA’s enrichment and non-enrichment calibration curves, which 
suggests a loss of MBAA during the enrichment process. To verify this 
distinction, we checked the effect of retention time on the integrity of 

Fig. 1. Chromatographic instrument configuration for the analysis of HAA5 in drinking water: a) loading the sample loop; b) analyzing HAA5 in the sample and 
eliminating interferents; c) collecting HAA5; d) analyzing the concentrated HAA5. Green line: sample injection; blue line: pipeline in operation; black line: pipeline 
without operation. Abbreviations: (CC) concentrator column; (AC) analytical column; (S) suppressor; (CD) conductivity detector. 

Fig. 2. A chromatogram comparison between a 0.2 mg⋅L− 1 solution (contain-
ing 0.2 mg⋅L− 1 HAA5, F− , Cl− , Br− , and SO4

2− ) after preconcentration by fivefold 
and a 1.0 mg⋅L− 1 solution (containing 1.0 mg⋅L− 1 HAA5, F− , Cl− , Br− , and 
SO4

2− ) without preconcentration (eluent gradient of KOH: 0–6.0 min: 30 mM, 
6.1–10 min 8 mM, 10.1–40 min: 2 mM, 40.1–45 min: 8 mM, 45.1–60 min: 12 
mM, elution time of preconcentration: 8.0 min). 
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MCAA and MBAA. As seen in Fig. S4, the concentration of MCAA 
remained stable as the retention time increased, whereas the concen-
tration of MBAA first decreased and then remained stable. The loss of 
MBAA in the concentrator column is probably attributed to its hydro-
lysis at low concentrations. Despite the drawback, preconcentration of 
HAA5 through the OPCS-IC still enhanced their detection signals. 

3.2. Matrix removal 

In addition to analytes enrichment, another virtue of column- 
switching IC is matrix removal. Fig. 3 compares the HAA5 analyses in 
simulated drinking water with and without matrix removal by the OPCS- 
IC. Without matrix removal, the chromatographic peaks of Cl− and SO4

2−

clearly interfered with the chromatographic peaks of DCAA and TCAA, 
respectively. In contrast, HAA5 were differentiated and quantified well 
after matrix removal via this method. Although the peaks of MCAA and 
MBAA were close, their resolutions are clear enough to quantify their 
concentrations, and their resolutions were similar to those of 2D-IC 
method [15]. In other methods, the analysis time for HAA5 by IC-ESI- 
MS/MS [20] and 2D-IC [19] methods were 55 min and 100 min, 
respectively. Both are similar to or greater than the method used in this 
study, which was ≤ 60 min. The detailed gradient elution and operation 
procedures for matrix removal and HAA5 enrichment are provided in 
Table S3. 

Specifically, Table 1 shows the HAA5 recoveries and matrix removals 
after the whole operation. The HAA5 recoveries ranged from 98 % to 
105 % with relative standard deviations (RSDs) being less than 2 %. 
Meanwhile, the interferents were removed by 62.4 % for F− , 93.9 % for 
Cl− , 99.7 % for Br− , 99.9 % for NO3

–, and 98.9 % for SO4
2− . The average 

matrix removal was 90.9 % with an average RSD of 1 %. These results 
indicate that the separation of HAA5 from coexisting interferents in 
drinking water by the OPCS-IC technique is feasible and stable. 

During the removals of coexisting interferents, HAA5 and a few 
interfering anions were temporarily retained and concentrated in the 
concentrator column. Once we enriched the HAA5 by 5 times, they were 
eluted out, resulting in simultaneous matrix removal and HAA5 
enrichment (Fig. 4). Although a portion of interfering anions was also 
enhanced, their signals did not pose a significant interference on the 
resolution of HAA5. Compared with earlier online matrix removal for 
HAA5 analyses, which require multiple pretreatment columns (e.g., 

silver column for Cl− , hydrogen column for CO3
2–, barium column for 

SO4
2− ) [40,41], this method can easily remove a series of coexisting 

interferents with only one column. So, the OPCS-IC method is a prom-
ising alternative for HAA5 determination in drinking water. 

Since OPCS-IC was often used to detect trace anions in seawater 
where the interfering anions contents are much higher than those in 
drinking water, [27,31], there is no upper limits of interfering anions as 
long as they do not exceed the column capacity. In case the signals of 
coexisting anions still interfere with the analysis of certain HAA5 species 
after switching columns (e.g., HAAs determination in coastal seawater), 
a cycling-column-switching mode is recommended to be used [27,28]. 
That is, the separated HAA5 with undesired interferents may be sepa-
rated again by repeating the process abovementioned until interferents 
do not affect HAA5 quantification any more. 

3.3. Limits of quantitation and MDLs 

Given that earlier studies used UV detector to quantify HAAs 
[16,36], we herein compared CD detector and UV detector in their 
HAA5

′ limits of quantitation (LOQ) and MDLs. The data presented in 
Table S4 were obtained by measuring at least seven replicate samples 
according to the USEPA method [42], in which LOQs and MDLs were 
estimated by the product of standard deviation and a statistic coefficient 
when the RSDs of these replicates fell within a recommended range (i.e., 

Fig. 3. The chromatograms of HAA5 in samples with and without removing 
interfering anions by column-switching technique (eluent gradient of KOH: 
0–7.0 min: 20 mM, 7.1–11 min 8 mM, 11.1–40 min: 2 mM, 40.1–45 min: 8 mM, 
45.1–60 min: 12 mM, elution time of preconcentration column: 9.3 min; initial 
HAA5 = 50 μg⋅L− 1, F− = 1 mg⋅L− 1, Cl− =15 mg⋅L− 1, Br− = 5 mg⋅L− 1, NO3

– = 10 
mg-N⋅L− 1, SO4

2− =10 mg⋅L− 1). 

Table 1 
The recoveries of HAA5 and interferents removal after switching columns.  

HAA5 Recovery Interferents Removal 

Spiked 50.0 μg⋅L− 1 RSD Removal RSD 

MCAA 105 % 1 % F− 62.4 % 3 % 
MBAA 98 % 2 % Cl− 93.9 % 1 % 
DCAA 103 % 1 % Br− 99.7 % 0.01 % 
DBAA 98 % 2 % NO3

–  99.9 % 0.01 % 
TCAA 102 % 1 % SO4

2− 98.9 % 1 % 

Initial F− =1 mg⋅L− 1, Cl− =15 mg⋅L− 1, Br− = 5 mg⋅L− 1, NO3
–=10 mg-N⋅L− 1, SO4

2−

=10 mg⋅L− 1 (replicate ≥ 2). 
HAA, haloacetic acid; MCAA, monochloroacetic acid; MBAA, monobromoacetic 
acid; DCAA, dichloroacetic acid; DBAA, dibromoacetic acid; TCAA, trichloro-
acetic acid; RSD, relative standard deviations. 

Fig. 4. The chromatograms of HAA5 with matrix removal only and with both 
matrix removal and HAA5 preconcentration (by 5 times) by using OPCS-IC 
(eluent gradient of KOH: 0–7.0 min: 20 mM, 7.1–11 min 8 mM, 11.1–40 min: 
2 mM, 40.1–45 min: 8 mM, 45.1–60 min: 12 mM, elution time of preconcen-
tration column: 9.3 min; initial HAA5 = 50 μg⋅L− 1, F− = 1 mg⋅L− 1, Cl− =15 
mg⋅L− 1, Br− = mg⋅L− 1, NO3

– 
= 10 mg-N⋅L− 1, SO4

2−
=10 mg⋅L− 1). 
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10 % < RSD < 40 %) [43]. As seen, the LOQs and MDLs obtained from 
the CD detector were obviously lower than those from the UV detector, 
meaning that the CD detector is more sensitive to HAA5 detection than 
the UV detector. In addition, we tested the effect of online preconcen-
tration on LOQs and MDLs of HAA5. The results show that fivefold 
preconcentration of MCAA, MBAA, DCAA, DBAA, and TCAA success-
fully decreased their MDLs from 0.4 μg⋅L− 1 to 0.1 μg⋅L− 1, 0.5 μg⋅L− 1 to 
0.2 μg⋅L− 1, 3 μg⋅L− 1 to 0.7 μg⋅L− 1, 10 μg⋅L− 1 to 2 μg⋅L− 1, and 2 μg⋅L− 1 to 
0.3 μg⋅L− 1, respectively. The average MDL drops of four HAAs correlated 
well with their enrichment factors except for MBAA (i.e., 2 vs 5). In 
terms of the effect of UV wavelengths on HAAs’ LOQs and MDLs, the 
relevant results and explanations are provided in Supporting 
Information. 

3.4. Methods comparison 

To evaluate the applicability of the OPCS-IC method for HAA5 ana-
lyses, we compared the IC method with the USEPA method 552.3, which 
is a GC-based method featuring little interference from coexisting anions 
because most of anions were eliminated by liquid–liquid extraction 
process. The detailed anion contents of these samples are provided in 
Table S1. The average ion strengths of the drinking water samples were 
ranked as: reverse osmosis treated water (ROW) > drinking facility 
water (DFW) > tap water (TW) > boiled tap water (BTW). Table 2 
presents a comparison of HAA5

′ recoveries and RSDs under two different 
HAA5 spiking levels (i.e., 1.0 μg⋅L− 1and 10.0 μg⋅L− 1). The samples 
containing 1.0 μg⋅L− 1 HAA5 were analyzed through a sequential injec-
tion and matrix removal mode (i.e., Fig. 4), while the samples containing 
10.0 μg⋅L− 1 HAA5 were analyzed through a single injection and matrix 

removal mode (i.e., Fig. 3). 
In general, the recoveries and RSDs of 1.0 μg⋅L− 1 of HAA5 between 

the two methods are summarized as follows: 1) for the BTW water: 95 % 
~ 100 % recoveries and 3 % ~ 10 % RSDs were obtained by the OPCS-IC 
method, while 95 % ~ 110 % recoveries and 2 % ~ 4 % RSDs were 
obtained by the GC method; 2) for the TW water: 90 % ~ 100 % re-
coveries and 2 % ~ 6 % RSDs were obtained by the OPCS-IC method, 
while 90 % ~ 99 % recoveries and 1 % ~ 4 % RSDs were obtained by the 
GC method; 3) for the DFW water: 98 % ~ 102 % recoveries and 3 % ~ 6 
% RSDs were achieved by the OPCS-IC method, while 97 % ~ 105 % 
recoveries and 1 % ~ 6 % RSDs were obtained by the GC method; 4) for 
the ROW water: 90 % ~ 100 % recoveries 3 % ~ 9 % RSDs were ob-
tained by the OPCS-IC method, while 85 %~ 96 % recoveries and 2 % ~ 
6 % RSDs were achieved by the GC method. Similar to the samples 
spiked with 1.0 μg⋅L− 1, the HAA5

′ recoveries in samples dosed with 10.0 
μg⋅L− 1 HAA5 all exceeded 82 % in both OPCS-IC and GC methods along 
with lower RSDs. These results indicate that the OPCS-IC method can 
maintain HAA5

′ integrities well in real samples, which is comparable to 
the GC method 

Specifically, the worst recoveries of HAA5 in the GC method were 
found in the ROW sample among four real water samples, which may 
attribute to the abundance of organic matrix contents in the ROW 
sample. Although coexisting anions cannot interfere with the GC method 
for HAA5

′ recoveries, the presence of various organic matrix still posed 
an influence on the quantification of HAA5. In contrast, those organic 
components had little influence on the RSDs of the OPCS-IC method 
because they have distinctive anion-exchanging properties. Therefore, 
the OPCS-IC method is a promising alternative for HAA5 determination 
in drinking water. 

Table 2 
The recovery of HAA5 in four real water samples (n ≥ 2).  

HAA5 in DFW OPCS-IC method GC method (EPA 552.3) 

Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD 

MCAA 102 % 3 % 99 % 2 % 105 % 3 % 104 % 2 % 
MBAA 98 % 3 % 98 % 2 % 99 % 2 % 99 % 1 % 
DCAA 100 % 4 % 99 % 4 % 101 % 1 % 99 % 2 % 
DBAA 101 % 6 % 98 % 4 % 97 % 6 % 94 % 3 % 
TCAA 99 % 3 % 97 % 3 % 98 % 4 % 96 % 2 %  

HAA5 in BTW OPCS-IC method GC method (EPA 552.3) 

Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10 μg⋅L− 1 RSD Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD 

MCAA 99 % 6 % 96 % 2 % 110 % 3 % 98 % 2 % 
MBAA 95 % 4 % 92 % 3 % 96 % 3 % 93 % 2 % 
DCAA 98 % 3 % 98 % 2 % 103 % 2 % 99 % 2 % 
DBAA 100 % 4 % 99 % 1 % 95 % 4 % 96 % 5 % 
TCAA 99 % 10 % 97 % 8 % 102 % 2 % 101 % 2 %  

HAA5 in TW OPCS-IC method GC method (EPA 552.3) 
Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0μg⋅L− 1 RSD 

MCAA 100% 2% 99% 2% 99% 2% 99% 1% 
MBAA 90% 3% 87% 2% 91% 2% 89% 3% 
DCAA 98% 5% 96% 2% 99% 4% 93% 2% 
DBAA 96% 6% 94% 2% 90% 1% 90% 1% 
TCAA 100% 3% 98% 2% 93% 1% 92% 1%  

HAA5 in ROW OPCS-IC method GC method (EPA 552.3) 

Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD Recovery Spiked 1.0 μg⋅L− 1 RSD Recovery Spiked 10.0 μg⋅L− 1 RSD 

MCAA 100% 3% 99% 2% 96% 1.55% 97% 2% 
MBAA 91% 9% 84% 4% 90% 5.32% 84% 1% 
DCAA 90% 7% 88% 6% 89% 1.20% 96% 1% 
DBAA 92% 3% 90% 3% 89% 1.04% 88% 1% 
TCAA 96% 5% 91% 4% 85% 0.49% 82% 1% 

TW, tap water; BTW, boiled tap water; ROW, reverse osmosis treated water; DFW, drinking facility water. 
OPCS IC, one pump column-switching ion chromatography; GC, gas chromatography; RSD, relative standard deviations. 
HAA, haloacetic acid; MCAA, monochloroacetic acid; MBAA, monobromoacetic acid; DCAA, dichloroacetic acid; DBAA, dibromoacetic acid; TCAA, trichloroacetic 
acid. 
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4. Conclusions 

In this study, we proposed and verified the OPCS-IC method for 
HAA5 determination in drinking water. Under optimal operation con-
ditions, the method achieved a clear resolution between HAA5 and 
interfering anions, which features similar virtues as 2D-IC technique but 
requires fewer equipments. This method presented a wonderful online 
preconcentration effect for HAA5 analysis, with the calibration slopes (at 
0.2 mg⋅L− 1) similar to those without enrichment pretreatment (at 1.0 
mg⋅L− 1). The average MDLs of MCAA, DCAA, DBAA, and TCAA were 
well correlated with enrichment factors, with an exception for MBAA (i. 
e., 2 vs 5). The average removal for interfering anions was over 90 % 
while the recoveries of HAA5 ranged within 98 % ~ 105 % by the 
column-switching process. The recoveries of 1.0 μg⋅L− 1 and 10.0 μg⋅L− 1 

HAA5 dosed into real samples with varying salinity and organics were 
over 82 % for both the OPCS-IC method and the GC-based method 
(USEPA method 552.3), proving that the new method can obtain similar 
performance as the standard method. Thus, the OPCS-IC method is likely 
to be a promising alternative for HAA5 determination in drinking water. 
Once automated, it is feasible to use it to determine trace HAA5 in water 
with high-level salts and/or interfering organics. 
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[17] D. Martıńez, J. Farré, F. Borrull, M. Calull, J. Ruana, A. Colom, Capillary zone 
electrophoresis with indirect UV detection of haloacetic acids in water, Journal of 
Chromatography A, 808 (1998) 229-236. 

[18] B. Paull, L. Barron, Using ion chromatography to monitor haloacetic acids in 
drinking water: a review of current technologies, J. Chromatogr. A 1046 (2004) 
1–9. 

[19] H.B. Teh, S.F.Y. Li, Simultaneous determination of bromate, chlorite and haloacetic 
acids by two-dimensional matrix elimination ion chromatography with coupled 
conventional and capillary columns, J. Chromatogr. A 1383 (2015) 112–120. 

[20] USEPA, Method 557: determination of haloacetic acid, bromate, and dalapon in 
drinking water by ion chromatograohy electron ionization tandem mass 
spectrometry (IC-ESI-MS/MS), Environmental Monitoring and System Laboratory, 
Cincinnati, OH (2009). 

[21] F. Erni, R.W. Frei, Two-dimensional column liquid chromatographic technique for 
resolution of complex mixtures, J. Chromatogr. A 149 (1978) 561–569. 

[22] H.P. Wagner, B.V. Pepich, C. Pohl, D. Later, K. Srinivasan, R. Lin, B. DeBorba, D. 
J. Munch, Selective method for the analysis of perchlorate in drinking waters at 
nanograrn per liter levels, using two-dimensional ion chromatography with 
suppressed conductivity detection, J. Chromatogr. A 1155 (2007) 15–21. 

[23] V. Kraft, M. Grützke, W. Weber, J. Menzel, S. Wiemers-Meyer, M. Winter, 
S. Nowak, Two-dimensional ion chromatography for the separation of ionic 
organophosphates generated in thermally decomposed lithium 
hexafluorophosphate-based lithium ion battery electrolytes, J. Chromatogr. A 1409 
(2015) 201–209. 

[24] D. Verrey, M.-V. Louyer, O. Thomas, E. Baurès, Direct determination of trace-level 
haloacetic acids in drinking water by two-dimensional ion chromatography with 
suppressed conductivity, Microchem. J. 110 (2013) 608–613. 

[25] Y. Ji, R. Guo, S.F. Lee, S.F.Y. Li, Rapid determination of trace level N-nitrosamine 
precursors in secondary-treated wastewater by using two dimensional-ion 
chromatography, J. Hazard. Mater., 368 (2019) 452-458. 

[26] T. Fisher, Method 557.1: Determination of haloacetic acids in drinking water using 
two-dimensional ion chromatography with suppressed conductivity detection, 
Version 1.0, Thermo Fisher Scientific (2017a). 

[27] N. Wang, R.Q. Wang, Y. Zhu, A novel ion chromatography cycling-column- 
switching system for the determination of low-level chlorate and nitrite in high salt 
matrices, J. Hazard. Mater. 235 (2012) 123–127. 

[28] Z. Huang, Q. Subhani, Z. Zhu, W. Guo, Y. Zhu, A single pump cycling-column- 
switching technique coupled with homemade high exchange capacity columns for 
the determination of iodate in iodized edible salt by ion chromatography with UV 
detection, Food Chem. 139 (2013) 144–148. 

[29] N. Muhammad, Q. Subhani, F. Wang, D. Guo, Q. Zhao, S. Wu, Y. Zhu, Application 
of a simple column-switching ion chromatography technique for removal of matrix 
interferences and sensitive fluorescence determination of acidic compounds 
(pharmaceutical drugs) in complex samples, J. Chromatogr. A 1515 (2017) 69–80. 

[30] Y. Zhong, W. Zhou, H. Zhu, X. Zeng, M. Ye, P. Zhang, Y. Zhu, A single pump 
column-switching technique coupled with polystyrene-divinylbenzene–carbon 
nanotubes column for the determination of trace anions in different concentrated 
organic matrices by ion chromatography, Anal. Chim. Acta 686 (2011) 1–8. 

Y. Yang et al.                                                                                                                                                                                                                                    



Microchemical Journal 183 (2022) 107997

7

[31] R. Wang, N. Wang, M. Ye, Y. Zhu, Determination of low-level anions in seawater by 
ion chromatography with cycling-column-switching, J. Chromatogr. A 1265 
(2012) 186–190. 

[32] H. Zhu, H. Chen, Y. Zhong, D. Ren, Y. Qian, H. Tang, Y. Zhu, Determination of trace 
inorganic anions in weak acids by single-pump column-switching ion 
chromatography, J. Chromatogr. Sci. 48 (2010) 553–558. 

[33] K. Vermeiren, Trace anion determination in concentrated hydrofluoric acid 
solutions by two-dimensional ion chromatography: II. Method performance study 
with a hydroxide eluent and a low noise suppressor, J. Chromatogr. A 1085 (2005) 
66–73. 

[34] J.J. Zhang, H.B. Zhu, Y. Zhu, Determination of trace inorganic anions in anionic 
surfactants by single-pump column-switching ion chromatography, Chin. Chem. 
Lett. 23 (2012) 835–838. 

[35] Z. Huang, C. Ni, Z. Zhu, Z. Pan, L. Wang, Y. Zhu, Analysis of trace inorganic anions 
in weak acid salts by single pump cycling-column-switching ion chromatography, 
J. Sep. Sci. 38 (2015) 1294–1300. 

[36] D. Kou, X. Wang, S. Mitra, Supported liquid membrane microextraction with high- 
performance liquid chromatography–UV detection for monitoring trace haloacetic 
acids in water, J. Chromatogr. A 1055 (2004) 63–69. 

[37] R. Loos, D. Barceló, Determination of haloacetic acids in aqueous environments by 
solid-phase extraction followed by ion-pair liquid chromatography–electrospray 
ionization mass spectrometric detection, J. Chromatogr. A 938 (2001) 45–55. 

[38] V. Lopez-Avila, Y. Liu, C. Charan, Determination of haloacetic acids in water by ion 
chromatography—method development, J. AOAC Int. 82 (1999) 689–704. 

[39] W. Ma, W. Li, Y. Yang, J. Yang, B. Chen, Y. Xie, Derivatization-free multi-step 
extraction for trace haloacetic acids analysis with ion chromatography: 
Performance and mechanisms, J. Hazard. Mater., 436 (2022) 129166. 

[40] X. Luo, L. Chen, Y. Zhao, Simultaneous determination of three chloroacetic acids, 
three herbicides, and 12 anions in water by ion chromatography, J. Sep. Sci. 38 
(2015) 3096–3102. 

[41] P. Bruno, M. Caselli, G. de Gennaro, P. Ielpo, T. Ladisa, C.M. Placentino, Ion 
chromatography determination of heavy metals in airborne particulate with 
preconcentration and large volume direct injection, Chromatographia 64 (2006) 
537–542. 

[42] USEPA, Definition and procedure for the determination of the method detection 
limit, Revision 2, Environmental Protection Agency (2016). 

[43] M. Tarvin, B. McCord, K. Mount, K. Sherlach, M.L. Miller, Optimization of two 
methods for the analysis of hydrogen peroxide: high performance liquid 
chromatography with fluorescence detection and high performance liquid 
chromatography with electrochemical detection in direct current mode, 
J. Chromatogr. A 1217 (2010) 7564–7572. 

Y. Yang et al.                                                                                                                                                                                                                                    


