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Abstract}Haloacetic acids (HAAs) are a group of disinfection by-products formed in chlorinated water.
Due to their potential health effects and widespread occurrences, HAAs are regulated in drinking water in
the United States under a promulgated regulation. To better control the formation of HAAs in drinking
water, a reliable and accurate analytical method is needed for HAA monitoring. In the present study, a
liquid–liquid microextraction, acidic methanol derivatization, and gas chromatography/mass spectrometry
(GC/MS) detection method was developed for determining HAAs and dalapon in drinking water. The
newly developed method is capable of analyzing all nine HAAs and dalapon at mg/l levels. The method
performance, including the method detection limit (MDL) and spiking recovery, was evaluated. In
comparison to EPA Method 552.2, which uses gas chromatography/electron capture detection (GC/
ECD), this GC/MS method gave cleaner baselines and had few interfering peaks. For each of all nine
HAAs and dalapon, the MDL was less than 1mg/l and the spiking recovery ranged from 73 to 165%.
Using the GC/MS method, the run time could also be significantly reduced without compromising the
analytical results. Further study is needed to fine-tune this GC/MS based analytical method, especially in
the detection of brominated trihaloacetic acids and monochloroacetic acid.# 2001 Elsevier Science Ltd.
All rights reserved
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NOMENCLATURE

BCAA bromochloroacetic acid
BDCAA bromodichloroacetic acid
Dalapon 2,2-dichloropropionic acid
DBAA dibromoacetic acid
DBCAA dibromochloroacetic acid
DCAA dichloroacetic acid
ECD electron capture detection
GC gas chromatography
IS internal standard
MCAA monochloroacetic acid
MBAA monobromoacetic acid
MS mass spectrometry
SIM selected ion monitoring
TBAA tribromoacetic acid
TCAA trichloroacetic acid

INTRODUCTION

Disinfection is an effective water treatment process to
control waterborne diseases. Due to the reactions
between disinfectants and natural organic matter in

drinking water, organic disinfection byproducts
(DBPs) are formed during water disinfection. In
addition to trihalomethanes, haloacetic acids (HAAs)

are another major group of DBPs in chlorinated
drinking water. Owing to their potential health
effects and widespread occurrences in chlorinated

water, HAAs are regulated, in conjunction with
trihalomethanes, chlorite, and bromate, under the
promulgated United States Environmental Protec-

tion Agency (US EPA) Disinfectants and Disinfec-
tion Byproducts (D/DBP) rule (US EPA, 1998).
To better control the formation of HAAs in

drinking water, a reliable and accurate analytical

method is needed for HAA monitoring. For HAA
analyses, currently, there are three US EPA approved
methods, including the EPA Method 552.1, EPA

Method 552.2, and Standard Method 6251 (US EPA,
1992, 1995; Clesceri et al., 1998). In all three
methods, HAAs are extracted from water samples

using methyl tert-butyl ether (MTBE) or anion
exchange resins, converted into methyl esters using
diazomethane or acidic methanol, and analyzed using

gas chromatography-electron capture detection
(GC/ECD). Many studies have been conducted for
developing and fine-tuning these methods (Barth and
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Fair, 1992; Chinn and Krasner 1989; Pawlecki-

Vonderheide et al., 1997; Xie et al., 1993, 1998).
Nevertheless, all three methods have the following
shortcomings: (1) a low sensitivity for monochloro-
acetic acid (MCAA), (2) susceptible to chromato-

graphic interference, especially for MCAA, and
(3) long GC run times.
The objective of the present study was to explore

the application of gas chromatography-mass spectro-
metry (GC/MS) in EPA Method 552.2 for HAA
analysis. To increase the sensitivity of the GC/MS

detection, a selected ion monitoring (SIM) mode was
used for HAA detection. The GC/MS operating
conditions were developed. The method performance

including the calibration curve, method detection
limit (MDL), and spiking recovery were evaluated.
Finally, the newly developed method was evaluated
using drinking water samples collected at a local

water treatment plant. Dalapon, a chlorinated
herbicide and a potential DBP, was analyzed because
it was included in EPA Method 552.2 and commer-

cial HAA standards.

EXPERIMENTAL

Chemicals and standards

Reagent-grade H2SO4 and CuSO4, and residual analysis
grade or pesticide residual analysis grade Na2SO4, metha-
nol, and MTBE were used as purchased without further
purification. HAA standards were purchased from a
commercial source. The standard contained 100mg/ml of
each of nine HAAs and dalapon.

Sample preparation

The sample preparation procedure, which is similar to
that described in EPA Method 552.2. (US EPA, 1995), was
used in the study. After adding 1.5ml of concentrated
H2SO4, 12 g of Na2SO4, and the surrogate (2,3-dibromo-
propionic acid), a 30ml of water sample was extracted with
3ml of MTBE spiked with the internal standard, 1,2,3-
trichloropropane, manually for 2min. Then 2.5ml of extract
was methylated by adding 1.0ml of 10% H2SO4 methanolic
solution and kept at 508C for 2 h. After cleaning with 4.0ml
of 10% Na2SO4 solution, the extract was then submitted for
GC/MS analysis.

GC/MS analysis

An HP 6890 Gas chromatography (GC) coupled with an
HP 5973 Mass Selective Detector (MSD) (Hewlett-Packard
Co.) was used for analyzing HAAs and dalapon. An HP
6890 Series Automatic Liquid Sampler was used for sample
injection and an HP MSD ChemStation was used for data
process. A 3.0ml of sample was introduced into GC by
splitless injection and separated on a 30m� 0.25mm,
0.25mm film thickness HP-5MS capillary column. The
carrier gas flow rate was at 1.0ml/min (constant flow).
The oven temperature was held isothermally at 358C for
10min and then ramped to 758C at a rate of 58C/min and
held for 15min, further to 1008C at a rate of 58C/min for
5min, 1358C at a rate of 58C/min for 2min, and 1858C at a
rate of 258C/min for 2min. The injector temperature was
2008C and the transfer line was maintained at 2808C. The
MSD was operated in the electron impact (EI) mode. The

ion source temperature was 2308C and the electron energy
was 70 eV.

Method performance

Seven replicates of a 3.0 mg/l of each HAA and dalapon
aqueous standard were analyzed for determining the MDLs.
The MDL was calculated as 3.14 times the standard
deviation of the seven replicate. The value, 3.14, is the
value of t for 7�1=6 degrees of freedom and at the 99%
level from the one-sided t distribution table (US EPA,
1995). The analyte recovery was determined by analyzing
a treated water sample spiked with 20mg/l of HAAs and
dalapon.

Water treatment plant

Hershey Water Treatment Plant is owned and operated
by Pennsylvania American Water Company. The treatment
process consists of coagulation, sedimentation, granular-
activated carbon/sand filtration, and chlorination. Pre-
oxidation with potassium permanganate and intermediate
chlorination were also used. The plant effluent samples was
collected after postchlorination.

RESULTS AND DISCUSSIONS

Mass spectra for nine HAAs, dalapon, internal

standard, and surrogate were obtained by running a
standard in the total ion chromatogram (TIC) mode
using a scan range of 33–400m/z. For MCAA, the

most abundant ion is 59m/z, [COOCH3]
+, followed

by 49m/z, [CH2Cl
35]+. After comparing abundance

of each ion with the background and interfering ions,
the ion of 59m/z was chosen as the quantitation ion

for MCAA in the SIM mode. The quantitation ions
and their starting times for all nine HAAs, dalapon,
internal standard, and surrogate are listed in Table 1.

Figure 1 is a typical SIM chromatogram for a
100mg/l of HAA and dalapon standard (without
adding surrogate) obtained in the SIM mode. The

highest peak is dichloroacetic acid (DCAA), followed
by MCAA, dalapon, trichloroacetic acid (TCAA),
and other HAAs. No interfering peaks were ob-

served, especially for MCAA which is regulated in
the promulgated D/DBP rule. In GC/ECD chroma-
tograms, generally, the peak for MACC is much
smaller due to its lowest halogen content and poorest

ECD response. The determination with GC/ECD is
also susceptible to chromatographic interference,
especially for MCAA. As shown in Fig. 1, the

smallest peak is tribromoacetic acid (TBAA), fol-
lowed by dibromochloroacetic acid (DBCAA),
bromodichloroacetic acid (BDCAA). The poor re-

sponses for TBAA and other brominated trihalo-
acetic acids may be due to their poor methylation
efficiency with acidic methanol and their instability.
The author has observed the incomplete methylation

of brominated trihaloacetic acid with acidic methanol
methylation and the decomposition of trihaloacetic
acids to trihalomethanes at room or elevated

temperatures. Using acidic methanol methylation
and ECD analysis, Pawlecki-Vonderheide et al.
(1997) also reported the lowest response for TBAA
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because of partial decarboxylation of TBAA. The

detection of brominated trihaloacetic acids, which
are not regulated in the promulgated D/DBP rule,
can be improved by increasing their methylation

efficiency or minimizing their decarboxylation.
A linear calibration curve was obtained for each

of nine HAAs and dalapon. The MDLs and spike
recoveries for nine HAAs and dalapon are shown in

Table 1. The MDL for monobromoacetic acid
(MBAA) is 0.71mg/l which is higher than the typical
values reported in EPA Method 552.1 (US EPA,

1992), EPA Method 552.2 (US EPA, 1995), and
Standard Method 6251 (Clesceri et al., 1998). This
may be due to the difference of the spike concentra-

tions between two studies. The MDL for tribromoa-
cetic acid (TBAA) is 0.83 mg/l which is similar to the
value reported by Pawlecki-Vonderheide et al. (1997).
Again, this may due to the poor methylation

efficiency and instability of TBAA. The spike
recoveries for some HAAs and dalapon are poor.
This indicates that further study is needed to fine-

tune the GC/MS method. A multiple level spike may
be a better procedure to determine the spike recovery
(Xie et al., 1998).

A plant effluent sample collected at Hershey Water
Treatment Plant was analyzed using the newly
developed GC/MS method. The concentrations were

7.4mg/l for DCAA, 18.2mg/l for TCAA, 4.2mg/l for
MBAA, and 1.5mg/l for BCAA. Other HAAs were
non-detectable. To better illustrate the separation of
all nine HAAs, dalapon, internal standard, and

surrogate, a plant effluent sample spiked with 20 mg/l
of HAAs and dalapon was analyzed, as shown in Fig.
2. In all SIM chromatograms of plant samples, a
solvent tail was observed. This may be due to the

existence of organic acids which were converted into
methyl esters during methylation and detected at
59m/z. The tailing could affect the quantification of

MCAA, especially at low levels. Further study is
needed to identify another quantitation ion for
MCAA to further minimize the matrix interference.

Although, the newly developed GC/MS method for
HAAs and dalapon needs to be further optimized,
this method is capable of analyzing nine HAAs and
dalapon at mg/l levels. Using the GC/MS in the SIM
mode, the run time could also be significantly
reduced without compromising the analytical results
since a complete separation of all peaks are not

needed for quantification.

CONCLUSIONS

A microextraction, acidic methanol derivatization
and GC/MS detection method was developed for

Fig. 1. The SIM chromatogram of a 100mg/l HAAs and dalapon standard.

Table 1. MSD operating conditions and method performance

Peak no. Compound names CAS no. Retention time Quantitation ion Starting time MDLs (mg/l) Spiking recoveries %

1 MCAA 79-11-8 13.4 59 12.00 0.21 87
2 MBAA 79-08-3 17.0 59 16.60 0.71 73
3 DCAA 79-43-6 17.8 59 17.40 0.07 92
4 Dalapon 75-99-0 19.5 97 18.80 0.13 146
5 ISa 96-18-4 22.2 75 21.80 NAb NAb

6 BCAA 5589-96-3 22.6 59 22.40 0.27 81
7 TCAA 76-03-9 23.0 59 22.80 0.15 137
8 DBAA 631-64-1 30.0 59 29.40 0.04 93
9 BDCAA 7113-314-7 32.0 59 31.20 0.12 144
10 Surrogatec 600-05-5 40.0 165 39.60 NA NA
11 DBCAA 5278-95-5 40.5 59 40.30 0.20 165
12 TBAA 75-96-7 47.8 59 47.40 0.83 117

a1,2,3-trichloropropane.
bNot applicable.
c 2,3-Dibromopropionic acid.
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determining all nine haloacetic acids and dalapon in
drinking water. The method performance is com-

parable to that of EPA Method 552.2 which uses
GC/ECD.
In comparison with the GC/ECD method, the

GC/MS method offers the following advantages: (1)
a higher sensitivity for MCAA; (2) fewer interfering
peaks and cleaner baselines; and (3) the use of a short
run time without comprising the analytical results.

Further study is needed to fine-tune the GC/MS
method. The detection of brominated trihaloacetic
acids can be improved by increasing their methyla-

tion efficiency or minimizing their decarboxylation.
For MCAA analysis, a quantitation ion other than
59m/z should be studied to further minimize the

matrix interference.
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Fig. 2. The SIM chromatogram of a spiked field sample.
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