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The stability and biodegradation of haloacetic acids (HAAs) in the presence of bioactivity

were evaluated using batch experiments; a separate experiment assessed the carbon

adsorption capacities of HAAs. HAAs were significantly degraded in dechlorinated

drinking water in the presence of suspended bacteria. Increasing the number of halogen

atoms on an HAA decreased its

biodegradation rate but increased its

carbon adsorption capacity; increasing

the number of bromine atoms on an

HAA also increased its carbon

adsorption capacity. Biologically active

carbon effectively removed milligram-

per-litre–level HAAs spiked in

dechlorinated drinking water. This

removal may be a result of the

combination of carbon adsorption and

biodegradation and can be described

by a pseudo first-order reaction model.

The findings from this study are

significant for sample preservation for HAA monitoring and could lead to the development

of an innovative technology for HAA control in drinking water.

aloacetic acids (HAAs) are a major group of disinfection by-prod-
ucts (DBPs) resulting from chlorination of natural organic matter in
drinking water. Concerns regarding the carcinogenic effects of HAAs
(Bull et al, 1990) led the US Environmental Protection Agency
(USEPA, 1998) to promulgate the Stage 1 Disinfectants/DBP Rule

that regulates the sum of five haloacetic acids at a maximum contaminant level
of 60 µg/L in finished drinking water. The five regulated HAAs are mono-
chloroacetic acid (ClAA), monobromoacetic acid (BrAA), dichloroacetic
acid (Cl2AA), dibromoacetic acid (Br2AA), and trichloroacetic acid (Cl3AA).
According to a survey conducted by the AWWA Water Quality Division Dis-
infection Systems Committee in 1998, the majority of US water utilities cur-
rently use chlorination for primary disinfection (AWWA, 2000a; AWWA,
2000b). Control of HAAs in water treatment and distribution systems, there-
fore, is important to many water utilities.

Several studies have reported that HAAs can be biologically degraded in
water. Singer et al (1993) found that HAAs were rapidly degraded in chlori-
nated finished drinking water during underground storage and suggested that
aerobic biodegradation removed the HAAs. Meusel and Rehm (1993) used
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Xanthobacter autotrophicus GJ10 to completely degrade
up to 20 mM of Cl2AA in a packed-bed fermenter and
observed that haloacid dehalogenase was induced by
Cl2AA. Williams et al (1994) found that HAA concen-
trations were reduced to nondetectable levels at maxi-
mum residence time locations (MRTLs) in three distribu-
tion systems during warm seasons. After investigating the
degradation of HAAs in water samples using bacteria iso-
lated from the Newport News (Va.) water facility’s MRTLs,
Williams et al (1995) suggested that the presence of active
biofilm or high heterotrophic bacteria counts degraded
the HAAs at the MRTLs. An enzymatic degradation involv-
ing a haloacid dehalogenase was also suggested for the
biological removal of HAAs (Williams et al, 1996). Bro-
phy et al (1999) reported that HAA concentrations were
stable for at least two weeks at 25oC in the presence of bio-

cide in chlorine-quenched water samples
but decreased rapidly in samples with a
neutral water pH and no biocide. 

Granular activated carbon (GAC) is
commonly used for removal of color,
taste, odor, and organic compounds in
drinking water. Zhang et al (1998)
explored HAA adsorption using activated
carbon in water. Their study indicated
that single-layer adsorption occurred in
single-component systems with Cl2AA or
Cl3AA at low concentrations (<50 µg/L),
but multiple-layer adsorption occurred
at higher concentrations. Carbon adsorp-
tion capacity for Cl3AA was higher than
that for Cl2AA. Speth and Miltner (1998)
reported that GAC had high adsorption
capacities for both Cl2AA and Cl3AA at
pH 5.6, which implied that GAC adsorp-
tion could be an effective treatment
process for HAA removal.

The objectives of the current study
were to investigate the stability of HAA
in the presence of suspended bacteria or
biologically active carbon (BAC) in water
and to evaluate HAA biodegradation
rates and carbon adsorption capacities. 

EXPERIMENTAL METHODS
Biodegradation of HAAs. Three experiments were con-

ducted to study the biodegradation of HAAs. HAA stan-
dards were purchased from commercial sources. For the
first experiment, four 240-mL samples of water were col-
lected from a local water distribution system. Three of the
samples were dechlorinated using sodium thiosulfate to
remove the total chlorine residual (approximately 2 mg/L)
detected in the water, then spiked with 500 µg/L of ClAA,
Cl2AA, or Cl3AA and mixed with 10 mL of bacterial
seed prepared with pieces of biofilm washed from BAC
collected from filters at the local water treatment plant.
The chlorinated sample was spiked with 500 µg/L Cl2AA.
Each of the four spiked water samples was then distrib-
uted into five 40-mL extraction vials. All vials were kept
in the dark at room temperature (21oC). There were four

This study used batch experiments to evaluate 

the stability and biodegradation of haloacetic 

acids in the presence of bioactivity. Future

studies will use a 2-gpm conventional water

treatment pilot plant at Pennsylvania State

University–Harrisburg.

The degradation of haloacetic acids (HAAs) coincided with the increase in heterotrophic plate count,

indicating that a certain portion of common heterotrophic bacteria in treated water was able to degrade HAAs.
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sampling events with various time intervals. For each
sampling event, one vial of each type of water (four in all)
was removed, and a 30-mL water sample was collected
from each vial and analyzed for HAAs.

For the second experiment, finished water collected
from the same treatment plant was dechlorinated. Three
series of bottles (18 total) were filled with 250 mL of
dechlorinated water spiked with approximately 100 µg/L
of ClAA, Cl2AA, or Cl3AA and kept in the dark at room
temperature (21oC). All bottles were hand-shaken for
2–3 min each day. There were six HAA sampling events
and five bacteria sampling events, all with various time
intervals. A 200-mL water sample was collected from
each bottle and analyzed for HAAs. Heterotrophic bac-

teria plate count (HPC) was performed using method
9215 (Standard Methods, 1998) with R2A agar and a
48-h incubation period at 35oC.

The third experiment was conducted in four bottles.
The first bottle contained 500 mL of dechlorinated water
and 50 g of BAC; the second, 500 mL of dechlorinated
water; the third, 500 mL of autoclaved water and 50 g of
autoclaved BAC; and the fourth, 500 mL autoclaved
water. Autoclaving was conducted at 215oC for 15 min.
After autoclaving or dechlorination, all four bottles were
spiked with 1 mg/L each of ClAA, Cl2AA, Cl3AA, and 1–2
mg/L of Br2AA. The bottles were kept in the dark at
room temperature (21oC) and hand-shaken for 2–3 min
each day. For each sampling event, a 30-mL water sam-
ple was collected from each bottle and analyzed for HAAs.

Carbon adsorption. A batch experiment was conducted
in a 250-mL amber bottle to evaluate GAC adsorption of
HAAs. Reagent water was spiked with 1 mg/L of each of
the five HAAs—ClAA, BrAA, Cl2AA, Br2AA, and Cl3AA.
One gram of new GAC was added to the bottle with 200
mL of spiked solution. The bottle was continuously shaken
by an autoshaker at 200 rpm at 23oC. At 0, 5, and 15 h,
30-mL samples were collected from the bottle and ana-
lyzed for HAAs.

Analytical methods. HAA concentrations in the
biodegradation experiments were determined using a cap-
illary ion electrophoresis method developed by Xie et al
(2000). For the degradation of 100-µg/L–level HAAs,
200-mL samples were extracted with methyl tertiary butyl
ether (MTBE), concentrated under a nitrogen flow, back-
extracted into a phosphate solution, and then submitted
to the capillary ion electrophoresis instrument for analy-

The fastest degradation of monochloroacetic acid 

and the slowest degradation of trichloroacetic acid

imply that biodegradation rates of haloacetic acids

decreased as the number of halogen atoms increased.
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FIGURE 3 Biodegradation of 100-µg/L–level Cl2AA



ZHOU ET AL  |   PEER-REVIEWED  |   94:4 • JOURNAL AWWA  |   APRIL 2002  197

sis. For degradation of 500-µg/L– and milligram-per-
litre–level HAAs, 30-mL samples were processed with a
similar procedure, omitting the nitrogen flow concentra-
tion step because of the high HAA concentrations. HAA
samples in the carbon adsorption experiment were ana-
lyzed using USEPA method 552.2 (USEPA, 1995) with a

few modifications (Xie et al, 1998). A 30-mL sample was
extracted with 3 mL MTBE, derivatized with acidic
methanol at 50oC for 2 h, cleaned with sodium sulfate
solution, and analyzed using gas chromatography–electron
capture detection. 

RESULTS AND DISCUSSION
Degradation in the presence of seeded bacteria. The first

HAA biodegradation experiment was conducted to esti-
mate HAA stability in the presence of seeded bacteria.
The experiment was run for eight days, and results are
shown in Figure 1. The three HAAs (ClAA, Cl2AA,
Cl3AA) in the dechlorinated water were completely
degraded. Conversely, there was little change in the Cl2AA
concentration in the water sample that maintained a total
chlorine residual greater than 1 mg/L for all eight days.
This result agrees with Brophy et al’s (1999) report, in
which biocide was used to eliminate bioactivity in water
samples. Because residual chlorine restrains bacterial
growth in water, the complete degradation of HAAs in the
dechlorinated water samples may result from biological
activity. The results also imply that biofilm on the surface

of BAC contained the bacteria that degraded the HAAs.
It is possible, therefore, to use BAC to biodegrade HAAs
in drinking water treatment processes. Cl3AA degraded
much slower than ClAA and Cl2AA—the majority of the
Cl3AA degraded in the last 48 h after the ClAA and
Cl2AA had degraded completely. This agrees with Williams

et al’s (1995) report, which used bacterial seed isolated
from water distribution systems at the MRTLs.

Degradation in the presence of regrowing bacteria. The
degradation of the three 100-µg/L–level HAAs in the
presence of regrowing suspended bacteria is shown in
Figures 2 (ClAA), 3 (Cl2AA), and 4 (Cl3AA). ClAA (116
µg/L) degraded completely after 190 h, and Cl2AA (88
µg/L) degraded completely after 256 h. Cl3AA (81 µg/L),
however, had only partially degraded (25%) after 256 h.
Compared with the results in the 500-µg/L HAA degra-
dation experiment with seeded bacteria, the degradations
in this experiment were much slower. This may be from
the difference in the bacterial species in the finished water
and on the BAC surface.

Rapid regrowth of heterotrophic bacteria in dechlori-
nated water is also shown in Figures 2, 3, and 4. The ini-
tial HPC was approximately 1,000 colony-forming
units/mL (cfu/mL) in the dechlorinated water. The final
HPCs were 107 cfu/mL for the water solutions spiked
with Cl2AA and Cl3AA and 105 cfu/mL for the water
spiked with ClAA. The degradation of HAAs coincided
with the increase in HPC, indicating that a certain portion

Biologically active carbon effectively removed haloacetic acids in dechlorinated drinking water through

biodegradation and carbon adsorption, and this removal can be described as a pseudo first-order reaction.
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FIGURE 4 Biodegradation of 100-µg/L–level Cl3AA
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of common heterotrophic bacteria in treated water was
able to degrade HAAs. 

A comparison of  Figures 2, 3, and 4 shows that the
fastest degradation was observed in the water containing
ClAA, which had the highest initial HAA concentration
and the lowest final HPC. This indicates that ClAA was
more easily degraded in the presence of suspended bacteria
than Cl2AA or Cl3AA. The results also indicate that the
HPC might not be an appropriate identifier for those
bacteria that were capable of degrading HAAs. The fastest
degradation of ClAA and the slowest degradation of
Cl3AA imply that biodegradation rates of HAAs decreased
as the number of halogen atoms increased. This may be
one of the reasons that ClAA does not commonly exist at
a significant level in water distribution systems. Bacterial
colonies on the plates were round and in two colors—
white and yellow. This agrees with descriptions reported
by others (Williams et al, 1995; Uchiyama et al, 1992). 

HAA removal in the presence of BAC. The reduction of
milligram-per-litre–level HAAs, a mixture of ClAA, Cl2AA,
Cl3AA, and Br2AA, in the dechlorinated water with BAC
is shown in Figure 5. After 196 h, all four HAAs were
completely removed. Compared with the previous results
in which Cl3AA biodegradation in the presence of sus-
pended bacteria was much slower than that of ClAA and
Cl2AA, the removal rate of Cl3AA in the presence of BAC
was significantly higher—close to that of ClAA and
Cl2AA. All four HAA concentrations in the autoclaved
water without BAC had insignificant changes during the
260-h running period (Figure 6). This indicates that HAAs
are chemically stable in treated water when bioactivity is
eliminated; this agrees with the results of the first batch
experiment and Brophy et al’s report (1999). The similar

removal rates for all HAAs in the presence of BAC indi-
cate that biodegradation may not be the only mechanism
for HAA removal. The degradation of the four HAAs, par-
ticularly Br2AA and Cl3AA, in autoclaved water with
autoclaved BAC indicates that carbon adsorption also
played a role in HAA reductions in dechlorinated water
with BAC (Figure 7). The relatively low degradation of
ClAA and Cl2AA indicates their poor carbon adsorption
capacities and the possible formation of these two HAAs
on autoclaved BAC, as previously reported by Xie and
Zhou (2000). The insignificant degradation of all four
HAAs in dechlorinated water without BAC (not shown)
indicates that bacterial seeding or a longer bioactivity
development period is necessary for HAA degradation. 

To better describe the HAA removal in dechlorinated
water with BAC (Figure 5), logarithms of HAA concen-
trations versus time were plotted (Figure 8). Each of the
four HAAs had a linear relationship with a regression
coefficient (R2) between 0.985 and 0.999 (Table 1). This
indicates that the removal of HAAs in the presence of
BAC can be described using a pseudo first-order reac-
tion model:

dC/dt = –kC (1)

in which C is the HAA concentration in milligrams per
litre at time t, and k is the reaction-rate constant (h–1).
It is presumed in this model that the physical, biologi-
cal, and chemical characteristics of collected BAC samples
were consistent and can be completely included in the
pseudo first-order reaction-rate constant k. The half-lives
of the removals of the four HAAs in the presence of BAC
in this experiment ranged from 49 to almost 60 h (Table
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FIGURE 6 HAAs in autoclaved water
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1). There could be more than two mechanisms for HAA
removal in the presence of BAC; therefore, future studies
are needed to investigate the relationships among differ-
ent removal mechanisms. Because the goal of this study
was to investigate the stability of HAAs during water
sample storage and in distribution systems, the experi-
ments were conducted with only occasional mixing. The
removal rates of HAAs could be increased by continuous
mixing or using a continuous-flow BAC column. 

GAC adsorption for HAA removal. A preliminary study of
GAC adsorption was conducted using new GAC and a
synthetic water sample. All five HAAs were significantly
removed by GAC adsorption (Figure 9), which is consis-
tent with results reported in other studies (Speth & Milt-
ner, 1998; Zhang et al, 1998). Cl3AA had the lowest
equilibrium concentration, followed by Br2AA, Cl2AA,
BrAA, and ClAA. This indicates that the GAC adsorption

capacity for Cl3AA was the highest and the adsorption
capacity for ClAA was the lowest. This result agrees with
the results of the third batch experiment using autoclaved
water with autoclaved BAC sample (Figure 7).

The results of this preliminary study suggest that GAC
adsorption capacity for HAAs primarily depends on the
number of halogen atoms—the more halogen atoms on an
HAA, the higher its carbon adsorption capacity. For two
HAAs containing the same number of halogen atoms,
the HAA with more bromine atoms is more readily
adsorbed by GAC. Previous results indicated that the
more halogen atoms an HAA contains, the slower its bio-
logical degradation rate; therefore, carbon adsorption
could be a beneficial supplement for biological HAA
removal. In other words, when new GAC filter media
are installed in water treatment systems, carbon adsorp-
tion could remove HAAs before bioactivity is fully devel-

oped. By the time the carbon ad-
sorption capacity is exhausted,
biodegradation may play a domi-
nant role in removing HAAs. 

The results from this stability
study indicate that HAAs are not bio-
logically stable in water samples.
More important, the results suggest
that combining biodegradation and
carbon adsorption could provide a
new approach for removal of HAAs
formed by prechlorination or inter-
mediate chlorination. This idea was
further explored and verified in a col-
umn study using new and acclimated
GAC samples (Zhou & Xie, 2000).  
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Regression Half-life of
Ln[HAA]0 Slope, k Coefficient HAA Removal

HAA Ln(mg/L) h–1 R2 h

Monochloroacetic acid 0.045 0.0143 0.985 48.5

Dichloroacetic acid 0.012 0.0116 0.999 59.8

Dibromoacetic acid 0.618 0.0141 0.989 49.2

Trichloroacetic acid –0.025 0.0136 0.994 51.0

*HAA—haloacetic acid

TABLE 1 Reaction rate constants and half-lives for HAA* removal in the presence
of biologically active carbon
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CONCLUSIONS AND IMPLICATIONS
This study showed that HAAs underwent significant

degradation in the presence of suspended bacteria in
dechlorinated drinking water. The higher the number of
halogen atoms an HAA contains, the slower its biodegra-
dation rate. The adsorption capacity of GAC was higher
for HAAs with more halogen or bromine atoms. The
experiments showed that BAC effectively removed HAAs
in dechlorinated drinking water through biodegradation
and carbon adsorption and this removal can be described
as a pseudo first-order reaction. The findings of this study
demonstrate the importance of sample preservation dur-
ing HAA monitoring and analysis and could lead to the
development of an innovative technology for HAA con-
trol in drinking water. Future studies are needed to further
investigate HAA biodegradation and GAC adsorption in
both batch and continuous-flow column studies.

ACKNOWLEDGMENT
The authors thank Gary Witmyer, production super-

intendent of the Hershey Treatment Plant, Hershey, Pa.,
for his assistance in collecting water and carbon samples
and John Ashton, manager of American Carbon Services,
for the supply of new granular activated carbon samples.
Thanks also go to the Pennsylvania State University and
Capital College Research Council for their financial sup-
port through the Environmental Pollution Control Grad-
uate Assistantship and research grant. Portions of this

manuscript were presented at the 2000 AWWA Annual
Conference in Denver, Colo.

ABOUT THE AUTHORS:
Haojiang (“Joe”) Zhou is an environmental engineering
designer in the civil and environmental resources group
at Entech Engineering Inc., 4 South Fourth St., Read-
ing, PA 19603; e-mail <hzhou@entecheng.com>. He

received a BS degree from Nankai
University, China, and an MEng
degree from Pennsylvania State Uni-
versity–Harrisburg. During this
study, Zhou was a graduate research
assistant at Pennsylvania State Uni-
versity–Harrisburg. He is a member
of AWWA and the Water Environ-
ment Federation. Yuefeng F. Xie* is
an associate professor of environ-

mental engineering at Pennsylvania State
University–Harrisburg, 777 W. Harrisburg Pike, Mid-
dletown, PA 17057; e-mail <yxx4@psu.edu>.

*To whom correspondence should be addressed

If you have a comment about this article, please contact
us at <journal@awwa.org>.

REFERENCES
AWWA, 2000a. Committee Report: Disinfection

at Small Systems. Jour. AWWA, 92:5:24.

AWWA, 2000b. Committee Report: Disinfection
at Large- and Medium-size Systems.
Jour. AWWA, 92:5:32.

Brophy, K.S. et al, 1999. Quantification of Nine
Halogenated Acetic Acids in Drinking
Water Using Gas Chromatography With
Electron Capture Detection. Preprints of
Extended Abstracts, 217th Natl. Amer.
Chem. Soc. Meeting, Anaheim, Calif.

Bull, R.J. et al, 1990. Liver Tumor Induction in
B6C3F1 Mice by Dichloroacetate and
Trichloroacetate. Toxicol., 63:341.  

Meusel, M. & Rehm, H.J., 1993. Biodegrada-
tion of Dichloroacetic Acid by Freely Sus-
pended and Adsorptive Immobilized Xan-
thobacter autotrophicus GJ10 in Soil.
Applied Microbiol. & Biotechnol., 40:165.

Singer, P.C. et al, 1993. Examining the Impact of
Aquifer Storage and Recovery on DBPs.
Jour. AWWA, 85:11:85.

Speth, T.F. & Miltner, R.J., 1998. Adsorption
Capacity of GAC for Synthetic Organics.
Jour. AWWA, 90:4:171.

Standard Methods for the Examination of
Water and Wastewater, 1998 (20th ed.).
APHA, AWWA, and WEF, Washington.

Uchiyama, H. et al, 1992. Role of Heterotrophic
Bacteria in Complete Mineralization of
Trichloroethylene by Metyhocystis sp.
Strain M. Applied & Envir. Microbiol.,
58:9:3067.

USEPA (US Environmental Protection Agency),
1998. National Primary Drinking Water
Regulations: Disinfectants and Disinfec-
tion By-products, Final Rule. Fed. Reg.,
63:241:69389 (Dec. 16, 1998).

USEPA, 1995. Method 552.2: Determination of
Haloacetic Acids and Dalapon in Drinking
Water by Liquid–Liquid Extraction,
Derivatization and Gas Chromatography
With Electron Capture Detection. Natl.
Exposure Res. Lab., Cincinnati. 

Williams, S.L. et al, 1996. The Impact of Bacte-
rial Degradation of Haloacetic Acids in
the Distribution System. Proc. 1996
AWWA WQTC, Boston.

Williams, S.L. et al, 1995. Degradation of
Haloacetic Acids at Maximum Residence
Time Locations. Proc. 1995 AWWA
WQTC, New Orleans.

Williams, S.L. et al, 1994. Dead End on
Haloacetic Acids. Proc. 1994 AWWA
WQTC, San Francisco.

Xie, Y.F. & Zhou, H., 2000. Biologically Active
Carbon for Haloacetic Acid Control. Proc.
2000 AWWA WQTC, Salt Lake City.

Xie, Y.F. et al, 2000. Development of a Capillary
Electrophoresis Method for Haloacetic
Acids. Natural Organic Matter and
Disinfection By-products: Characteriza-
tion and Control in Drinking Water
(S. Barrett, S. Krasner, & G.L. Amy,
editors). Amer. Chem. Soc.,
Washington.

Xie, Y.F. et al, 1998. Analyzing HAAs and
Ketoacids Without Diazomethane. Jour.
AWWA, 90:4:131. 

Zhang, X.J. et al, 1998. Adsorption Character-
istics of Haloacetic Acids by Activated
Carbon in Drinking Water Treatment.
Water and Wastewater Industry and Sus-
tainable Development (Y. Qian et al, edi-
tors). Tsinghua Univ., Beijing.

Zhou, H. & Xie, Y.F., 2000. Biodegradation of
Haloacetic Acids in Drinking Water. Proc.
2000 AWWA Ann. Conf., Denver. 


	cr02: ©2002 American Water Works Association  


