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ABSTRACT: Haloacetic acids are recognized as carcinogens. They are naturally formed on the surface of water or as
disinfection by-products of drinking water during the chlorination process. The efficiency of an integrated treatment system
combining ozonation and biological activated carbon (BAC) was examined for the removal of five regulated haloacetic
acids, namely, chloroacetic, dichloroacetic, trichloroacetic, bromoacetic, and dibromoacetic acid (known collectively as
HAA,), in synthetic water. The effects of ozone dosage, contact time during the ozonation process, and the empty bed contact
time (EBCT) of the BAC column were also evaluated. The results demonstrate that the ozonation process is not an effective
approach to remove HAA since less than 20% of HAA, at the concentration levels found in the water supply system was
removed. The majority of HAA, in the tested solutions were subsequently removed by the BAC column inoculated with
bacteria readily available in surface water. More than 90% of the remaining HAA, was eliminated after having been passed
through the BAC column with an EBCT of at least 20 minutes. Indigenous microorganism communities inoculated in the

BAC column were able to degrade individual HAA species without preference.
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INTRODUCTION

Haloacetic acids are probable human
carcinogenic compounds'. They are also toxic
to aquatic organisms>®. Trichloroacetic acid and
monochloroacetic acid are also phytotoxic and were
used as herbicides until the late 1980s*. Haloacetic
acids are naturally formed in the atmosphere during the
photochemical degradation of chlorinated solvents®.
In addition, they have been found as disinfection by-
products that result from the addition of a chlorine
compound, such as hypochlorous acid, hypochlorite,
or dichlorine, to water or wastewater for disinfection
purposes®. Reactions between natural organic matter
and chlorine compounds produce haloacetic acids
at ppt to ppb ranges in drinking water distribution
systems and in ppb to ppm ranges in wastewater”?.
The concern over the carcinogenicity of haloacetic
acids led the United States Environmental Protection
Agency to regulate the allowable concentration of
haloacetic acids in drinking water’ as part of the
Disinfectants and Disinfection Byproducts Rule
promulgated in 1998. Five haloacetic acids, known as
HAA; are regulated as a part of the rule. These are

monochloroacetic acid (CAA), dichloroacetic acid
(DCAA), trichloroacetic acid (TCAA), bromoacetic
acid (BAA), and dibromoacetic acid (DBAA). HAA,,
which is expressed as the sum of the concentrations
of these acids, is currently limited there to 60 ppb'°.
The current concentration of HAA, in the Bangkok
water supply sampled at the chlorination station of the
Bangkhen water treatment plant was approximately
50 ppb. Because of their widespread occurrence,
toxicity to plants and aquatic organisms, and most
importantly their suspected human carcinogenicity,
there is a great need to find treatment methods for
haloacetic acids.

Ozonation is one of the simplest treatments.
No other chemicals aside from ozone are required.
The attractive property of ozone is its potent oxidizing
power. Under acidic conditions, it has a standard
reduction potential of about 2.1 V, almost twice that of
oxygen (1.2 V). It readily dissolves in water and can
therefore react relatively quickly with soluble organic
compounds and oxidize them to smaller or less toxic
molecules''. Recent studies have shown that ozonation
is effective in removing a wide variety of chlorinated
organic contaminants'?>!4. Owing to these properties,
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ozonation shows promise as a possible treatment for
haloacetic acids.

The biodegradation of haloacetic acids is
also an alternative treatment for haloacetic acid
reduction. A small number of studies reported that
haloacetic acids could be naturally removed by
aerobic biodegradation processes'*'. Several aerobic
bacteria are able to degrade haloacetic acids and use
them as either co-metabolites'” or as a sole carbon
and energy source'®. In a water treatment system,
biodegradation is typically found associated with the
application of granular activated carbon (GAC). After
a long running period, GAC usually has a natural
bacteria population on its surface, and eventually
works as biologically activated carbon (BAC). GAC
with a biomass that shows high biological activity is
then called BAC". Womba et al® reported that BAC
reduced the background HAA, to below 30 ppb. The
primary objective of this study was to investigate the
HAA removal efficiency of the integrated ozonation
and BAC column treatment system. Effects of ozone
dose and contact time during the ozonation process
and the impact of the empty bed contact time of the
BAC column were also evaluated.

MATERIALS AND METHODS

Sample preparation

The synthetic samples of HAA, (i.e., CAA,
DCAA, TCAA, MBAA, and DBAA) were used as the
feed solutions in the experiments. Samples were pre-
pared using a commercially available HAA standard
(Supelco). Three initial HAA, concentrations, 60, 90,
and 120 ppb, were tested.

Ozone-BAC system
A schematic diagram of the ozone-BAC
testing unit used in the experiment is shown in Fig. 1.

Recirculation
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[0 Batch sample
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Fig. 1 Schematic diagram of ozone-BAC testing unit.

www.scienceasia.org

ScienceAsia 34 (2008)

The ozone-BAC treatment system components were
made of stainless steel, glass, and Teflon. The system
includes two basic components; an ozone contactor
and a biologically active carbon column. Both
components were simultaneously used to conduct
batch experiments studying HAA, removal. HAA,
sample solutions were first oxidized by ozone and
then passed through the BAC column for further
degradation.

Ozone contactor

All materials that were in contact with water
during the ozonation process were made of glass,
PTFE, or stainless steel. The water sample was placed
in a 5-litre glass bottle. The water then flowed under
the force of gravity into the 5-litre ozone contactor.
Ozone was generated from an ozone generator (Sky
zone; star 04) that had an ozone generating capacity
of 750 mg/h. Ozone was introduced to the contactor
using a fritted glass disc at room temperature. The
ozone dosages were varied in each experiment by
changing the time of ozone production, while all the
settings on the ozonation apparatus remained constant
for all of the runs. The residual ozone dosage was
measured using the indigo trisulphonate method?!.
Off-gas from the ozone contactor was introduced to a
potassium iodide solution (KI trap).

Biologically active carbon column

The granular activated carbon (CalgonF200)
media was packed into a 3-cm diameter glass
column (50 cm in length). An acclimated biofilm was
established on the GAC media through the process of
seeding using raw water from the Sam Sen raw water
distributing canal (Klong Prapa) over a period of 1
year. The column was operated in up-flow mode using
a peristaltic pump. Prior to the tests, the establishment
of microbial communities in the BAC column was
confirmed using the membrane filter technique. A
steady colony count indicated the stability of the
bacteria community.

Operational conditions

A series of batch experiments were designed
to measure HAA, removal as a function of ozone
dosage, ozonation process contact time, and the empty
bed contact time (EBCT) of the BAC column. Three
ozone dosages of 0.5, 1.0, and 2.0 mg ozone/mg TOC
(mg O,/mg C) were employed with contact times
of 5, 10, and 20 min. The effects of EBCT on BAC
performance were investigated at 10, 20, and 30 min.
The HAA, concentrations were measured from the
samples collected at the beginning of each experiment,
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Fig. 2 Efficiency of ozonation process in removing HAA,
when (a) ozone dose = 0.5 mg O,/mg C, (b) ozone dose
=1mg O,/mg C and (c) ozone dose =2 mg O,/mg C.

after the ozone contactor and after the BAC column.
All experiments were run in triplicate.

Determination of HAA

The HAA, amounts were determined
using USEPA Method 552.2. Briefly, 20 pl of 2,3-
dibromopropionic acid (10 pl/ml) was added to 40 ml
of sample as a surrogate for QA/QC. The sample
was then adjusted to pH < 0.5 by adding concentrated
H,SO, solution. CuSO, (2 g) were subsequently added
to the acidic solution followed by 16 g of Na,SO,.
The solution was then extracted with 4 ml of methyl-
tertiary-butyl ether. Haloacetic acids that had been
partitioned into the organic phase were converted to
their methyl esters by the addition of 10% H,SO, in
methanol and warmed to 50 °C in a water bath. The
acidic extract was later neutralized by back extraction
with a saturated solution of sodium bicarbonate. The
target analytes were identified and measured by gas
chromatography using electron capture detection
(GC/UECD, Agilent GC6890). A DB-XLB (J&W
Scientific) fused silica capillary column (30 m x 0.32
mm i.d. x 0.05 gm film thickness) was used for the
separation. The GC oven was programmed to run at
40 °C for 0.5 min, and then from 40-200 °C at a rate
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of 15 °C/min. After that, the temperature was held
constant for 2 min. The injector was set to 250 °C,
splitless mode, 30 sec purge activation time, and
50 pg per component. The detector temperature was
maintained at 350 °C.

RESULTS AND DISCUSSION

HAA, removal by ozonation

Ozonation experiments were carried out with
three concentrations of HAA: 60, 90, and 120 ppb.
Results of the experiments (Fig. 2) indicated that
ozonation is ineffective in removing HAA under the
test condition (pH ~ 6). As demonstrated in the figure,
removal efficiencies in all ozonation experiments
ranged from 10-20%. Comparable results were
previously observed by Fu et al* who reported that
only a 10% reduction of CAA was obtained after |
h ozonation at pH 3.1. An increase in ozone dosage
and contact time did not substantially improve the
decomposition of HAA, by ozone (Fig. 2). Plots
between 1/In (HAA,/HAA,) and contact time
exhibited a linear relationship with R? between 0.86—
0.99, suggesting that the decomposition of HAA, by
ozonation follows first-order reaction behaviour. The
apparent rate constant of the reaction varied from
0.001 per minto 0.003 per min. The slow reaction rate
between the dissolved ozone and HAA, could be due
to the chemical properties of HAA, and the conditions
of the experiment. Reactions to ozone can occur via
direct and indirect mechanisms®. Typically, both
direct and indirect mechanisms occur concurrently
in a solution. However, depending on the conditions
of the reaction, one type of reaction may dominate.
Alkaline pH promotes the dissociation of ozone to
hydroxyl radicals, and hence the indirect mechanism
predominates at high pH*". In this study, the pH of
the feed HAA, solutions was around 6. Under this
condition, it was more likely that the majority of
HAA had reacted with dissolved ozone via the direct
mechanism.

A nucleophilic reaction is the most likely
cause of the reaction between HAA, and ozone since
the HAA, compounds contain COO-, chlorine, and
bromide, which are all electron withdrawing groups.
The reaction proceeded very slowly because the
nucleophilic reaction of ozone is less preferable than
other mechanisms'. Adam et al'? noted that the rate
of the nucleophilic reaction between dissolved ozone
and electron withdrawing groups was exceptionally
slow.

The slow reaction rates observed in this study
are therefore consistent with previous observations,
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Fig. 3 Removal of individual HAA, species by ozonation.

dissolved ozone and haloacetic acids or perhaps other
alkyl carboxylic acids. In the past, the attempts to
eliminate CAA and oxalic acid during the ozonation
process were successful only when a catalyst was
used?%.

Aside from the slow removal rate, the
ozonation of HAA also occurred selectively. It can
be seen from Fig. 3 that among the degraded 10-20%
of HAA,, CAA, and BAA were the two HAA species
being primarily removed. Other HAA species remain
relatively unchanged, particularly TCAA. The low
reactivity of ozone towards TCAA, DCAA, and
DBAA suggests two possibilities. First, the number
of electron withdrawing substituents (i.e. chlorine and
bromide) had an effect on the removal of HAA, by
ozonation. The steric effect is known to lower the rate
of nucleophilic reaction®. Urbansky® noted that two
halogen atoms are sufficient to offer stability to the
central carbon. Therefore, both di- and trihaloacetic
acids do not readily undergo a nucleophilic reaction,
especially in the acidic-neutral conditions used in
this experiment. The second possibility may be due
to a stripping effect since CAA and BAA have lower
boiling points.

From these results, it has been demonstrated
that ozonation alone is not a good candidate for
removing HAA, at a pH range that is typically
found in a water treatment system. In fact, since the
ozonation process had less of an effect on HAA, with
multiple halogen atoms such as DCAA and TCAA,
the ozonation process actually had little effect in
minimizing the toxicity of HAA,.

HAA_ removal by biologically active carbon (BAC)

The BAC column was installed initially to
further improve the treatment efficiency of the ozone
contactor. Prior to entering the BAC column, residual
ozone in the solution was removed by letting the
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sample sit for 45 min. The residential time of the
ozonated water samples in the BAC column was varied
by adjusting the empty bed contact time (EBCT). The
efficiency of the BAC column in removing HAA, is
shown in Fig. 4. In contrast to the ozonation process,
BAC is very effective in removing HAA . A complete
100% removal of the acids was observed under
various experimental conditions. Plots in Fig. 4 also
demonstrated that the EBCT of the samples was the
most important variable regulating HAA, reduction.
The longer the solution stayed in the column, the
better the HAA removal. In this study, an EBCT of at
least 20 min was required to remove 90-100% HAA,
in the test solutions. The previous study?” showed that
an EBCT of at least 5 min should be used for water
above 10 °C.

The removal of HAA, via activated carbon
adsorptionisconsideredlesslikely®®. Beforestarting the
experiment, the BAC column had been continuously
fed with raw water for water supply production for
one year. It is more likely that the majority or perhaps
all of the surface area of the activated carbon had
already been exhausted. The direct adsorption of
HAA  on activated carbon would therefore be limited.
Moreover, GAC is typically considered ineffective in
adsorbing haloacetic acids because the compounds
are hydrophilic and exist in ionized forms at the pH
range of potable water. A recent study showed that the
removal of BAA by the autoclaved BAC (comparable
to virgin GAC) was negligible, whereas the active
BAC exhibited 100% removal efficiency®.

Microorganisms capable of biodegrading
multiple haloacetic acids are available in surface water.
The microbial decomposition of haloacetic acids such
as CAA, BAA, and TCAA at the concentrations found
in natural water and in the drinking water distribution
system has been reported by McRae et al’ and Tung
et al®. In the former report, microorganisms isolated
from natural water bodies degraded CAA rapidly at
concentrations ranging from 5.7 ppb to 148 ppb. The
"C radiolabelled CAA experiment further revealed
that 79% of ["*C] CAA was converted to CO, and the
remaining was incorporated into biomass. Similar
results were observed with BAA and TCAA.

Rapid biodegradation of HAA, by the BAC
column rather suggests that the BAC column alone
could eliminate up to 100 ppb of HAA, without the
assistance of the ozonation process. Concentrations
as high as 54-108 ppb of HAA, that remained in
the feed solution after the ozonation process were
subsequently biodegraded by bacteria in the BAC
column. Indigenous microorganism communities in
surface water inoculated on the BAC column could
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Fig. 4 Efficiency of BAC column in removing HAA after pretreatment with ozone dosages of 0.5, 1, and 2 mg O,/mg C
and (a) ozone contact time of 5 min, (b) ozone contact time of 10 min, and (¢) ozone contact time of 20 min.

degrade individual HAA species without preference,
supporting the idea that natural HAA biodegradation
already exists in the surface water environment.

CONCLUSIONS

The HAA, removal efficiency of the ozonation
process is low (10-20% reduction), suggesting that
ozonation is not an attractive approach for controlling
HAA,. Both ozone dose and contact time had an
insignificant effect on the reaction between HAA, and
dissolved ozone. The use of ozonation as a pretreatment
process was therefore deemed to be unnecessary. On
the other hand, biofiltration using a BAC column was
determined to be a good candidate for controlling
HAA,. The majority of HAA, in the tested solutions
were removed by the BAC column. The complete
removal of HAA, could be achieved after having been
passed through the BAC column with an EBCT of at
least 20 min. Indigenous microorganism communities
inoculated in the BAC column were able to degrade
individual HAA species without preference.
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