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Effects of EBCT
and Water Temperature
on HAA Removal using BAC

The effects of empty bed contact time (EBCT) and water temperature on the removal of

haloacetic acids (HAAs) in biologically active carbon (BAC) filters were investigated.

Experiments were conducted at four temperatures (4, 10, 20, and 30oC) and four EBCTs (5, 10,

15, and 20 min). The results indicated that increasing EBCT or increasing water temperature

increased the HAA removal in BAC columns. To achieve an HAA removal efficiency of 50%

or higher in a BAC filter, the authors suggest a 10-min EBCT for 4oC waters and a 5-min EBCT

for waters at 10oC or higher. The kinetic analysis suggested a first-order reaction model for

HAA (except trichloroacetic acid) removal at 10oC and a zero-order first-order reaction model

for HAA removal at 4oC. The pseudo-first-order reaction rate constants and half-lives were

also calculated for HAA removal at 10oC. The half-lives—ranging from 5.9 to 17.3 min—could

be used to assist water utilities in designing and operating BAC filters for HAA removal.

BY HONGWEI WU

AND YUEFENG F. XIE

aloacetic acids (HAAs) are a group of disinfection by-products (DBPs)
regulated under the Stage 1 Disinfectants/Disinfection Byproducts Rule
(D/DBPR). The maximum contaminant level for five HAAs is 60 µg/L.
These five regulated HAAs are monochloroacetic acid (ClAA), dichlo-
roacetic acid (Cl2AA), trichloroacetic acid (Cl3AA), monobromoacetic

acid (BrAA), and dibromoacetic acid (Br2AA). The upcoming Stage 2 D/DBPR
may require water utilities to comply with this maximum contaminant level by
using locational running annual averages instead of running annual averages.
This will require water utilities to better control peak DBP levels in their distri-
bution systems. As a result of this requirement, many water utilities are interested
in identifying and adopting cost-effective HAA control technologies. Currently,
the best available technologies for HAA control include enhanced coagulation/
softening and granular activated carbon (GAC) adsorption for precursor removal
and the use of alternative disinfectants.

BACKGROUND
Singer et al (1993) first reported that HAAs were rapidly degraded in chlori-

nated finished drinking water during underground storage and suggested that
HAAs were removed through aerobic biodegradation. Williams et al (1994)

H

A full report of this project, Haloacetic Acid Removal Using Granular Activated Carbon (91041F), is
available as a downloadable PDF file from the AWWA Bookstore (1-800-926-7337) or from
awwa.org/bookstore. The report is also available free of charge to AwwaRF subscribers by calling
(303) 347-6121 or from www.awwarf.org.
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found that HAA concentrations were reduced to nonde-
tectable levels at maximum residence time locations in
three distribution systems during warm seasons. Williams
et al (1995) suggested that the presence of active biofilm
or high heterotrophic bacteria counts was correlated with
the HAA degradation. An enzymatic degradation involv-
ing a haloacid dehalogenase was also sug-
gested for the biological removal of HAAs
(Williams et al, 1996). Singer et al (1999)
reported HAA removal by GAC filtration
and suggested that biological degradation
of HAAs had occurred in GAC filters.
Thomas et al (2000) evaluated the fate of
HAAs during aquifer storage and recovery
in southern Nevada. A rapid decline of
HAA concentrations during aquifer stor-
age and recovery indicated in situ microbial
oxidation of HAAs. Wobma et al (2000)
also reported that HAAs were easily
removed in GAC filters through biodegra-
dation. The GAC filters were operated with
empty bed contact times (EBCT) ranging
from 3.6 to 8.4 min. Greater removal was
observed in June and July versus March,
April, and May, pointing to potential effects
of temperature. Studies by Wobma et al
indicated that the removal of HAAs, pre-
sumably by biodegradation processes
within the GAC filter bed, was more effec-
tive when water temperatures were high.
Xie and Zhou (2002) also found that HAAs
were effectively removed in a biologically
active carbon (BAC) column operated with
an EBCT of 20 min at room temperature.

All of these studies indicated that biodegradation played
a major role for HAA removal.

McRae et al (2004) reported HAA biological degra-
dation by bacterial enrichment cultures. This research
indicated that biodegradation is a potential mechanism
for HAA reduction in surface waters and drinking water
distribution systems. The degradation rates for a pseudo-
first-order kinetic model were determined for ClAA,
BrAA, and Cl3AA at 21–25oC. The mechanism of HAA
degradation in GAC filters was also investigated in the
authors’ group (Tung, 2004). With bacterial enrichment
cultures, HAA degradation occurred in both anoxic and
aerobic conditions. HAA removal in a GAC filter was
also simulated with a biofilm model. The results from
an HAA degradation mechanism study will be pub-
lished elsewhere.

EBCT is a critical consideration in the design and
operational criteria for GAC filters. Average EBCTs for
GAC filters range from 5 to 20 min. The question is
whether HAAs can be effectively removed at these EBCTs
after the GAC adsorption capacity is exhausted. Fur-
ther, as water temperature changes in various seasons,
HAA removal at low water temperatures needs to be
investigated.

OBJECTIVES
The objectives of this study were to investigate the

effects of EBCT and water temperature on HAA
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FIGURE 1  Influent and effluent concentrations of ClAA 
 at 4°C
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FIGURE 2  ClAA removals at various temperatures and EBCTs

ClAA—monochloroacetic acid

2005 © American Water Works Association



96 NOVEMBER 2005  |   JOURNAL AWWA •  97 :11  |   PEER-REVIEWED  |   WU & XIE

removal in BAC columns and to
conduct a kinetic analysis for HAA
removal at various EBCTs and tem-
peratures. The information on the
effect of EBCT and water temper-
ature will be used for the design
and operation of BAC filters for
HAA removal.

MATERIALS AND METHODS
Carbon and water samples were

collected from a local surface water
treatment plant. The plant uses rapid
mixing, flocculation, clarification,
GAC/sand filtration, and chlorine
disinfection. Before GAC/sand fil-
tration, prechlorination or interme-
diate chlorination was used for iron
and manganese removal. The chlo-
rination point was changed in vari-
ous seasons to minimize DBP for-
mation in the finished water. The
depth of GAC medium in the filter is
about 107 cm; the average EBCT
for the GAC filter is approximately
16 min. BAC samples were obtained
from one of this plant’s GAC filters
that had been online for 2.5–3.0
years. The BAC sample was col-
lected when the raw water temper-
ature in the plant was near the study
temperatures (e.g., 4, 10, 20, and
30oC). This was done to minimize
the time required to equilibrate BAC
columns at the temperature in the
laboratory study.

Four BAC columns were packed
using 50-mL glass burettes with a
1.05 cm internal diameter. Each
burette contained 40 mL of BAC
collected at the plant described ear-
lier. BAC bed height was approxi-
mately 46 cm. Column influent was
fed into the column by gravity. For
each BAC column, a peristaltic
pump with silicone tubing con-
nected to the column outlet was
used to regulate the flow rate. The
flow rates at 8.0, 4.0, 2.7, and 2.0
mL/min gave EBCTs of 5, 10, 15,
and 20 min, respectively. These
BAC columns and pumps were
placed in a temperature-controlled
incubator. Experiments were con-
ducted at four temperatures (4, 10,
20, and 30oC) and four EBCTs (5,
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FIGURE 3  BrAA removals at various temperatures and EBCTs

BrAA—monobromoacetic acid, EBCT—empty bed contact time

Cl2AA—dichloroacetic acid, EBCT—empty bed contact time

FIGURE 4  Cl2AA removals at various temperatures and EBCTs
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10, 15, and 20 min). Finished water
with 1–2 mg/L of free chlorine
residual from the local water treat-
ment plant was spiked with six
HAAs at 50 µg/L each and used as
the BAC influent. These six HAAs
are ClAA, BrAA, C2AA, Cl3AA,
bromochloroacetic acid (BrClAA),
and Br2AA. BAC influent and efflu-
ent samples were collected hourly
through an 8-h study period which
started after a 12-h equilibration.
The equilibration of BAC columns
was achieved by running the syn-
thetic influent at the study temper-
ature and EBCT for 12 h.

HAA concentrations in BAC in-
fluents and effluents were deter-
mined using US Environmental Pro-
tection Agency method 552.2
(USEPA, 1995) with a few modifi-
cations (Xie et al, 1998, 2002). The
analytical procedure involves methyl
tertiary butyl ether extraction, acidic
methanol derivatization, and gas
chromatography analysis. The gas
chromatograph1 used in this study
was equipped with a split/splitless
injector; a liquid autosampler; an
electron capture detector; and a 30-
m long, 0.25-mm internal diameter,
0.25-µm film thickness capillary col-
umn. Before extraction, HAA water
samples were preserved with sulfuric
acid (pH < 2.0) and kept at 4oC to
minimize HAA biodegradation.

RESULTS AND DISCUSSION
Effects of EBCT and temperature on

HAA removal. A typical set of steady-
state influent and effluent ClAA con-
centrations at 4oC and four EBCTs
are shown in Figure 1. The average
influent concentration for ClAA over
the 8-h run (nine data points) was
58.7 ± 0.6 µg/L. Increasing the
EBCT decreased the ClAA levels in
the BAC effluents. Average effluent
concentrations (nine data points)
with EBCTs at 5, 10, 15, and 20 min
were 35.9 ± 0.8 µg/L, 19.5 ± 1.3
µg/L, 9.2 ± 1.1, and 1.8 ± 0.2 µg/L,
respectively.

Removal efficiencies of two
monohaloacetic acids at four EBCTs
(5, 10, 15, and 20 min) and four
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FIGURE 5  BrClAA removals at various temperatures and EBCTs

BrClAA—bromochloroacetic acid, EBCT—empty bed contact time
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FIGURE 6  Br2AA removals at various temperatures and EBCTs
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temperatures (4, 10, 20, and 30oC)
are shown in Figures 2 and 3, respec-
tively. Increasing EBCT or tempera-
ture increased ClAA removal effi-
ciencies, as shown in Figure 2. At
4oC, the average ClAA removal effi-
ciency increased from 39% at an
EBCT of 5 min to 67% at 10 min,
84% at 15 min, and 97% at 20 min.
At an EBCT of 5 min, the average
ClAA removal efficiency increased
from 39% at 4oC to 79% at 10oC,
99% at 20oC, and 99.6% at 30oC.
Regardless of the EBCT (from 5 to
20 min), a nearly complete removal
of ClAA is achieved at 20oC or
higher. At an EBCT of 5 min, a tem-
perature at 5oC resulted in the low-
est ClAA removal. However, this
lowest ClAA removal could be
improved by using a longer EBCT.
For many water systems, EBCT is
longer in cold months because of a
lower water demand, resulting in a
lower water production rate. A sim-
ilar trend was observed for BrAA
removal. Increasing EBCT or tem-
perature increased BrAA removal
efficiencies (Figure 3).

Removal efficiencies of three
dihaloacetic acids—Cl2AA, BrClAA,
and Br2AA—at four EBCTs and four
temperatures are shown in Figures 4,
5, and 6, respectively. Increasing
EBCT or temperature also increased
Cl2AA removal efficiencies (Figure
4). At 4oC, Cl2AA removal increased
from 27% at an EBCT of 5 min, to
55% at 10 min, 69% at 15 min, and
89% at 20 min. With an EBCT of 5
min, the average Cl2AA removal effi-
ciency increased from 27% at 4oC to
56% at 10oC, 96% at 20oC, and
98% at 30oC. A nearly complete
removal of Cl2AA is achieved at 20oC
or higher with all four EBCTs. A sim-
ilar trend was observed for the
removal of BrClAA and Br2AA (Fig-
ures 5 and 6, respectively). In com-
parison with monohaloacetic acids,
dihaloacetic acids had slightly lower
removal efficiencies. This is in agree-
ment with results from bench-scale
studies (Tung, 2004; Zhou & Xie,
2002) that indicate that ClAA is more
readily biodegradable than Cl2AA.
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FIGURE 7  Cl3AA removals at various temperatures and EBCTs

Cl3 AA—trichloroacetic acid, EBCT—empty bed contact time
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Removal efficiencies of Cl3AA at four EBCTs and four
temperatures are shown in Figure 7. Increasing EBCT or
temperature also increased Cl3AA removal efficiencies
(Figure 7). At 4oC, Cl3AA removal rates increased from
7% at an EBCT of 5 min to 9% at 10 min, 35% at 15
min, and 65% at 20 min. At 10oC the Cl3AA removal rate
was 23% at an EBCT of 5 min, 50% at 10 min, 67% at
15 min, and 79% at 20 min. At 20oC or higher, Cl3AA
removal was 80% or higher with three EBCTs (10, 15,
and 20 min). At an EBCT of 5 min, the average Cl3AA
removal efficiency increased from 7% at 4oC to 23% at
10oC, 56% at 20oC, and 88% at 30oC. The removal of
bromodichloroacetic acid (BrCl2AA), chlorodibromoacetic
acid (ClBr2AA), and tribromoacetic acid (Br3AA) was
not investigated in this study because they are not regu-
lated under the D/DBPR. The instability of Br3AA and the
cost of BrCl2AA and ClBr2AA neat compounds are addi-
tional reasons for not including them in the study. How-
ever, the trend of their removal should be similar to that
of Cl3AA. At the same EBCT and water temperature the
removal efficiency of Cl3AA is much lower than for mono-
and dihaloacetic acids. This agrees with the fact that
Cl3AA is more resistant to biological degradation than
monohaloacetic acids and dihaloacetic acids, as reported
in several studies (McRae et al, 2004; Tung, 2004; Zhou
& Xie, 2002).

Average removals for HAA6 are shown in Figure 8. At
10oC, a 5-min EBCT resulted in a 57.8% average removal
of HAA6. At 5oC, however, a 10-min EBCT is required
for a 52.1% average removal of HAA6. In a real water
sample, the relative level of six HAAs varies based on
water quality parameters (e.g., bromide and natural
organic matter), chlorination conditions (e.g., chlorine
dose and pH), and chemical and biological degradation.
The evenly weighted arithmetic mean for HAA6 men-
tioned here may not reflect the overall removal of HAA6
in real water samples. However, this simplified average
removal can guide water professionals in design and oper-
ation of a BAC filter.

Both EBCT and water temperature affected the
removal of HAAs using BAC filtration. A longer EBCT
can be used to compensate for the effect of a lower water
temperature. For many water systems, however, the
removal of HAAs in cold months is not critical because
of the reduced formation of trihalomethanes and HAAs.
In addition, the reduced water demand in cold months
also reduces water production and increases the EBCT.

Similar results regarding the effects of temperature
and EBCT on HAA removal in BAC filters were also
observed in a field study. This column study and the field
study also indicated that residual free chlorine (1–2 mg/L)
had little effect on the character of BAC filtration. Free
chlorine can be removed in the top few inches of a GAC
bed. However, residuals from chloramines, especially at
high levels, could substantially impair the ability of a
BAC filter to reduce HAAs, as reported by Tung (2004).

Kinetic analysis. A variable-order kinetic model (Logan,
2001), R = kCn, is used to describe the HAA removal in
BAC filters. In this model, R is the removal rate, k is the
reaction rate constant, C is the concentration of a specific
reactant species, and n is the reaction order.

The influent concentrations (Cin) and the effluent con-
centrations (Ceff) of the BAC columns obtained at various
EBCTs were used to calculate the HAA removal rates,
R, as shown in Eq 1

R = (Cin–Ceff)/EBCT (1)

Because of concentration changes in the BAC columns, log
mean concentration in each BAC column, Clm, was cal-
culated (Eq 2) and used in the variable order kinetic
model.

Clm = (Cin–Ceff)/ln(Cin/Ceff) (2)

By plotting log R versus log Clm, a linear regression line was
obtained (Figure 9). The reaction order can be determined
by the slope of the regression line as shown in Eq 3

log R = n log Clm + log k (3)

Most HAA effluent concentrations at 20 and 30oC
were near their method detection limits (<1 µg/L). Those
data could not accurately describe HAA removal rates
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and were not used for modeling. HAA concentrations
obtained at two lower temperatures (4 and 10oC) were
used to calculate R and Clm. Because of its higher efflu-
ent concentration, Cl3AA concentrations at 20oC were
also used. Three plots on Cl3AA removal rates versus
Cl3AA concentrations at 4, 10, and 20oC are shown in
Figure 9. 

As shown in Table 1, the reaction orders of HAA
removal at 4oC were below 0.5. This suggests that the
HAA removals in the BAC columns at 4oC were likely

independent of HAA concentrations
and tended to follow the zero-order
model. This indicates that HAA
removal was limited by the biologi-
cal activities in BAC columns at 4oC.
This zero-order reaction model is
apparently in contrast with the first-
order reaction model reported by
McRae et al (2004) and Tung (2004).
For biological degradation, a zero-
order reaction is generally observed
at a high substrate (e.g., HAAs) level.
In this study, the HAA level (µg/L)
is low. However, the relative HAA
concentration could be high because
of a very low biological activity at
4oC. This will result in a zero-order
reaction.

At 10oC, the reaction orders of
mono- and dihaloacetic acid removal
were close to one, as shown in Table
2. This suggests that their removals
at 10oC in the BAC columns were
dependent on HAA concentrations
and tended to follow the first-order
reaction model. This indicates suffi-
cient biological activities were estab-
lished in BAC columns and HAA
removals were limited by their con-
centrations. This result is supported
by those reported by McRae et al
(2004) and Tung (2004) that HAA
degradation observed at 20oC can
be modeled using a pseudo-first-
order reaction.

However, the reaction order for
Cl3AA removal at 10oC was 0.29.
This suggests that Cl3AA removal at
10oC was likely independent of its
concentration and tended to follow
the zero-order model, indicating that
there were limited biological activi-
ties for Cl3AA degradation at 10oC.
This is in agreement with the possi-
bility that a different bacterium or
bacteria may be responsible for

Cl3AA degradation as reported by McRae et al (2004) and
Tung (2004). At 20oC the Cl3AA removal model fol-
lowed the first-order model (Figure 9). This indicates that
sufficient biological activities had been developed for
Cl3AA and its removal was only dependent on its con-
centration. The model for Cl3AA removal at 30oC was not
calculated because its effluent concentration was near
the detection limits and not reliable for modeling.

In order to evaluate the HAA removal rate, the pseudo-
first-order reaction rates at 10oC water temperature were

Reaction Rate Constant Half-life Correlation Coefficient
HAA min–1 min R2

BrAA 0.102 ± 0.009 6.80 0.986

BrClAA 0.094 ± 0.001 7.37 0.979

Br2AA 0.098 ± 0.011 7.07 0.980

ClAA 0.117 ± 0.011 5.92 0.988

Cl2AA 0.085 + 0.009 8.15 0.978

Cl3AA 0.040 ± 0.009 17.3 0.889

BrAA–monobromoacetic acid, Br2AA—dibromoacetic acid, BrClAA—bromochloroacetic acid, ClAA—
monochloroacetic acid, Cl2AA—dichloroacetic acid, Cl3AA—trichloroacetic acid, HAA—haloacetic acid

TABLE 3 Pseudo-first-order reaction rate constants, half-lives,
and correlation coefficients for HAA degradation at 10oC

Reaction Order Correlation Coefficient
HAA n R2

BrAA 0.69 0.97

BrClAA 0.70 0.86

Br2AA 0.86 0.86

ClAA 1.02 0.92

Cl2AA 0.86 0.79

Cl3AA 0.29 0.55

BrAA–monobromoacetic acid, Br2AA—dibromoacetic acid, BrClAA—bromochloroacetic acid, ClAA—
monochloroacetic acid, Cl2AA—dichloroacetic acid, Cl3AA—trichloroacetic acid, HAA—haloacetic acid

TABLE 2 HAA removal reaction orders and correlation coefficients at 10oC

Reaction Order Correlation Coefficient
HAA n R2

BrAA 0.45 0.91

BrClAA 0.34 0.86

Br2AA 0.36 0.86

ClAA 0.46 0.97

Cl2AA 0.30 0.78

Cl3AA -1.68 0.72

BrAA–monobromoacetic acid, Br2AA—dibromoacetic acid, BrClAA—bromochloroacetic acid, ClAA—
monochloroacetic acid, Cl2AA—dichloroacetic acid, Cl3AA—trichloroacetic acid, HAA—haloacetic acid

TABLE 1 HAA removal reaction orders and correlation coefficients at 4oC
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determined for all HAAs, including Cl3AA. The reaction
rate constants and half-lives are listed in Table 3. For a
50% removal of mono- and dihaloacetic acids at 10oC,
the required EBCT ranges from 6 to 8 min. However, for
a 50% removal of Cl3AA at 10oC, a 17.3-min EBCT is
required. As shown in Table 3, the model did not fit
Cl3AA removal well, as indicated by the low correlation
coefficient value (R2) 0.889.

CONCLUSIONS
Results of this study indicate that both EBCT and water

temperature greatly affected the HAA removal in BAC
columns. Increasing water temperature or EBCT increased
the removal of HAAs. At a temperature of 20oC or higher,
increasing EBCT beyond 5 min yielded little benefit in
HAA removal. A longer EBCT could be used to compen-
sate for the effect of low water temperature (e.g., 5 or
10oC). For an HAA6 removal efficiency of 50% or higher,
the study suggests that a 10-min EBCT be used for 4oC
waters and a 5-min EBCT for waters at 10oC or higher.

HAA removal in BAC columns had different kinetic
models at different temperatures. At 4oC, HAA removal
tended to follow a zero-order reaction model. This indi-
cates that HAA removal may be limited by biological
activities on its surface. At 10oC, the mono- and
dihaloacetic acid removal tended to follow the first-order
reaction model. This indicates that biological activities
were fully developed at 10oC and HAA removal was lim-
ited by their concentrations. For Cl3AA removal, a first-
order reaction model was obtained at 20oC but not at
10oC. The kinetic study indicates that a 6- to 8-min EBCT
is required for a 50% removal of mono- and dihaloacetic
acids at 10oC. However, a 17.3-min EBCT is required
for a 50% removal of Cl3AA. The kinetic results are com-

parable to those observed for HAA6 at various EBCTs and
temperatures.
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