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HAA removal
by GAC adsorption

Adsorption isotherm and field tests were conducted to investigate removal of haloacetic acids

(HAAs) in the initial stage of granular activated carbon (GAC) filtration. Results from laboratory

and field tests indicated that GAC adsorption plays only a minor role in overall HAA removal

in GAC filters. In addition, HAAs (except trichloroacetic acid) had a much lower adsorption

capacity than did trihalomethanes. Adsorption capacity for HAAs increased with increasing

halogen number. Chlorinated HAA species had a lower adsorption capacity than did their

brominated analogues. HAA removal in aged GAC filters may be attributable to biodegradation.
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aloacetic acids (HAAs) and trihalomethanes (THMs) are the major dis-
infection by-products (DBPs) found in chlorinated drinking water. Nine
species of HAAs are commonly found in chlorinated water: mono-
chloroacetic acid (ClAA), monobromoacetic acid (BrAA), dichloroacetic
acid (Cl2AA), bromochloroacetic acid (BrClAA), dibromoacetic acid

(Br2AA), trichloroacetic acid (Cl3AA), bromodichloroacetic acid (BrCl2AA),
chlorodibromoacetic acid (ClBr2AA), and tribromoacetic acid (Br3AA). Five
HAAs (HAA5)—ClAA, BrAA, Cl2AA, Br2AA, and Cl3AA—are regulated under
the Stage 1 Disinfectants/Disinfection Byproducts Rule (D/DBPR) with a maxi-
mum contaminant level of 60 µg/L (USEPA, 1998). Four species of THMs
(THM4)—chloroform (CHCl3), bromodichloromethane (CHBrCl2), chlorodi-
bromomethane (CHBr2Cl), and bromoform (CHBr3) are also regulated under the
D/DBPR at 80 µg/L. The best available technologies for DBP control are enhanced
coagulation/softening and granular activated carbon (GAC) adsorption for pre-
cursor removal (USEPA, 1998).

In an adsorption isotherm study for THMs, the Freundlich constants (Ks) for
CHCl3, CHCl2Br, CHBr2Cl, and CHBr3 were 92.5, 241.0, 585.0, and 929.0
(µg/g)(L/µg)1/n, respectively (Speth & Miltner, 1990). Preformed THMs can be
removed using GAC adsorption, but this process requires frequent GAC regen-
eration and is not economically feasible (Lykins et al, 1988).

Adsorption isotherm studies for HAAs have also been conducted (Liu &
Andrews, 2001; Speth & Miltner, 1998). The diverse experimental conditions
found in these studies make it difficult to use these adsorption data to assess the
capacity of GAC for HAA removal in field applications. In a laboratory column
study, Xie and Zhou (2002) observed that complete carbon saturation occurred
in approximately one month for Cl2AA. Another study (Xie et al, 2004) reported
that the bed lives (for 50% carbon saturation) for HAAs in a GAC pilot-filter study
were 8 and 26 days for Cl2AA and Cl3AA, respectively. These column/filter study
results suggested that the GAC adsorption capacities for some HAAs were much
lower than those for THMs.

The objective of this study was to investigate the role of GAC adsorption in
the early stage of the filter run, especially with respect to the overall perfor-
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mance of a full-scale GAC filter in
removing six HAAs (HAA6, i.e.,
HAA5 + BrClAA) and THMs.
Although the use of adsorption
isotherm tests may not be the most
accurate method to estimate GAC
bed lives, it is a simple, cost-effec-
tive, and time-saving approach for
comparing the carbon adsorption
capacities for various DBPs.

MATERIALS AND METHODS
Chemicals. Neat HAAs and

THMs were used to prepare solu-
tions for bottle-point isotherm
adsorption tests. THM4, HAA6, and
1,2-dibromopropane (internal stan-
dard) were obtained.1 The purities
of these chemicals were certified to be
97% or higher. For THM and HAA
analysis, mixed THM4 (2,000 µg/mL
each in methanol) and HAA6 (2,000
µg/mL each in methyl tertiary butyl
ether [MTBE] solutions)2 were used
to prepare calibration standards.

Adsorption isotherms. Bottle-point
adsorption tests were used in this
study. Each HAA solution was pre-
pared in both organic-free water and
the field GAC filter influent. A phos-
phate buffer at 0.001 N was used to
control the pH at 7 in organic-free
water samples. The GAC filter influ-
ent was collected from a local water
treatment plant to simulate the
organic content in the field opera-
tion. The average total organic car-
bon was 1.6 mg/L for the filter influ-
ent. All solutions were sterilized using
a 0.22-µm cellulose acetate filter.3.
Regenerated GAC4 with an iodine
number of 823 mg/g (as used in the
field GAC filter) was washed with
organic-free water and dried in a
105oC oven before use. Sterilized bot-
tles filled with HAA solutions and
GAC were placed horizontally on a
reciprocal shaker (100 rpm) and
equilibrated for 24 h at 20oC. Sub-
sequently, mixtures were passed
through a 0.45-µm glass-fiber syringe
filter. For THM species, similar pro-
tocols were used, except that bottles
were sealed with PTFE/butyl septa
and aluminum crimps without any
headspace.

Field Filter Laboratory Column

Estimated
Observed Estimated Observed

HAA FI—days OFW—days days days days

ClAA 2 2 6 1 2

Cl2AA 21 592 16 22 14

Cl3AA 218 597 >94 128 >76

BrAA ND ND >94 5 20

Br2AA ND ND >94 103 55

BrClAA 155 963 >94 88 NA

BrAA—monobromoacetic acid, Br2AA—dibromoacetic acid, BrClAA—bromochloroacetic acid, ClAA—
monochloroacetic acid, Cl2AA—dichloroacetic acid, Cl3AA—trichloroacetic acid, FI—filter influent,
GAC—granular activated carbon, HAA—haloacetic acid, NA—not applicable, ND—species not detected
in the influent, OFW—organic-free water 

TABLE 2 Observed and estimated GAC bed lives for six HAAs

Organic-free Water Filter Influent

HAA KOFW 1/nOFW KFI 1/nFI

ClAA 0.43 0.784 0.29 0.993

Cl2AA 208.83 0.300 30.14 0.527

Cl3AA 704.53 0.250 166.53 0.422

BrAA 94.93 0.355 1.34 0.857

Br2AA 504.89 0.288 50.86 0.554

BrClAA 338.14 0.295 44.30 0.511

BrAA—monobromoacetic acid, Br2AA—dibromoacetic acid, BrClAA—bromochloroacetic acid, ClAA—
monochloroacetic acid, Cl2AA—dichloroacetic acid, Cl3AA—trichloroacetic acid, FI—filter influent,
HAA—haloacetic acid, OFW—organic-free water

K and 1/n are Freundlich constants. The unit for K is (µg/g)(L/µg)1/n; 1/n is unitless.

TABLE 1 Freundlich constants for six HAAs
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FIGURE 1  Bottle-point Freundlich isotherms for field filter influent spiked  
 with six HAAs 
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bromochloroacetic acid, ClAA—monochloroacetic acid, Cl2AA—dichloroacetic acid,  
Cl3AA—trichloroacetic acid, HAAs—haloacetic acids 
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The isotherm constants were calculated by the Fre-
undlich equation (Eq 1). Ce was the actual equilibrium
concentration measured from each water sample, and qe
was calculated using Eq 2.

qe � KCe
1/n (1)

in which qe is the solid concentration at equilibrium
(µg/g), K is the Freundlich constant [(µg/g)(L/µg)1/n], 1/n is
a dimensionless constant, and Ce is the liquid-phase con-
centration at equilibrium (µg/L).

qe � ��
M

V
�� (C0 – Ce) (2)

in which V is the reactor volume (L), C0 is the initial con-
centration (µg/L), M is the mass of carbon (g), and Ce is
the liquid-phase concentration at equilibrium (µg/L).

Field filter study. The field study was conducted using
a newly replaced GAC filter in a treatment plant. This fil-
ter is a GAC/sand dual-media filter with an average fil-
tration rate of 1.4 gpm/sq ft (3.42 m/h). The empty bed
contact time through the GAC media was no less than 10
min at a maximum filtration rate of 2.7 gpm/sq ft (6.6
m/h). After each 36–72 h of operation, the filter was
backwashed using chlorinated finished water. Filter influ-
ent and effluent samples were collected regularly after
the GAC replacement. Ammonium chloride and sulfuric
acid were added to samples for sample preservation.

GAC bed life. Bed lives for GAC columns and the field
filter were estimated using Eq 3:

Bed life = (3)

in which the calculated GAC capacity (µg) is equivalent
to qe (µg/g) × carbon mass (g) and the substrate loading
rate (µg/h) is equivalent to influent flow rate (L/h) × con-
centration (µg/L). For the field filter-bed-life calculation,
the substrate loading rates were obtained by integrating
influent concentrations versus time from actual sample
analyses. GAC bed lives for column and field filter stud-
ies were defined as 50% breakthrough because of the
slow adsorption kinetics in these column and field filter
studies (Speth, 2001).

DBP analysis. HAA concentrations for all samples were
analyzed using a modified version of US Environmental
Protection Agency (USEPA) method 552.2 (Xie et al,
2002). A 30-mL water sample was acidified with 1.5 mL
of concentrated sulfuric acid and extracted with 3 mL of
MTBE spiked with 300 µg/L of 1,2-dibromopropane as
internal standard. Approximately 12 g of sodium sulfate
were added to enhance the extraction. Following the
extraction, 1 mL of the MTBE extract was mixed with 1
mL of 10% sulfuric acid/methanol and incubated for 2 h
at 50oC for HAA derivatization. After the derivatization,
the solution was back-extracted with 4 mL of 10%

sodium sulfate solution to remove excess methanol. HAA
methyl esters were separated using a gas chromatograph5

equipped with an electron capture detector (ECD) and a
capillary column6 (30 m × 0.25 mm inside diameter, 0.25-
µm film thickness).

THM concentrations were analyzed using a modified
version of method 551.1 (USEPA, 1995). The sample
extraction described previously was used without preex-
traction acidification and postextraction methylation.
THM analysis was performed using a gas chromato-
graph7 equipped with a micro ECD and a capillary col-
umn6 (30 m × 0.32 mm inside diameter, 1.0-µm film
thickness).

RESULTS AND DISCUSSION
Adsorption isotherms. Figure 1 shows HAA adsorp-

tion isotherms constructed for the field GAC filter influ-
ent, spiked with HAA6. HAA adsorption isotherms were
also constructed for organic-free water. Each HAA was
tested individually in both filter influent and organic-
free water. Freundlich constants (K and 1/n) for the fil-

Calculated GAC capacity
���

Substrate loading rate
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FIGURE 3  A schematic of typical HAA removal profile 
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ter influent (KFI) and organic-free water (KOFW) were
calculated and are shown in Table 1. Freundlich con-
stants (Ks) for CHCl3, CHBrCl2, CHBr2Cl, and CHBr3
in the filter influent were 68.03, 90.95, 116.52, and
157.65 (µg/g)(L/µg)1/n, respectively. 

HAA species having a higher halogen number gave a
larger adsorption capacity (K) for GAC, which is in agree-
ment with isotherm results reported by Speth and Miltner
(1998) on Cl2AA and Cl3AA. For monohaloacetic acids,
dihaloacetic acids, and THMs, brominated analogues gave
higher adsorption capacities (K) for GAC than the chlo-
rinated species did, which is also in agreement with
reported THM isotherm results (Speth & Miltner, 1990).

According to results of the current study’s isotherm
tests, KFI values were significantly less than KOFW values.
This reduced adsorption capacity with filter influent may
be attributable to competition for adsorption sites by the
organic matrix and HAAs. A multisolute system has been
shown to compete for carbon adsorption sites and cause
desorption of weakly adsorbed compounds (Speth, 1990;
Baker, 1964). The 1/nFI (filter influent) values were con-
siderably greater than 1/nOFW (organic-free water) val-
ues, possibly indicating that bonding strength between
HAAs and GAC was weaker in the field filter influent
than in organic-free water and that there was competi-
tion for sites on GAC by HAAs and the organic matter in
the field filter influent. For adsorption studies, the aque-
ous phase should be representative of the actual condi-
tion of the GAC contactor environment. However, organic-
free water is commonly used for preparing adsorbate
solutions when laboratory adsorption tests are conducted.
Proper selection of an aqueous phase in adsorption tests
may generate more reliable adsorption capacity results.

Because HAAs are biologically
unstable (Zhou & Xie 2002; Singer et
al, 1999; Williams et al, 1998;
Williams et al, 1994), a long equilib-
rium time may allow biodegradation
of HAAs. An equilibrium test was
conducted using the same isotherm
conditions used in the current study.
GAC was placed in a reaction vessel
with Cl2AA solution and slightly agi-
tated on an orbital shaker. The con-
centrations of Cl2AA in the aqueous
phase were monitored over time.
Results showed that a steady aqueous
concentration can be achieved after 5
h of equilibration (Figure 2). There-
fore, the 24-h period used in this
work is conservative for achieving
equilibrium. A short adsorption time
and filter sterilization also helped in
minimizing the HAA biodegradation.

GAC bed life estimations. Table 2
shows bed lives estimated by adsorp-

tion isotherms and observed from the field and laboratory
column studies on HAAs. All bed lives were calculated
from total adsorption capacity (determined using Fre-
undlich constants obtained from the isotherm tests and
equilibrium concentrations observed in the field filter
study) and the average HAA loading rates observed in
the field study. Bed lives were calculated for only four
HAA species present in the filter influent—ClAA, Cl2AA,
Cl3AA, and BrClAA. Only ClAA and Cl2AA saturation
was observed in the field filter. As shown in Table 2, the
bed lives (50% breakthrough) observed for ClAA and
Cl2AA were comparable with the bed lives estimated by
isotherms obtained with the filter influent.

In this field operation, only CHCl3 and CHBrCl2 were
detected in the filter influent. The effluent CHCl3 con-
centrations approached the influent concentrations after
40 days and varied between 40 and 90 days of filter oper-
ation. CHCl3 effluent concentrations were higher than
influent levels at some points, possibly because of GAC
saturation and subsequent desorption of CHCl3 under
varying water quality and operating conditions. The bed
life for CHCl3 was 99 days (estimated from isotherms
for filter influent). The estimated bed life is longer than the
actual bed life (40–90 days), which may be attributable
to multisolute competition in the field filter operation.

Table 2 also shows the bed lives observed from a pre-
vious laboratory GAC column study (Xie & Zhou, 2002).
This GAC column was operated under conditions similar
to the field filter in the current work but with a 20-min
empty bed contact time. The column influent was pre-
pared with finished water spiked with HAA5. When GAC
isotherm constants (Table 1, filter influent results) and
HAA loading concentrations were used for this column
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study, the bed lives (Table 2, estimated
laboratory column results) were found
to be in agreement with the bed lives
observed for this column (Table 2,
observed laboratory column results).

Both ClAA and Cl2AA are bio-
degradable. Therefore, suspended or
attached microorganisms present in the
filter system may degrade these two
HAAs, which would reduce the mass
loading for GAC adsorption and
increase the bed life in the field filter
operation. Because CHCl3 is not read-
ily biodegradable compared with
HAAs, the effect of bioactivity on
CHCl3 adsorption capacity in an
isotherm test is minimal. In the absence
of THM biodegradation, GAC filters
provide only a short-term removal of
THMs through carbon adsorption.
After GAC is saturated, no THM
removal or adsorption will be
observed. This is also in agreement
with a six-month sampling study with
three GAC filters, during which no CHCl3 removal was
found after GAC saturation (Xie et al, 2004).

Bed lives estimated from isotherms generated for
organic-free water (Table 2) were longer than those
observed for Cl2AA in the field filter study. This may be
attributable to the competition between HAAs and
organic matter in the field. Because of the chromato-
graphic elution of weakly adsorbed components in a mul-
ticomponent system (Speth, 1990), isotherm adsorption
tested with the actual filter influent may not be the best
way to predict the bed lives of a multicomponent sys-
tem. Other models and approaches may be needed to
better assess the performance of such systems.

The use of adsorption tests may not be the most accu-
rate method to estimate GAC bed lives in common GAC
applications. In this section, the bed lives calculated from
isotherm constants were only used to investigate the impor-
tance of GAC adsorption in the early stage of a GAC fil-
ter run and not to develop design parameters for GAC fil-
ters. The rapid small-scale column test (RSSCT) has been
reported to be a more reliable way to determine the bed life
of a full-scale GAC filter (Crittenden et al, 1991). However,
biological degradation of HAAs could potentially affect
the accuracy of RSSCT estimation. Compared with RSSCT,
the bottle-point isotherm test is much easier to conduct in
the absence of biological activities. Bed volume is more
common than bed life as a parameter for GAC filter design.
In this study, bed life was used for easy comparison among
various bench-scale column and field studies.

Evidence of HAA biodegradation in the GAC filter. Figure
3 shows a typical HAA effluent concentration pattern
for a new GAC filter observed in a previous GAC column

study (Xie & Zhou, 2002). Low effluent HAA concen-
trations at the beginning of the filter run indicate GAC
adsorption. After the breakthrough point, the effluent
concentration increases until the GAC is completely sat-
urated. After a few days of high effluent HAA concen-
trations, effluent HAA concentrations gradually return
to a minimum in concert with biofilm development on the
GAC surface and the associated HAA biodegradation.
Similar removal patterns were also observed for both
ClAA and Cl2AA in the field filter study (Figures 4 and 5).
Because Cl2AA has a higher adsorption capacity and is
slightly less biodegradable than ClAA, its breakthrough
and complete removal lagged behind ClAA. The peak
Cl2AA effluent concentration did not reach the saturation
point, which may be due to biodegradation before carbon
saturation. A working biofilm may already have been
developed in the system before complete saturation of
the GAC with Cl2AA. In the case of Cl3AA and other
HAAs, no breakthrough was observed in this study
because of their high adsorption capacities or low influ-
ent loadings. The current study showed that adsorption
is important only in the beginning of the filter run and
contributes little to HAA removal in aged GAC filters.

Implications for point-of-use carbon filters. Point-of-use
carbon filters are commonly used to remove organic and
inorganic compounds in finished water. Many manufac-
turers suggest a flow capacity of 100 gal or two to three
months for replacement of these carbon filters. This short
use period will limit the biological growth inside these
carbon filters, and physical adsorption will be the main
process for THM and HAA removal. Because of their
low GAC adsorption capacities, a breakthrough is
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expected to be faster for HAAs than for THMs, which
agrees with observations in a laboratory study of point-
of-use carbon filters (Xie, 2005).

The testing protocol under NSF/ANSI standard 53
(NSF International, 2005) is being used to evaluate THM
removal in point-of-use carbon filters. However, there is
no report on the certification of point-of-use carbon fil-
ters for HAA removal, perhaps because of the fast break-
through of HAAs in point-of-use carbon filters. More
studies are needed to investigate the adsorption and
biodegradation of HAAs in point-of-use carbon filters
and their testing protocol.

CONCLUSIONS
Adsorption isotherm tests and data analysis indicated

lower carbon adsorption capacities (K values) for mono-
and dihaloacetic acids than for THMs. Cl3AA has a slightly
higher adsorption capacity than CHCl3. HAAs with higher
halogen numbers had higher adsorption capacities. For
both THMs and HAAs, chlorinated species had lower
adsorption capacities than their brominated analogues.
Because of its low adsorption capacity for HAAs, GAC
adsorption plays only a minor role in the beginning of
the filter run for HAA removal, and the HAA removal in
aged GAC filters may be attributable to biodegradation.
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2Supelco, Bellefonte, Pa.
3Corning Life Science, Corning, N.Y.
4F400, Calgon Corp., Pittsburgh, Pa.
5HP 6890, Hewlett Packard, Palo Alto, Calif.
6DB-1701, Agilent, Palo Alto, Calif.
76890N, Agilent, Palo Alto, Calif.
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