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" An innovative Fe0�BAC process for HAA removal is developed.
" The system performed very well in removing TCAA and total HAAs.
" The merit of the Fe0 and BAC combination was demonstrated.
" The HAA degradation rate constants were approximately determined.
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An innovative haloacetic acid (HAA) removal process was developed. The process consisted of a zero-
valent iron (Fe0) column followed by a biologically active carbon (BAC) column that were efficient in
degrading tri- and di-HAAs, and mono- and di-HAAs, respectively. The merit of the process was demon-
strated by its performance in removing trichloroacetic acid (TCAA). An empty bed contact time of 10 min
achieved nearly complete removal of 1.2 lM TCAA and its subsequent products, dichloroacetic acid
(DCAA) and monochloroacetic acid (MCAA). HAA removal was a result of chemical dehalogenation and
biodegradation rather than physical adsorption. Preliminary kinetic analyses were conducted and the
pseudo-first-order rate constants were estimated at ambient conditions for Fe0 reduction of TCAA and
biodegradation of DCAA and MCAA by BAC. This innovative process is highly promising in removing HAAs
from drinking water, swimming pool water, and domestic or industrial wastewater.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Haloacetic acids (HAAs) are ubiquitously present, sometimes at
high concentrations in the magnitude of hundreds of lg L�1 (Berg
et al., 2000; Nissinen et al., 2002), in chlorinated or chloraminated
drinking water, swimming pool water and treated sewage. HAAs
are formed from the unintended reactions between the disinfec-
tants and the organic matter in water. Many HAAs are known or
suspected carcinogens and, when at high concentrations, are of
great concern to both human health and environment.

HAA removal has become an effective way to control HAAs. A
great deal of effort has been devoted to HAA removal by biologi-
cally active carbon (BAC) processes (Williams et al., 1994; Wu
and Xie, 2005). However, it has generally been found that while
mono- and di-HAAs are relatively easily biodegradable, tri-HAAs
ll rights reserved.
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are recalcitrant to biodegradation (Olaniran et al., 2001; Zhou
and Xie, 2002). This is further supported by the fact that tri-HAAs
are much more persistent than mono- and di-HAAs in various dis-
tribution systems (Ellis et al., 2001; Rodriguez et al., 2007; Tung
and Xie, 2009).

Reduction of HAAs through dehalogenation by using zero-
valent iron (Fe0) or other element-doped Fe0 (such as the bimetallic
Pd/Fe, Cu/Fe and Si/Fe) have been reported (Hozalski et al., 2001;
Zhang et al., 2004; Chen et al., 2008; Chu et al., 2009; Li et al.,
2010, 2012; Wang et al., 2010). In contrast to the order of HAA bio-
degradability, the susceptibility of HAAs to Fe0 reduction normally
follows the order of tri-HAAs, di-HAAs, and lastly mono-HAAs.
Di- and mono-HAAs were usually observed as the dehalogenation
intermediates or end-products.

A combined process incorporating chemical and biological
methods is likely to achieve an efficient removal of HAAs. The
objective of this study is to investigate the trichloroacetic acid
(TCAA) removal efficiency of a sequential Fe0 and BAC column
system.

http://dx.doi.org/10.1016/j.chemosphere.2012.09.046
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2. Material and methods

2.1. Materials

TCAA (>99%) solid was obtained from the Sinopharm Chemical
Reagent (China). Analytical pure sulfuric acid, sodium bicarbonate
and sodium sulfate were provided by the Beijing Chemical (China).
The standard solution for HAAs, including TCAA, dichloroacetic
acid (DCAA) and monochloroacetic acid (MCAA) (2000 mg L�1

each), and methyl tert-butyl ether, methanol and 1,2,3-
tribromopropane of chromatographic grade purity were purchased
from the Sigma (USA).
Fig. 2. The temporal variations of the HAA reduction and degradation under 30 min
EBCT.
2.2. The sequential Fe0�BAC system and operation

The system consisted of a Fe0 column and a BAC column (Fig. 1),
which were constructed of glass with 30 cm in length and 3 cm in
id. The Fe0 column was packed, from the bottom, with 1.5 cm glass
fiber, 5 cm silica sand and 15 cm cast iron particles. The raw cast
iron particles were collected from a local manufacturing factory,
which had some grease on the surface. The particles were first
passed through a sieve (20 mesh or 0.83 mm), then soaked in a
detergent solution for 24 h for oil removal, and finally rinsed in se-
quence with tap water, deionized water and ultrapure water for
residual detergent removal. The final cast iron particles contained
negligible rust seen by naked eyes and the surface area measured
via BET was 1.3 m2 g�1. The packing pattern for the BAC column
was identical to the Fe0 column except that the media were
replaced with 14 cm BAC. The cylindrical BAC particles, 1.5 mm
in diameter and 2�5 mm in length, were collected from a granular
activated carbon (GAC) contactor located after sand filtration in a
local drinking water treatment plant (Beijing, China) which uses
surface water and prechlorination.

The feed water to the system was a solution containing approx-
imately 1.2 lM TCAA and prepared daily with deionized water.
TCAA was relatively stable in solution at ambient temperature.
Trace amount of DCAA as impurity was also detected in the feed
at about 0.016 lM. The pH of the feed water was approximately
six. The feed was initially treated by the Fe0 column and then the
BAC column. The ambient temperature ranged from 15 �C to
26 �C during this preliminary study. The empty bed contact time
(EBCT) for the Fe0 and BAC columns was designed to be identical.
A small portion (1/15) of the Fe0 column effluent was used for sam-
pling. Therefore, the flow rate into the Fe0 column was designed to
be slightly greater (by 1/15) than that into the BAC column.
Accordingly, a smaller bed depth of the BAC column than that of
Fig. 1. Schematic diagram of the sequential Fe0 and BAC system for HAA removal (1
� feed tank; 2, 4, 6 � peristaltic pumps; 3 � Fe0 column; 5 � BAC column; A, B, C �
sampling points; a � cast iron particles; b � BAC; c � silica sand; and d � glass
fiber).
the Fe0 column was used. The EBCTs evaluated included 2.5, 4, 5,
6, 10 and 30 min. Therefore, the loading rates of the Fe0 column
were 3.6, 2.3, 1.8, 1.5, 0.9 and 0.3 m h�1, respectively, and that of
the BAC column were 3.4, 2.1, 1.7, 1.4, 0.8 and 0.28 m h�1, respec-
tively. At each EBCT except for 30 min, samples were collected
hourly from the sampling points (including the feed tank, the Fe0

column outlet and the BAC column outlet) during an 8 h sampling
period, following a 16 h stabilization period for the system. At an
EBCT of 30 min, the system was continuously run for 14 d, during
which samples were collected daily from the three sampling
points. All samples were analyzed for the TCAA, DCAA and MCAA,
pH and chloride ion.

2.3. Analytical methods

The TCAA, DCAA and MCAA were determined following the
USEPA method 552.3 (USEPA, 2003) and using a GC (Agilent
7890 N, United States) equipped with a DB-1701 capillary column
(30 m � 0.25 mm � 0.25 lm, Agilent, United States) and an elec-
tron capture detector. Chloride ion was analyzed using an IC
(Metrohm 761, Switzerland) coupled with a Metrosep A Supp 5
column and a conductivity detector. The biomass concentrations
were measured with heterotrophic plate counts (HPCs) and appro-
priate decimal dilutions of microbial suspensions obtained by son-
ication of BAC were spread in triplicate over the surface of nutrient
agar plates, which were incubated during 48 h at 36 �C.

3. Results and discussion

3.1. The performance of the sequential Fe0�BAC system

The GAC media had been on line for approximately 3 yr and
were regarded as BAC, therefore, the sequential system was used
for HAA degradation without an acclimation period required. The
microbial abundance of the BAC was determined in the magnitude
of 108 cells g�1 wet BAC by using the HPC method. The system sta-
bility was firstly evaluated in terms of the removal efficiency to
both TCAA and total HAAs (i.e. the sum of TCAA, DCAA and MCAA).
At an EBCT of 30 min, the system was continuously fed for a 14 d
period with a TCAA solution. This TCAA solution had a concentra-
tion that varied from 0.8 lM to 1.6 lM (Fig. 2). In the Fe0 column
effluent, only MCAA remained in elevated concentrations ranged
from 0.3 lM to 0.8 lM, roughly following a similar pattern to the
initial TCAA concentration in the feed. TCAA, DCAA and MCAA were
all below the detection limit (1 lg L�1 each) in the BAC column
effluent. It was determined that both TCAA and total HAAs were
completely removed in the system.



Fig. 4. Chlorine atom mass balance during HAA degradation in the Fe0�BAC system
and error bars correspond to standard deviation (n = 9).
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The effect of EBCT was next to be investigated. A stabilization
period of 16 h was allowed before sampling at 1 h intervals. At
an EBCT as short as 2.5 min (Fig. 3a), the removal of TCAA and total
HAAs achieved 77% and 59%, respectively. The removal efficiency
of TCAA and total HAAs increased with the increase of EBCT. The
removal efficiency of TCAA increased to 85%, 93% and 94%, while
the removal efficiency of total HAAs increased to 85%, 91% and
94%, when EBCT increased to 4, 5 and 6 min, respectively. At a
10 min or greater EBCT, the removal of both TCAA and total HAAs
was nearly complete. The higher TCAA in the BAC effluent at an
EBCT of 6 min (Fig. 3d) than that at an EBCT of 5 min (Fig. 3c) is
likely due to the water temperature difference (16 versus 23 �C,
respectively). The effects of temperature on HAA degradation were
also reported by Wu and Xie (2005).

Mass balance of the chlorine atom in the Fe0�BAC system was
analyzed using the concentration variations of the chloride ion
and the various HAAs in the system for the shortest EBCT investi-
gated (2.5 min) (Fig. 4). The chlorine atom content was constant,
4.5 lM, throughout the treatment system, indicating that no
adsorption of HAAs on either Fe0 or BAC particles occurred. This
suggests that all HAAs were removed by chemical reduction or bio-
logical degradation rather than physical adsorption within the
system.

3.2. The merit of the sequential combination

Using the Fe0 column alone (Fig. 3), the removal efficiency of
TCAA in the Fe0 column were 76%, 84%, 91%, 93%, 99% and 100%,
and total HAA removal efficiency were 23%, 24%, 28%, 26%, 43%
and 55%, for an EBCT of 2.5, 4, 5, 6, 10 and 30 min, respectively.
Fig. 3. HAA concentration variations in the Fe0�BAC system under various EBCTs (a)
corresponds to the standard deviation (n = 14 for 30 min EBCT and n = 9 for others).
It indicates TCAA could be largely reduced, however, a complete
removal of total HAAs could not be attained using the Fe0 column
alone over the EBCT range investigated. It is likely caused by the
refractory property of MCAA by Fe0 reduction, as indicated by high
MCAA concentrations (0.3–0.8 lM) in the effluent. DCAA, with a
concentration lower than MCAA, were also detected in the Fe0 col-
umn effluent when the EBCT was less than 10 min. The ease of HAA
dechlorination by Fe0 followed the order of TCAA, DCAA and MCAA,
as reported by others (Hozalski et al., 2001; Zhang et al., 2004).

The subsequent BAC column primarily functioned to degrade
DCAA and MCAA. Although the concentrations of DCAA and MCAA
as intermediate products from dechlorination of TCAA increased in
2.5 min, (b) 4 min, (c) 5 min, (d) 6 min, (e) 10 min, and (f) 30 min. Each error bar



Table 1
The reported rate constants of HAAs by chemical reduction or biological degradation.

Reaction Reported kobs

(min�1)
Packing density
(g mL�1)

Particle size
(lm)

Biomass (cells
mL�1)

Temperature
(�C)

Normalized kobs

(min�1)
References

TCAA by Fe0 1.3 � 10�3a 1.4 � 10�2 150 – Ambient 4.7 � 10�2e Hozalski et al.
(2001)

TCAA by Fe0 1.1 � 10�2a 2.4 � 10�3 150 – 21 ± 1 2.3e Zhang et al.
(2004)

TCAA by Fe/Cu 2.6 � 10�2a 0.03 400c – N/A 1.2e Chu et al. (2009)
TCAA by rust 1.3 � 10�3a 2.4 � 10�3 50c – 22 ± 3 0.09e Chun et al.

(2007)
TCAA by goethite and

magnetite
3.2–30 � 10�6a 8 � 10�4 50c – N/A 6.9–64 � 10�4e Chun et al.

(2005)
MCAA by pure culture 5–7 � 10�3a – – 107d 26 ± 1 0.11–0.15f Olaniran et al.

(2001)
DCAA by BAC 0.085b – – N/A 10 0.17f Wu and Xie

(2005)
MCAA by BAC 0.12b – – N/A 10 0.23f Wu and Xie

(2005)
TCAA by Fe0 0.5b 2.8 830 – 15–26 – This study
DCAA by BAC 0.4b 0.9 – 2.2 � 108 15–26 – This study
MCAA by BAC 0.4b 0.9 – 2.2 � 108 15–26 – This study

a Obtained by batch test.
b Obtained by continuous column test.
c Estimated value from BET surface area.
d Estimated value from absorbance of cultures.
e Normalized to the conditions similar to ours in which Fe0 particle size was 830 lm, packing density was 2.8 g mL�1 and water temperature was 20 �C by assuming that kobs

linearly increases with the specific iron surface area (m2 mL�1).
f Normalized to the conditions similar to ours in which biomass abundance was 2.4 � 108 cells/g wet BAC and water temperature was 20 �C by assuming that kobs linearly

increases with biomass concentration (cell mL�1) and that kobs increases by twice when water temperature increases by 10 �C.
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the Fe0 column effluent, they could be easily biodegraded in the
BAC column using an EBCT of 6 min or longer. In comparison, there
was no substantial variation of TCAA concentration in the BAC col-
umn, which may be caused by fewer TCAA degraders grown on the
surface of GAC media (Zhang et al., 2009). Therefore, the dechlori-
nation of TCAA was solely dependent upon the Fe0 column. This
novel design makes full use of the advantages of both processes
for a complete removal of HAAs, i.e. the reduction of TCAA by Fe0

and the subsequent degradation of MCAA and DCAA by BAC.
3.3. Kinetics of HAA removal in the Fe0�BAC system

The pseudo-first-order reaction was employed for the calcula-
tion of the reaction rate constants for both the chemical dehalo-
genation reaction in the Fe0 column and the biodegradation
reaction in the BAC column. Because both Fe0 and BAC columns
could be regarded as plug-flow reactors, the first-order rate con-
stant (kobs) for each HAA degradation reaction could be obtained
from the HAA concentrations in the influent (Cin) and effluent (Ceff)
and the corresponding EBCT by using

kobs ¼ �
1

EBCT
ln

Ceff

Cin

� �
ð1Þ

Noted is the kobs values calculated by using Eq. (1) are with both
mass transfer and kinetic terms incorporated (Zhang et al., 2004).

In this preliminary study on the system feasibility, the temper-
ature (15�26 �C) was not controlled and only TCAA was used as
the model HAA. As such, only approximate values of kobs for some
particular reactions could be derived. With the packing density of
Fe0 at 2.8 g mL�1, the kobs value for the chemical reduction of TCAA
by Fe0 was determined to be about 0.5 min�1. Calculation of the
kobs values for the chemical reduction of DCAA and MCAA by Fe0

was not possible, unless chemical reduction solely through the
mechanism of sequential hydrogenolysis (i.e. dechlorination of
TCAA to chlorine-free acetic acid via DCAA and MCAA) can be as-
sumed. Further study is required to have a better understanding
of the dechlorination mechanisms. Regarding the biological degra-
dation of DCAA and MCAA by BAC, with the packing density of BAC
at 0.9 g mL�1, the kobs values were both determined to be about
0.4 min�1. Here the authors assumed that DCAA and MCAA were
biodegraded in the BAC column independently.

By far, a number of studies had also dealt with the rate con-
stants for the chemical reduction of TCAA by Fe0 (or other
element-doped Fe0 or iron oxides) and that for the biological
degradation of DCAA and MCAA (Table 1). The conditions under
which the rate constants were obtained however differed greatly.
For comparison, the rate constants were all normalized to the con-
ditions under which this study was conducted. It appears that the
normalized rate constants for chemical reduction of TCAA deviate
largely, which may indicate that the chemical composition of the
Fe0 and the alike plays critical role in determining the reducing
capability. In contrast, the rate constants for the biological degra-
dation of DCAA and MCAA obtained from different studies were
all in the same order of magnitude, from 0.1 min�1 to 0.4 min�1.
It may indicate that the HAA degraders, under favorable conditions,
perform very similarly.

Nonetheless, the determined rate constants could be used for
the determination of the required EBCTs for the Fe0 and BAC col-
umns. For example, at room temperature between 15 �C and
26 �C, if a minimum removal efficiency of 90% is targeted for total
HAAs, a BAC column is recommended to follow a Fe0 column and
the required EBCTs are within 10 min. Our results suggest that
with a BAC column in a drinking water plant with the bed depth
and filtration rate of 2 m and 8 m h�1, respectively, and an EBCT
of 15 min, a 90% removal of DCAA and MCAA can be easily
achieved. In order to achieve the same removal ratio for TCAA,
around 0.7 m Fe0 layer is required with a filtration rate at
8 m h�1. One option for the sequential Fe0�BAC system is to layer
the Fe0 under the BAC with an upward flow operation. This type of
arrangement is helpful to reduce the size of the process and to keep
good stratification between the Fe0 and BAC media after backwash-
ing. Therefore, because of the small layer required and simplicity,
this innovative process is highly promising in removing HAAs from
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drinking water, swimming pool water, and domestic or industrial
wastewater. Additional studies are being conducted under con-
trolled water temperatures to investigate the dehalogenation
mechanisms of various HAAs in the Fe0 column and effects of water
temperature on the reaction kinetics.
4. Conclusions

The sequential Fe0�BAC process demonstrated good perfor-
mance in terms of both TCAA and total HAA removal. For an initial
influent with approximately 1.2 lM TCAA and an EBCT at 2.5 min
for each column, the removal efficiencies for TCAA and total HAAs
were 77% and 59%, respectively. EBCTs greater than 10 min
achieved a nearly complete removal of the HAAs. Chemical dehalo-
genation and biodegradation rather than physical adsorption on
Fe0 or BAC media were responsible for HAA removal in the system.
TCAA was primarily removed by reduction in the Fe0 column.
DCAA and MCAA as subsequent dehalogenation products in the
Fe0 column were removed in the BAC column by biodegradation.
Preliminary kinetic analysis revealed that the pseudo-first-order
rate constants at ambient temperatures for Fe0 reduction of TCAA
was about 0.5 min�1 for a packing density of Fe0 at 2.8 g mL�1,
while rate constants for biodegradation of DCAA and MCAA in
the BAC column were both about 0.4 min�1 for a packing density
of BAC at 0.9 g mL�1. This innovative process has great potential
in removing HAAs from drinking water, swimming pool water,
and domestic or industrial wastewater, although further research
is required to fully understand the effects of water temperature
on the reaction kinetics.
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