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ABSTRACT

This study was to compare the removal efficiency of assimilable organic carbon (AOC) by
biological activated carbon (BAC) filtration in three advanced drinking water treatment plants in
Japan. The influence of total microbial abundances and bacterial community associated with BAC
on AOC removal was also investigated. Results showed ﬁiat AOC concentrations were increased
after ozonation treatment. BAC filtration offered high removal efficiency of AOC from 53 to 73%.
The highest reduction was observed in plant A. Total microorganisms on BAC in plant A, B and C
enumerated by 4',6-diamidino-2-phenylindole staining method were 4.4 x 10°, 9.0 x 10® and 5.1 x
10® cells g wet, respectively. Cell-specific activity of AOC removal in BAC treatment followed the
order of plant A, plant C and plant B. The bacterial community structures of raw water and BAC
samples were investigated by polymerase chain reaction- denaturing gradient gel electrophoresis and
Terminal Restriction Fragment Length Polymorphism

Bacterial communities in raw water of all three plants were similar but significantly different
from those on BAC. This suggests that community structure changes along the treatment process.
Bacterial community on BAC of plant A was slightly different from those on BAC of plant B and C.
The difference in service time or retention time of BAC filtration might have some influence on

bacterial community structures.
INTRODUCTION

Biological stability of drinking water has been
gaining considerable attention in the fields of water
treatment and water quality management. Biologically
stable water is defined as the water in which the
growth of microorganisms is limited in drinking water
distribution system. Bacterial regrowth in. drinking
water distribution system leads to deterioration of wa-
ter quality, acceleration of pipe corrosion and the risk
of microbial diseases [1,2]. Chlorination isnot always
effective for controlling bacterial regrowth because

*Corresponding author
Email: suwat@env.t.u-tokyo.ac.jp

residual chlorine decreases with time [3]. It is com-
monly recognized that organic substrate is one of the
main factors for bacterial regrowth. Thus, potential of
bacterial regrowth can be quantified by abundance of
assimilable organic carbon (AOC) in water. AOC is
defined as a part of dissolved organic carbon which
can be assimilated by reference bacterial strains [4].
The heterotrophlc bacterial growth can be limited
when AOC is lower than 10 pg acetate-C L' in sys-
tems without residual disinfectants [4]. On the other
hand, LeChevallier et al. [5] suggested that AOC
should be controlled between 50 and 100 pg acetate-C
L’ in systems maintaining the appropriate level of re-



60 Sustain. Environ. Res., 21(1), 59-64 (2011)

sidual chlorine.

Ozonation combined with biological activated
carbon (BAC) filtration is one of the major advanced
drinking water treatment technologies. Ozone oxida-
tion can produce AOC by degrading large organic
molecules to smaller ones such as carboxylic acids,
aldehydes, and ketones [6]. Although these hydro-
philic and low-molecular weight materials are hard to
be removed physicochemically, they are efficiently
removed by biological oxidation in BAC filtration [7-
10]. However, the mechanism of AOC removal in
BAC filtration has not been elucidated yet. In this
study, we compared the removal efficiencies of AOC
by BAC filtration in three advanced drinking water
treatment plants in Japan. In addition, microbial abun-
dances and community structures associated with
BAC were characterized since they are the important
factors relating to the efficiency of AOC removal.

EXPERIMENTAL METHODS AND
MATERIALS

1. Sampling Site Selection

Three advanced drinking water treatment plants
(plant A, B, and C) introducing ozonation-BAC filtra-
tion in Japan were investigated. Water and BAC sam-
ples were collected from plant A, B and C on Nov. 27,
Dec. 3 and Dec. 19, 2008, respectively. BAC in plant
A (BAC-A) had been used for 4 yr while BAC in
plant B (BAC-B) and plant C (BAC-C) had been used
for 1 yr. Plant A and plant B receiving raw water
from the same river and operate with the same treat-
ment configuration: coagulation/sedimentation, pri-
mary sand filtration, ozonation, BAC filtration,
chlorination, secondary sand filtration and post-
chlorination. On the other hand, plant C receiving raw
water from another river operates with the similar
treatment processes as plant A and B, excluding pri-
mary sand filtration. Ozonation was provided at a
maximum dosage of 2 mg L™ in all three plants. The
retention time of BAC filtration was 15 min in plant A
while that in plant B and C was 12 min.

2. AOC Determination

AOC in water samples were determined accord-
ing to the Van der Kooij method [4]. Briefly, water

samples were pasteurized at 75 °C for 30 min in-water

bath after sampling to inactivate indigenous bacteria.
After cooling, Pseudomonas fluorescens strain P17
and Aquaspirillum sp. strain NOX were inoculated
into the water samples at the initial concentration of
about 500 colony forming unit (CFU) mL™ of each
strain. The water samples were incubated at 15:°C for
7 d and then the colonies were counted:on R2A agar
by spread plate method. In this study, we used the
yield coefficients of 4.1 x 10° CFU ug'l acetate-C for

P17 and 1.2 x 10’ CFU pg™ acetate-C for NOX [4].
3. Enumeration of Total Microorganisms on BAC

Microorganisms attached on BAC were detached
by vortex for 1 min and ultrasonication at 40 W for 3
min. Suspended cells were harvested and immobilized
on a (.22 pm-polycarbonate membrane filter then
stained with 1 mg L' of 4'6-diamidino-2-
phenylindole for 15 min. They were enumerated with
an epifluorescent microscope (Olympus BX51, Tokyo,
Japan).

4. Polymerase Chain Reaction (PCR) - Denaturing
Gradient Gel Electrophoresis (DGGE) Analysis of
Bacterial Communities in Raw Water and on BAC

DNA was extracted from raw water and BAC
samples by using PoxgverSoilTM DNA Isolation Kit
(MO BIO Laboratories,CA, USA). The extracted
DNA was used as templates in polymerase chain re-
action to amplify the V3 regions of bacterial 16S
rRNA genes. Two primers (357fGC and 518r) were
used for the amplification. The amplified fragments
were separated' on 8% polyacrylamide gels (37.5:1
acrylamide/bis-acrylamide) with denaturing gradient
ranging from 35 to 55%. After the electrophoresis at
130 V for 5 h, the gels were stained with Vistra green
(Cambrex Bio Science Rockland, USA) and scanned
with a Fluorlmager 595 (Molecular Dynamics, USA).

5. T-RFLP Analysis of Bacterial Communities in
Raw Water and on BAC

Bacterial 16S tRNA genes were amplified using
primer 27 f and 907 r. The 5' end of 27 f was labelled
with 6-carboxyfluorescein (6-FAM). The 200 ng of
purified products was digested separately with 10 U of
Hhal, Mspl and Rsal (Toyobo, Osaka, Japan) at 37 °C
for 6 h. Separation of fluorescently labelled fragments
was conducted with an automated DNA sequencer
(ABI 3100 Prism Avant Genetic analyzer, Applied

.Biosystems, USA). Fragment analysis was carried out

with GeneMapper (Applied Biosystems). The major

terminal restriction fragments (T-RFs) obtained by

Hhal digestion whose relative fluorescence units were
more than 50 were selected and transformed to the bi-
nary data (1 or O corresponding to presence or absence

_ of T-RF). The binary data were used for principal

components analysis. The composition of microbial
community was estimated by matching the Terminal
RF Length Polymorphism (T-RFLP) profiles obtained
by Hhal, Mspl and Rsal digestion with the database of
bacterial T-RFs through the phylogenetic assignment
tool (PAT) [11].

RESULTS AND DISCUSSION

1. AOC Concentrations in Treatment Processes

The concentrations of AOC in the treatment
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processes of three drinking water treatment plants are
presented in Fig. 1. The total AOC concentrations in
raw water of plant A, plant B and plant C were 136,
69 and 52 pg acetate-C L™, respectively. The AOC
concentrations in raw water of plant A and plant B
were different though these plants receive raw water
from the same river. The large difference of AOC
concentration may be due to the rain events between
the sampling dates at both plants. The increase of
AOC concentrations were observed after ozonation in
all plants. This is because partial degradation of or-
ganic matter in raw water to more biodegradable
forms [6]. AOC-NOX fraction was increased mostly
in plant A and plant B. This observation is consistent
with the other studies [7-10]. On the other hand,
AOC-P17 fraction was increased after ozonation in
plant C. Plant A and plant B receive raw water from
the same river while plant C receives raw water from
a different river. Thus, dissolved organic matter in raw
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Fig. . Changes in AOC concentration along the
treatment process in (a) plant A, (b) plant B and
(c) plant C.
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water of plant C might have different composition, re-
sulting in the different production pattern of AOC by
ozonation. Reduction of AOC concentration by BAC
filtration was observed in all plants. Although both of
AOC-P17 and AOC-NOX fractions were highly re-
moved, removal performances were different among
plants. AOC reductions by BAC filtration followed
the order of 155 pg acetate-C L" (73% reduction) in
plant A, 111 pg acetate-C L' (53% reduction) in plant
C and 58 pg acetate-C L (53% reduction) in plant B.
The largest AOC reduction in plant A could be due to
longer retention time of BAC filtration in plant A (15
min) compared with plant B and plant C (12 min).
However, AOC reduction in plant C was two times
larger than that in plant B despite the same retention
time. Thus, differences in retention time of BAC fil-
tration are not directly associated with AOC removal
efficiency.

We have evaluated biodegradation of formate,
acetate and oxalate by BAC comparing to sterile BAC
in which biological activity was prohibited by NaNj
(data not shown). The results demonstrated that all
three AOC model substances were greatly removed by
BAC whereas no reduction was observed in sterile
BAC. Hence, biodegradation would be the major
mechanism of AOC removal in BAC filtration in ad-
vanced drinking water treatment process.
2. Relationship between Total Microbial
Abundances of BAC and AOC Removal

Total microbial cells on BAC-A, -B and -C were
4.4 x 10 9.0 x 10® and 5.1 x 10% cells g wet, respec-
tively. No large differences were observed among the
BAC samples. Considering AOC removal rates of
BAC filtration calculated by AOC concentration data
in Fig. 1 and total microbial cells in the entire BAC
bed, cell-specific activity of AOC removal can be es-
timated. * The estimation demonstrated that cell-
specific activities of AOC removal for BAC-A, -B and
-C'were 1.18, 0.27 and 0.91 fg C cell' h™', respec-

tively. Thus BAC-A offered the highest performance
- for AOC removal followed by BAC-C and BAC-B.
__However, total abundances include dead cells as well

as live ones. Thus, we need to evaluate only viable or
active microorganisms rather than total abundances to
estimate more accurate activity.

3. Bacterial Community Structures in Raw Water
and on BAC

Bacterial communities in raw water and on BAC
were investigated by DGGE analysis (Fig. 2). The
DGGE result indicated that bacterial communities in
raw water were similar among all plants. However,
they were significantly different from communities on
BAC, suggesting that communities on BAC were
composed of bacteria which were not dominant in raw
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Raw water BAC
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Fig. 2. DGGE profiles of bacterial communities in raw
water and on BAC.

water. Some bands such as band 1 were common in all
BAC samples while some bands were observed in
only one BAC sample (e.g. band 2 in BAC-A, band 4
in BAC-B, band 5 in BAC-C). In addition, there were
some common bands found in two samples (e.g. band
3 observed in both BAC-B and BAC-C).

In addition to DGGE analysis, T-RFLP analysis
was applied to evaluate bacterial community struc-
tures of raw water and BAC samples. Figure 3 shows
T-RFLP profiles of raw water and BAC samples ob-
tained by Hhal digestion. The T-RFLP profiles of raw

water samples were similar among three plants. Major

T-RFs detected are shown in Fig. 3 and Table 1. T-RF
1 to 4 were common fragments detected in all raw wa-
ter samples. However, some fragments (T-RF 5 and 6)
observed in raw water of plant C were not observed.in
plant A and B. This is probably because plant A and B
receive raw water from the same river but plant C re-
ceives raw water from another river. On the other
hand, the T-RFLP profiles of BAC samples were sig-
nificantly different from those of raw water samples.
It was in accordance with the DGGE results. :
Some T-RFs including T-RF 7, 9, 10,.1tand 15
were common in all BAC samples. Howe\(@r some T-
RFs only observed in each BAC sample were also
found such as T-RF 13, 14, 16 and 17 in. BAC-A, T-
RF 18 in BAC-B and T-RF 20 in BAC- c“‘"*f’nnmpal
component analysis (PCA) of the T-RFLP profiles ob-

1 2 Raw water-A
L. .
3 Raw water-B
9
lI n. A " N
‘4 Raw water-C
5
ll A L 6
8 9

Relative fluorescence units

0 100 200 300 400..500 600 700 800 900
F ra‘gmént Iength (bp)

Fig. 3. T-RFLP profiles obtained by Hhal digestion.

tained by Hhal diges’ti‘offwas applied to evaluate simi-
larity of the profiles., The result of PCA is shown in
Fig. 4. Pr1nc1pa1 component 1 (PCI) separated the
profiles of raw. Water samples from those of BAC
samples. All raw ‘water samples were grouped to-
gether. On the other hand, principal component 2
(PC2) separated: BAC-A from BAC-B and BAC-C,
indicating ‘that community structure of BAC-A was
different from those of BAC-B and BAC-C. BAC-A
had been operated for much longer time than BAC-B
and BAC-C(BAC-A: 4 yr, BAC-B and BAC-C: 1 yr),
microorganisms on BAC-A have probably been ac-
climated to the AOC produced by ozonation. In addi-
tion, retention time in these plants was slightly differ-
ent (BAC-A: 15 min, BAC-B and BAC-C: 12 min).
Therefore, the difference in service time of BAC or

_ retention time of BAC filtration might have some in-
" fluence on bacterial community structures and thus on
“removal efficiency of AOC.

~ The bacterial candidates corresponding to the
major T-RFs were predicted by PAT software. In this

_analysis, three profiles obtained by Hhal, Mspl and

Rsal digestion were compared with the database of T-

-RFs of bacterial strains and clones generated by using

the Microbial Community Analysis software [12]. We
need to understand the limitation of this indirect esti-
mation because closely related or phylogenetically
different bacteria could share fragments of the same
length. The matching result is summarized in Table 1.

T-RF 3 and 4 found in all raw water samples
were probably derived from chloroplast of Palmaria
palmata (eukaryotic algae) and Polaromonas naph-
thalenivorans, respectively. On the other hand, candi-
dates for T-RFs (T-RF 9, 10, 11 and 15) observed in
all BAC samples included bacteria in phylum Fir-
micutes, Gammaproteobacteria and Alphaproteobacte-
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Table 1. Bacterial candidates of major T-RFs in raw water and BAC predicted by PAT analysis

T-RF Species match (Bacterial phylum information) L BAC

A B C A B C
1 Unidentified v v v — - -
2 Unidentified v v v — — _
3 chloroplast of Palmaria palmata v v v - -
4 Polaromonas naphthalenivorans CJ2 (Chlorobi) v v v - - —
5 Unidentified - v — _
6 Unidentified - - v - - _
7 Unidentified - - - v v v
8 Unidentified - = v v -
9 Clostridium piliforme pRJ (Firmicutes) = = - v v v
10 Chlorobaculum tepidum (T) (Firmicutes) - = - v v v
11 Pseudomonas sp. BBCTS8 (Gammaproteobacteria) - — — v v v
12 Catenibacterium mitsuokai JCM 10611 (Firmicutes) - - - v — v
13 Paenibacillus ourofinensis AC13MSD (Firmicutes) - - - v — —
14 Unidentified - - - v _ -
15 Roseivivax halotolerans (T) OCh 210T (Alphaproteobacteria) - - - v v
16 Acidiphilium cryptum JF-5 (Alphaproteobacteria) B B B N B B

Microcystis holsatica NIES-43 (Cyanobacteria)
17 Unidentified - - - v - _
18 Unidentified - = = v =
19 Spiroplasma chrysopicola (T) ATCC 43209 DF-1 (Tenerecutes) - - - = v v
20 Leptotrichia amnionii (Fusobacteria) - - — - v
1 CONCLUSIONS
This study compared the removal efficiency of
0.5 ] AOC by BAC filtration in three advanced drinking

Raw water-C : BAC-A
. ‘}Rawwater—B ) A

@]

g 0 T o o SIS

Raw water-A

1 BAC-B
BaCC 4| A
5
-1 0.5 0 0.5 1
PC1

Fig. 4. PCA analysis of T-RFLP profiles obtained by
Hhal digestion.

ria. Moreover, T-RF 13 and 16 detected in only BAC-
A were matched with Firmicutes and Alphaproteobac-
teria or Cyanobacteria, respectively. These bacterial
candidates might be associated with higher AOC re-
moval performance of BAC-A. However, relationship
between community structures and AOC removal per-
formances is still not clear because BAC-C could re-
move more AOC than BAC-B despite their commu-
nity structures were similar as shown in Fig. 4. Further
study is required to identify community members on
BAC and their activities and functions in terms of
AOC removal.

water treatment plants in Japan. The influence of total
microbial abundances and bacterial community struc-
tures of BAC on AOC removal efficiency was inves-
tigated. The AOC concentrations were increased after
ozonation treatment and highly reduced after BAC fil-
tration. The highest AOC reduction was observed in
plant A followed by plant C and plant B. This order
was in accordance with the cell-specific activities of
AOC removal estimated for the BAC samples. The
community structures of BAC samples were signifi-
cantly different from those of raw water samples. The
community structure of BAC-A was different from
those of BAC-B and BAC-C. The difference in ser-
vice time or retention time of BAC filtration might
have some influence on bacterial community struc-
tures. Identification of community members and elu-
cidation of their activities and functions in terms of
AOC removal are required to further understand the
mechanism of AOC removal by BAC filtration.
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(10~ 8 ) Evaluation and enrichment of biological activity of carboxylic acids removal
by biological activated carbon in continuous column reactors
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1. Introduction

Ozonation combined with biological activated carbon (BAC) has been widely used in advanced
drinking water treatment plants. Ozonation results in the formation of assimilable organic carbon
(AOC), which is biodegradable organic matter including carboxylic acids. Although AOC has
potential to promote bacterial regrowth in distribution pipes, subsequent treatment by BAC filter
can remove AOC efficiently to ensure biological stability of drinking water. However, little
information is available on the mechanism of AOC removal in BAC. We examined biological
performance of BAC to remove carboxylic acids such as formate, acetate, and oxalate as model
AOC substances. In addition, bacteria responsible for those carboxylic acids degradation were
evaluated.

2. Materials and Methods
2.1 Continuous column reactors

BAC sample was collected from an advanced drinking water treatment plant in May, 2009.
They were packed in glass column reactors. Run A, Run B, and Run C were continuously fed with
1 mgC/l of formate, acetate, and oxalate in mineral medium for 30 days, respectively.
Subsequently, substrate concentration was increased to 10 mgC/l and operated for additional 14
days. Control experiment was conducted in parallel without adding carboxylic acids (Run D).
Experimental conditions were summarized in Table 1. During enrichment, BAC samples were
periodically taken for removal performance test and bacterial community analysis.

2.2 Removal performance test and bacterial community analysis

Removal performance test was performed in batch mode. This test was initiated by adding 1
mgC/1 of formate, acetate, and oxalate to 10-g BAC in 300 ml of mineral medium. Control of
biodegradation was carried out by adding sodium azide (NaNj3). Incubation was conducted at 20°C
with 100 rpm agitation. Carboxylic acids concentrations were periodically determined with an ion
chromatograph (Metrohm 761 Compact IC, Switzerland). Bacterial community associated with
BAC was characterized by terminal restriction fragment length polymorphism (T-RFLP) analysis
with an ABI 3100-avant (Applied Biosystems, USA).

Table 1 Experimental conditions of
continuous column reactors

Contact Flow Linear
time rate velocity
(hr) (ml/min)  (cm/min)

Added

Columm substrate

Run A  Formate
RunB  Acetate
RunC  Oxalate L5 LY 02 o 1 > 3 ; 5 6 7 5
Run D - Time (hr)

Fig.1 Removal of formate (e), acetate (m),
and oxalate (A) by original BAC (open
symbols indicate control with NaN3).
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Fig.2 Temporal changes in removal performance of BAC after enrichment with 1 mgC/l and 10
mgC/l of formate (RunA: a and d), acetate (RunB: b and e), and oxalate (RunC: ¢ and f)

3. Results and discussions
3.1 Carboxylic acids removal performance of original BAC

Fig.] shows reduction profiles of formate, acetate and oxalate by original BAC. In the control
experiment with NaN3, no decline was found in formate and acetate while some decrease was
observed in oxalate. It indicates that formate and acetate were preferably removed by
biodegradation, while oxalate was removed by biodegradation as well as physical adsorption.
Considering contribution of physical adsorption, biodegradation rate constants were compared
supposing that degradation profiles followed the pseudo-first order reaction. Acetate was rapidly
removed at the rate of 0.81 hr' followed by formate (0.56 hr™') and oxalate (0.08 hr''), suggesting
that biodegradation performance was different depending on the types of carboxylic acids.

3.2 Enrichment of formate, acetate and oxalate utilizing bacteria

In the column reactor experiment, we tried to enrich bacteria responsible for formate, acetate,
and oxalate degradation. Fig. 2 shows temporal changes in removal performance in each reactor.
Results showed that reduction rates in all carboxylic acids were not increased by continuous
feeding with 1 mgC/l of each substrate. However, the increase of removal performance was
observed in Run A (formate) and Run C (oxalate) when the concentration was increased to 10
mgC/l, while no significant change was found in Run B (acetate). It is likely that formate and
oxalate utilizing bacteria were enriched under 10 mgC/l enrichment condition. In addition,
bacterial communities associated with BAC were investigated by T-RFLP. Results showed that
bacterial communities in Run C (oxalate) and Run D (control) were stable while new fragments
were observed in Run A (formate) and Run B (acetate) under both of 1 mgC/l and 10 mgC/1
enrichment conditions. Bacteria corresponding to those fragments might actively take part in
formate and acetate degradation in column experiment.

4. Conclusion

The analysis of original BAC indicated that acetate and formate were preferably and rapidly
removed by biodegradation while oxalate biodegradation rate was much slower and it was also
removed by physical adsorption. The increases of removal performance were observed in the
columns reactors where BAC was acclimatized with 10 mgC/1 of formate and oxalate. T-RFLP
analysis could detect changes in bacterial community in case of continuous feeding of formate and
acetate, not oxalate. Activity and abundances of bacteria utilizing each substrate will help us to
understand mechanism of AOC removal by BAC filter.
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