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ABSTRACT

The removal and transformation of clofibric acid (CA), which is a metabolite of clofibrate drugs, in aer-
obic sequencing batch reactor (SBR) was studied in this paper. By the analysis of CA concentration in
the sewage and sludge phase, the biological removal mechanism was shown to be important, achieving
10%-12% of removal efficiency. However, the adsorption effect was relatively weak. High performance
liquid chromatography (HPLC) analysis showed that CA mainly produced three biodegradation
metabolites: a-hydroxyisobutyric acid, lactic acid and 4-chlorophenol. The a-hydroxyisobutyric acid
was the major metabolite, and the second most important was lactic acid. The two substances accu-
mulated for a period, and were then gradually utilised by microorganisms. These results indicated
that CA can be transformed into other products during biological treatment although it is refractory.
Moreover, the concentration of 4-chlorophenol was very low. Microbial community distribution was
analysed by high-throughput sequencing. The dominant phyla were Proteobacteria, Actinobacteria and
Bacteroidetes. After addition of CA, the component of both Actinobacteria and Bacteroidetes dropped. For

genus level analysis, a new Porphyromonadaceae emerged in the SBR with CA.
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1. Introduction

Clofibric acid (CA) is the pharmaceutically active metab-
olite of lipid regulators, and it is considered both environ-
mentally persistent and refractory [1,2]. It can be discharged
into natural waters through domestic wastewater, hospital
wastewater and industrial wastewater [3]. Several studies
have detected CA even in groundwater and drinking water
[4-6]. The concentration of CA in waters is typically between
ng/L and pg/L levels [7]. The daily dose for hyperlipidemia
patients can reach 1-2 g/d, which can be released into water
environment to cause ecological and health risk [8]. As an
emerging micropollutant, the behaviour, effect and fate of
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CA in water environment received extensive attention in
recent years.

Some studies indicated that there was little difference in
CA concentration between influent and effluent of wastewater
treatment plant (WWTP), which indicates biological per-
sistence [9,10]. Other studies revealed that the CA removal
efficiency was around 28% in conventional activated sludge
treatment [11,12]. Some studies investigated the biological
degradation of ibuprofen, ketoprofen, naproxen, CA, etc.
during activated sludge process [13,14]. The results indicated
that the removal efficiency of CA was the lowest among these
PPCPs (49%-59%), and the removal efficiency of other PPCPs
was higher than 87%. In addition, hydraulic retention time
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(HRT) can affect the removal efficiency of PPCPs. Higher
HRT can increase the removal efficiency of CA [15]. Only
5% removal efficiency was obtained in the conventional acti-
vated sludge process with short HRT [16]. Furthermore, the
long sludge retention time (SRT) also resulted in increased
removal efficiency of CA, which attributed to the enrichment
of microbial cultures that are suitable towards xenobiotic bio-
degradation [15,17]. Based on the above studies, there is still
a large amount of CA being discharged into the environment
after biological treatment. In addition to slow biodegradation,
CA was also photostable, which implied that the CA direct
photolysis is not important in the natural environment [18].

It is suggested that the presence of chlorine in the molec-
ular structure and a relatively complex aromatic structure of
CA are the reasons for the low degradation rate in conven-
tional biological processes [19]. The removal of CA in acti-
vated sludge process can be due to adsorption by sludge and
biological degradation. Previous research indicated that CA
occurs in water in ionic form, and it is difficult to be adsorbed
by activated sludge. Furthermore, the adsorption ability
increases with decreasing pH [20]. However, the distribution
of CA between sludge and water in biological treatment pro-
cesses is still poorly known, and there is little information
related to the mechanism and pathway of CA degradation.

The microorganism community is of great importance in
activated sludge processes. The variation of species, quan-
tities and structures can affect the removal efficiency of the
treatment system. Therefore, the study of the microbial com-
munity in the wastewater treatment system can contribute
to the investigation of pollutants transformation. In addition,
high-throughput sequencing techniques were widely used
in microorganism analysis during activated sludge process.
However, there is little experimental data about the effect of
CA on microbial community.

The aim of this study was to investigate the transforma-
tion and distribution of CA in sequencing batch reactor (SBR)
in both water and sludge phase. Furthermore, the metabo-
lites of CA in SBR were detected to analyse the effect of bio-
logical processes on CA degradation. In this study, microbial
community distribution was compared as well in SBR with
and without CA by the high-throughput pyrosequencing.

2. Materials and methods
2.1. Experimental setup

Two identical SBR reactors were used in this study. Each
reactor was fed by synthetic wastewater. The effective vol-
ume of the reactor was 6 L. The seed activated sludge came
from the return sludge from a local municipal WWTP in
Xi'an, China, with A?0O process with treatment capacity of
500,000 m?/d. During the starting period, the seed sludge taken
from the WWTP was aerated for 24 h before use. Then, the 4 L
of seed sludge with mixed liquor suspended solids (MLSS) of
6,000 mg/L was transformed to the reactor, and mixed with
2 L of synthetic wastewater to start cultivation until the effluent
water quality reaches stable. The composition of the simulated
wastewater is shown in Table 1. The operation cycle was 12 h,
that is, 5 min inflow, 11 h aeration, 50 min sedimentation and
5 min outflow. SRT was controlled at around 15 d. The MLSS
was around 4,000 mg/L, and dissolved oxygen was controlled at

Table 1
Composition of the simulated wastewater

Composition Concentration (mg/L)
Glucose (COD) 500

NH,CI (N) 25

KH,PO, (P) 5

NaHCO, 80

MgSO, 40

FeCl, 1.94

CaCl, 3

COD, Chemical oxygen demand.

2-5 mg/L. Both reactors were operated at ambient temperature.
Atotal of 1 mg/L. CA was added in one of the SBR reactors in the
steady state to analyse the transformation of CA. The average
running temperature of the experiments was 20°C + 2°C.

2.2. Sample preparation

To determine CA in the water phase, 10 mL superna-
tant of the reactor was taken, and pH was adjusted to 3. In
addition, samples were centrifuged at 8,000 rpm for 5 min.
After filtration with 0.22 um filters, samples were stored at
4°C for HPLC analysis. A total of 30 mL of mixed liquor was
sampled for CA extraction. The CA in the sludge phase was
extracted using ultrasonic solvent extraction method with
water and methanol (9/1, v/v) at pH 11 for 15 min [3,21], and
the extracted samples were stored at 4°C for HPLC analysis.

2.3. Analytical methods

HPLC (LC-2010A HT, Shimadzu, Japan) was used to mea-
sure the concentration of CA and its metabolites. The HPLC
column was Hypersil BDS C18 (250 mm x 4.6 mm x 5 um). The
HPLC analysis parameters are shown in Table 2. Total nitrogen,
ammonia, nitrate and nitrite were measured according to stan-
dard methods [22]. Each test was repeated at least three times.
Mass balance of CA in the SBR was obtained based on the deter-
mination of CA concentration in water and sludge phase.

2.4. Analysis of microbial community

Sludge samples of SBR reactors with and with-
out CA were taken from the system for DNA extraction
using the Power Soil DNA Isolation Kit (MP Biomedicals,
USA). The above DNA mixture was pooled and ampli-
fied by polymerase chain reaction (PCR) using primer
357F  (5-CCTACGGGAGGCAGCAG-3') and  926R
(5'-CCGTCAATTCMTTTRAGT-3') [23] targeting the V3-V5
regions. A 25 mL of the PCR mixture contained 2.5 puL of 10 x
Ex Taq Buffer, 2 uL of dNTP mixture, 16.50 pL of sterilisa-
tion ultrapure water, 1 uM aliquots of each primer (10 uM),
0.125 uL of ExTaq (TaKaRa, Dalian, China) and 2 uL DNA
(2 ng/uL). The thermocycling steps were as follows: 93°C for
3 min followed by 27 cycles at 94°C for 30 s, 55°C for 45 s,
72°C for 1 min and a final extension step at 72°C for 10 min.
The composition of the PCR products of the 16S rRNA gene’s
V3-V5 region was determined by pyrosequencing using the
Roche 454 GS FLX+ Titanium sequencer.
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3. Results and discussions
3.1. Removal performance of CA in SBR

The removal performance of CA can be seen in Fig. 1.
It can be seen from Fig. 1 that the removal efficiency keeps
decreasing in the first 15 d. This is because, on one hand,
the added CA had adverse effect on microbial community
in SBR, and the microbial community needed to adapt. On
the other hand, the adsorption of CA by activated sludge
occurred during the initial 15 d. After 15 d, the effluent con-
centration of CA became stable at around 0.82-0.84 mg/L due
to adsorption equilibrium. The removal efficiency remained
between 16% and 18%. These results are consistent with other
studies [9,11] and suggest that CA is refractory compound.
The effluent water quality of two SBR reactors during steady
state operation can be seen in Table 3. According to Table 3,
the addition of 1 mg/L CA had little effect on effluent water
quality. It can be inferred that although CA is refractory, it
will not inhibit the performance of SBR.

There are several reasons for which it is difficult to remove
CAin wastewater activated sludge treatment process. CA itself
and its metabolites are toxic. Some studies evaluated the tox-
icity of CA its metabolites [24,25]. The results showed that the
toxicity of metabolites was much higher than that of CA itself.
The accumulation of the metabolites of CA inhibited the micro-
bial activity and resulted in low removal efficiency of CA. On
the other hand, some refractory organic compounds contain-
ing hydroxyl, carboxyl, aromatic structure and chloride groups
can be removed along with nitrification in activated sludge.
Fig. 2 shows the relationship between CA degradation and the
variation of nitrogen-containing substances from the average
values from 10 cycles during Day 50 to Day 60. It can be seen
that the concentration of NH,-N decreased after aeration. After
6 h of aeration, the NH,-N concentration was very low. It was
reported that the enriched culture of nitrifiers exhibited high
removal efficiencies of pharmaceuticals (CA, diclofenac, car-
bamazepine and propyphenazone) [13]. Cometabolic oxida-
tion by the ammonium monooxygenase enzyme is probably
initiating the biotransformation of many micropollutants [26].
In this study, NH.-N-limiting condition occurred because the
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concentration of NH,-N became quite low after 6 h within one
cycle, which resulted in the limited activity of nitrifier bacteria
and the decreased removal efficiency of CA.

3.2. CA distribution in SBR

In order to analyse the removal performance of CA, CA
distribution in water and sludge phase was investigated. The
average values from 10 cycles during Day 50 to Day 60 at
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Fig. 1. CA removal performance in SBR.
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Fig. 2. The relationship between clofibric acid degradation and
the variation of nitrogen substances.

Table 2

HPLC analysis of clofibric acid and its metabolites
Chemicals Mobile phase Velocity Column Wavelength Inject volume Retention

Methanol:H,O (pH = 3) (mL/min) temperature (°C) (nm) (uL) time (min)

CA 65:35 0.9 30 230 20 8.3
AHIBA 20:80 0.6 35 212 20 6.7
LA 10:90 0.7 35 205 20 4.9
4-CP 70:30 0.8 35 290 20 5.3

Table 3

Water quality of the SBR effluent

COD (mg/L) TN (mg/L) NH,-N (mg/L) NO,-N (mg/L) NO,-N (mg/L) TP (mg/L)

SBR 1 47.11+0.79 1.98 +0.08 0.33+0.05 1.63 +0.06 0.02+0.01 0.28 £0.04
SBR 2 46.90 +0.70 1.95+0.07 0.33+0.04 1.60 +0.06 0.02+0.01 0.29 £0.04
SBR 1 with CA 48.34 +0.83 1.92£0.06 0.30 £0.05 1.68 +0.04 0.02+0.01 0.29+0.03

COD, Chemical oxygen demand; TP, total phosphorus.
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steady state are shown in Fig. 3. After feeding water at 0 h,
CA concentration in sludge phase was the highest because
of the adsorption effect of sludge, while the CA concentra-
tion was the lowest in water phase. About 15% of CA in
the sludge phase was released into water phase after aera-
tion in 0-0.5 h. Although CA in the sludge phase was still
being released into water phase in 0.5-2 h, the release rate
became slower. With ongoing aeration, CA concentration
in the water phase reached the highest values. In addition,
the total CA concentration changed little before 2 h. It can
be seen from Fig. 3 that CA concentration in water phase
decreased, which suggests that CA started to be removed by
microbial degradation. Furthermore, the microbial degrada-
tion effect was significant at 2-6 h because of the decrease
of CA in water phase. The total removal efficiency during
one cycle was only around 10%-12%. During the whole
cycle of SBR, the CA concentration in the sludge phase was
very low. Activated sludge had very weak adsorption capa-
bility towards CA. On the one hand, K of CA is very low,
and hydrophobicity is weak. Therefore, CA is difficult to be
removed by adsorption. On the other hand, CA has very low
pKa because of the carboxyl group. Therefore, CA is very
easy to ionise and has a negative charge, thus, it is difficult
to be adsorbed [24].

As shown in Fig. 3, because of the transformation and
distribution of CA between water and sludge phase, mass
balance calculation was conducted in this study. Besides the
CA in effluent of SBR, CA in SBR can be removed by bio-
logical process or transferred into sludge phase. Therefore,
the mass balance of CA in SBR can be obtained in this study.
About 82%-84% of CA was discharged with the effluent. In
addition, there was very poor CA removal performance in
SBR. About 4%-8% of CA was discharged with excess sludge,
and only 10%-12% of CA was decomposed by microorgan-
isms in activated sludge. Based on the above results, if there
is no further treatment of the WWTP effluent and excess
sludge, CA could cause adverse effects (directly or through
its metabolites) on aquatic environments, the food webs and
also human health.

3.3. CA metabolites analysis

Three kinds of CA metabolites were monitored
in this study. The concentration trend of CA and its
metabolites can be seen in Fig. 4. In general, the main
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Fig. 3. The distribution and transformation rule of clofibric acid
in the sewage and sludge phase.

metabolite was «a-hydroxyisobutyric acid (a-HIBA).
Moreover, 4-chlorophenol (4-CP) exhibited the lowest con-
centration among the three metabolites. At the beginning of
aeration (0-3 h), the concentration of the three metabolites
was very low indicating weak microbial effects. The a-HIBA
concentration increased to 147 pg/L gradually during
3-6 h. This implies that biodegradation starts to be effective.
However, lactic acid (LA) concentration remained almost
the same as within 3 h. During 6-9 h, the concentration of
a-HIBA was still increasing with lower increasing rate. A
maximum a-HIBA concentration of 200 pg/L was achieved
at 9 h. In addition, LA concentration kept increasing and
reached the highest concentration (73 ug/L) at 10 h. This
indicates that CA was first degraded into a-HIBA, which
led to the increase of a-HIBA between 3-6 h. Furthermore,
although a-HIBA still increased in 6-9 h, it started to trans-
form into LA, which resulted in increasing LA concentration.
After 10 h, LA started decreasing as well. In addition, 4-CP
concentration remained very low throughout the entire cycle.
Based on the CA metabolites concentration variation and
their structures, the pathway of CA decomposition can be
speculated as shown in Fig. 5. The branch of CA is ruptured
first and transformed to a-HIBA and 4-CP. Furthermore,
4-CP would not accumulate in this case. However, a-HIBA
is transformed into LA at longer reaction times. These results
indicate that CA can be transformed into other products
during biological treatment despite its refractory nature. In
other words, although CA can be hardly removed by biolog-
ical decomposition, its structure can be changed by transfor-
mation into other products through biological processes.
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Fig. 4. The production and transformation of clofibric acid
metabolites in the wastewater treatment process.
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3.4. Microbial community distribution

Fig. 6 shows the bacterial community composition at
phylum level in the reactor with and without the addition of
CA as revealed by pyrosequencing. The phyla with relative
abundance higher than 1% are presented. As shown in Fig. 6,
10 phyla were detected in the SBR either with or without CA.
Proteobacteria, Actinobacteria and Bacteroidetes were the three
most abundant phyla in the two reactors.

Proteobacteria was the most abundant phylum with rel-
ative abundance of 33.11% and 32.74%, respectively, in SBR
with and without CA. Profeobacteria contains a number of bac-
teria which are mainly responsible for organic matter removal
in wastewater treatment [27]. After the addition of CA, the
relative abundance of Proteobacteria slightly decreased. The
relative abundance of Actinobacteria was 25.07% and 30.57%,
respectively, in SBR with and without CA. In addition, the
relative abundance of Bacteroidetes was 24.28% and 28.01%,
respectively, in SBR with and without CA. According to the
results above, CA may inhibit Actinobacteria and Bacteroidetes
growth and results in relative abundance decrease. Generally,
the relative abundance of the dominant bacterial community
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Fig. 6. Bacterial community composition at phylum level
revealed by pyrosequencing.
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Fig. 7. Bacterial community composition at genus level revealed
by pyrosequencing.

decreased from 91.32% to 82.46%. Besides the three most
abundant phyla, the relative abundance of other phyla was
different in the two SBR reactors as well, among which the
relative abundance of Cyanobacteria had the maximum differ-
ence (4.91% and 1.16% in SBR with and without CA, respec-
tively). After the addition of CA, the relative abundance of
Cyanobacteria increased.

Fig. 7 shows the bacterial community composition from
the reactor with and without the addition of CA at genus
level as revealed by pyrosequencing. As shown in Fig. 6,
the most abundant genus was Kineosphaera which account
for 21.14% and 22.77% in SBR with and without CA, respec-
tively. For Chitinophagaceae, Defluviicoccus, env.OPS_17 and
Micropruina, the relative abundance increased. For the SBR
with CA, Porphyromonadaceae was detected. Nonetheless,
Porphyromonadaceae was not discovered in the SBR without
CA. Therefore, Porphyromonadaceae may be related to CA
decomposition.

4. Conclusions

CA removal efficiency was around 16%-18% in SBR, and
10%-12% removal of CA was due to biological decomposi-
tion. The analysis of CA transformation pathway indicated
that the branch of CA is ruptured first and transformed to
a-HIBA and 4-CP. Furthermore, 4-CP did not accumulate
in this case and a-HIBA was further transformed into LA.
Although CA is refractory in wastewater treatment, its
structure can still be changed, and transformed into other
products. Proteobacteria, Actinobacteria and Bacteroidetes were
the three most abundant phyla. The relative abundance of
Actinobacteria and Bacteroidetes was lower in the presence of
CA. For the bacterial community composition at genus level,
Porphyromonadaceae may be related to the removal of CA.
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