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Abstract The mechanisms occurring in a photolytic
circulating-bed biofilm reactor (PCBBR) treating
2,4,6-trichlorophenol (TCP) were investigated using
batch experiments following three protocols: photo-
degradation alone (P), biodegradation alone (B), and
intimately coupled photodegradation and biodegrada-
tion (P&B). Initially, the ceramic particles used as
biofilm carriers rapidly adsorbed TCP, particularly in
the B experiments. During the first 10 min, the TCP
removal rate for P&B was equal to the sum of the rates
for P and B, and P&B continued to have the greatest
TCP removal, with the TCP concentration approach-
ing zero only in the P&B experiments. When phenol,
an easily biodegradable compound, was added along
with TCP in order to promote TCP mineralization by
means of secondary utilization, P&B was superior to P
and B in terms of mineralization of TCP, giving 95%
removal of chemical oxygen demand (COD). The
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microbial communities, examined by clone libraries,
changed dramatically during the P&B experiments.
Whereas Burkholderia xenovorans, a known degrader
of chlorinated aromatics, was the dominant strain in
the TCP-acclimated inoculum, it was replaced in the
P&B biofilm by strains noted for biofilm formation
and biodegrading non-chlorinated aromatics.
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Introduction

Trichlorophenol (TCP), one of most recalcitrant
chlorinated phenols organics, is a main raw material
for production of a wood-preservative agent, fungi-
cides, defoliants, and herbicides (Chu and Law 2003;
Tan et al. 2009; Jesus et al. 2009). TCP also is
produced in the processes of pulp and paper bleaching
and drinking water chlorination (Ali and Sreekrishnan
2001; Keith and Telliard 1979). Even more alarming is
that TCP has been detected in soil, surface water, and
even groundwater (Boyd S et al. 1989; Ramamoorthy
1997; Chang et al. 1999; Gardin et al. 2001) due to its
widespread use in the production of a variety of
biocides and as a biocide itself (Haggblom 1992).
Because TCP is listed as one of the toxic pollutants
most needing control (Xia and Zhang 1990; USEPA
1991), treatment of the polluted wastewater and
ground water containing TCP has been a focus of
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researchers around the world (Parra et al. 2002;
Stafford et al. 1997; Marsolek et al. 2008).

Some advanced oxidation processes (AOPs) have
been used for treatment of wastewater containing
chlorophenols (Scott and Ollis 1995), e.g., UV irradi-
ation, ozone, Fenton’s reagent, photolysis, and photo-
catalysis (Huang W et al. 2005; Tai and Jiang 2005;
Rengaraj and Li 2006). Among them, photolysis is
promising as a means to partly transform the complex
structure of molecules like TCP into biodegradable
products (Enriquez et al. 2004; Sakthivel et al. 2001).
While photolysis alone is inefficient and uneconomic
for full mineralization of TCP, biodegradation fol-
lowing partial photodegradation provides a practical
means for complete mineralization.

Sequentially coupled photodegradation and biodegra-
dation have been applied for the degradation of TCP
(Reddy et al. 2004; Alinsafi et al. 2007; Manilal et al.
1992). The normal sequence is photolysis used as
pretreatment before biodegradation. This approach is
logical in that the microorganisms are protected from UV
irradiation and hydroxyl free radicals present in photol-
ysis. It is necessary to determine an optimal time ratio for
photodegradation and biodegradation in the sequentially
coupled process in order to optimize its efficiency. If the
time of photolysis is too short, biodegradation will be
inefficient, because the TCP is not made sufficiently
biodegradable. If the photolysis time is too long, the
process becomes uneconomical, since oxidation by
photolysis is expensive (Suryaman et al. 20006).

Intimately coupling photodegradation and biodeg-
radation is an approach to overcome the uncertainty
inherent to sequential treatment. In intimate coupling,
the advanced oxidation and biodegradation processes
occur simultaneously in a single reactor so that
biodegradable products generated by advanced oxida-
tion can be immediately biodegraded (Marsolek et al.
2008). This overcomes the need to optimally match the
times of each step. Intimate coupling was successfully
demonstrated for the degradation of TCP and phenol
by using a photo(cata)lytic circulating-bed biofilm
reactor (PCBBR) (Marsolek et al. 2008; Zhang et al.
2010a) and an integrated photocatalytic-biological
reactor (IPBR) (Zhang et al. 2010b). Microorganisms
able to biodegrade the photocatalytic products sur-
vived well by being protected inside macropores of
circulating carriers in the PCBBR and in a biodegra-
dation zone separated from the photodegradation zone
in the IPBR.
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In this research, we took advantage of the fact that
2,4,6-TCP can be transformed by photolysis, thus
eliminating the need to provide a photocatalyst. We
investigated the mechanisms of 2,4,6-TCP degrada-
tion in a PCBBR using three batch protocols when
photocatalyst was absent: photolysis alone (P), bio-
degradation alone (B), and intimately coupled photol-
ysis and biodegradation (P&B). In the PCBBR, we
used special light-weight, porous ceramic particles as
biofilm carriers. In order to promote TCP mineraliza-
tion, we added phenol as a means to accentuate
secondary utilization (Namkung and Rittmann 1987a,
b) of TCP in some experiments. We also examined the
biofilm in the P&B carriers by means of genomics
techniques to evaluate the impacts of intimately
coupled photobiodegradation of 2,4,6-TCP on the
community structure.

Materials and methods
Photolytic circulating-bed bioreactor (PCBBR)

The PCBBR was made of quartz glass with a working
volume of 220 ml, and its configuration is the same as
in Zhang et al. (2010a), as shown in Fig. 1a. Water and
carriers circulated due to air-lift pumping created by
aeration during the experiments. Ultraviolet light
(254 nm wavelength) was provided from one side
with a UV-light assembly consisting of 3 lamps with
8 W per lamp and having total power of 24 W. No
TiO, photocatalyst was used in the experiments; thus,
the reactions were photolytic, not photocatalytic.
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Fig. 1 Photolytic circulating-bed bioreactor (PCBBR) compo-
nents. a Schematic of the PCBBR, b Light ceramic carriers
floating in salt water with specific gravity of 1.1
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Light-weight porous ceramic carrier

We produced a light-weight ceramic carrier from
carborundum powder as the foaming agent. The
powder was mixed thoroughly with light silicate,
including kaoline and feldspar powders, at a weight
ratio of 95-98% carborundum and 5-2% silicate.
Then, the mixed powders were pressed to form a brick,
dried at 100°C, and calcined at about 1200°C to
produce a light-weight, porous ceramic solid. Calcin-
ing allowed the carborundum to expand at the melting
point of the mixed powder, because the reactions of
kaoline and feldspar produced gas that formed many
pores. Some of these pores were closed inside the
ceramic carrier when the temperature decreased,
resulted in a specific gravity of 0.95. After the porous
ceramic brick was broken into particles with diameters
of 2-3 mm, the small particles were glazed and re-
calcined at 600°C, which brought the specific gravity
to 1.03-1.05, which is ideal for good circulation in the
PCBBR. Figure 1b shows the carriers floating in salt
water with specific gravity of 1.1.

Acclimation and incubation of 2,4,6-TCP-
degrading bacteria

We obtained activated sludge from the underflow of a
secondary clarifier at the Longhua municipal wastewa-
ter treatment plant in Shanghai. It was acclimated
initially by adding phenol to an inorganic-salts medium
at20-25°C for the first two weeks, replacing the solution
every day. The inorganic salt medium contained
ammonium sulfate, 0.1 g/l; potassium dihydrogenphos-
phate, 0.5 g/l; disodium hydrogenphosphate, 0.5 g/l;
magnesium sulfate, 0.5 g/l; and yeast extract, 0.02 g/1.
The concentration of phenol was increased gradually
from 50 to 300 mg/1 during the first acclimation stage of
two weeks, and the corresponding COD removal
percentages was 50-60%. After two weeks, we replaced
phenol with 2,4,6-TCP and continued acclimation for
another two weeks. The same inorganic salts medium
was used and replaced every day. The concentration of
2,4,6-TCP was increased gradually from 5 to 50 mg/l
during the two-week acclimation.

TCP and synthetic wastewater

2,4,6-TCP was purchased from the Shanghai Sinopharm
Chemical Reagent Co., Ltd. Synthetic wastewater was

manufactured by adding 10-30 mg/1 of 2,4,6-TCP and
inorganic salts into tap water. The inorganic salts were
the same as for acclimation.

Degradation of TCP

We employed three protocols, i.e. photolysis alone
(P), biodegradation alone (B), and coupled photolysis
and biodegradation (P&B), to evaluate TCP degrada-
tion in batch experiments. All experiments were
carried out at room temperature (23-25°C). The UV
light intensity was 0.46 mW/cm?, corresponding to
24 W of UV light, for P and P&B experiments.
Solutions including 2,4,6-TCP with concentration of
10, 15, 20, 25, or 30 mg/l were added to the PCBBR
reactor to initiate the batch reactions. Solution circu-
lation (~ 30 cycles per minute) was driven by aeration
of 150 ml/min in the riser segment. Liquid samples
were taken over time to analyze for the concentration
of 2,4,6-TCP. We added 100 mg/1 phenol to 20 mg/1
TCP in order to promote TCP mineralization by means
of secondary utilization in some experiments. During
the experiments, the pH was not adjusted and main-
tained at approximately 7.0 with a phosphate buffer.

Control experiment

Adsorption of TCP to the ceramic carriers occurred,
especially in the initial stage of a batch experiment. To
assess TCP adsorption, we carried out control exper-
iments using bare ceramic carriers and ceramic
carriers with biofilm inactivated by heat sterilization
by autoclaving.

Photodegradation (P)

The solutions were circulated with constant UV
exposure, and no ceramic carriers were used in the P
experiments.

Biodegradation (B)

Prior to the B batch tests, 10.6 g ceramic carriers were
immersed into the acclimated activated sludge with
2,000 mg/l mixed liquor suspended solids (MLSS) for
24 h to let microorganism attach on the carriers. Then,
we put the biofilm-colonized carriers into the reactor
along with the synthetic wastewater including TCP.
The biofilm-colonized ceramic carriers with biofilm
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were circulated by aeration, but the UV light was off
for the B experiments.

Intimately coupled photolysis and biodegradation
(P&B)

The P&B experiments were run with the same biofilm-
colonized carriers as in the B experiments. After the B
experiments were completed, the carriers were
retained, and the synthetic wastewater containing
2,4,6-TCP was applied to the PCBBR with the UV
light on.

Analytical methods

2,4,6-TCP was measured by a high performance liquid
chromatograph (HPLC, model: Agilent 1100, ASU)
equipped with a diode array detector (DAD) with
wavelength of 250 nm and ZORBAX SB-C18 column
(5 pm, 4.6 x 150 mm). The mobile phase was a
mixture of methanol:water solution (80:20, v/v), and
the flow rate was 1 ml/min. The UV-light intensity
was measured by an illuminometer (model: BG-2254,
China) after filtration through a 0.45-um cellulose
acetate membrane filter.

The COD concentration was determined using
potassium dichromate oxidation according to standard
procedures (American Public Health Association
(APHA) 2001) that involve providing a stoichiometric
excess of potassium dichromate, strong acid and
heating conditions, silver sulfate as a catalyst, and
mercury sulfate to avoid the interference of chloride
ion.

Community analysis

Acclimated activated sludge degrading 2,4,6-TCP was
sample 1, and biofilm from the inside of the ceramic
carriers after the P&B experiments was sample 2. The
DNA of the microorganisms was extracted with
DNAzol reagent and amplified through the PCR
reaction (Godon et al. 1997); the reaction volume
was 50 pl, including 29 Hotstart-PCR mix 25 pl,
primers (25 pmol 1) 0.8 pl x 2, template 1 pl and
ddH,O 22.4 pl. The primers were 16S rRNA: 27F
(5-AGAGTTTGATCCTGGCTCAG-3’) and 630R
(5-CAKAAAGGAGGTGATCC-3") (Kazuya et al.
1999). Conditions of PCR amplification were: an
initial denaturation at 94°C for 4 min; 35 cycles of
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denaturation (30 s at 94°C), annealing (30 s at 50°C),
and extension (1 min at 72°C); and a final extension at
72°C for 10 min. PCR products were analyzed on 1%
agarose gel by electrophoresis and purified with a
DNA purification kit (Dingguo Co. Ltd, Beijing).
Target gene fragments were cloned into pMD-18
T-vector and transferred into E. coli DH5c. Then, the
positive clones were sequenced (Jierui CO. LTD,
Shanghai). We compared the obtained 16S rRNA
sequences using the GenBank database based on Basic
Local Alignment Search Tool (BLAST) and submitted
these clone sequences to Genbank. Homologues were
chosen based on an e-value less than 0.001.

Results and discussion
Control experiments

Figure 2 shows the results in the control experiments
of 4 h, in which bare ceramic carriers gave about 70%
loss of TCP (duplicate experiments), and the ceramic
carriers with inactivated biofilm gave about 37% loss
of TCP. The three experiments had similar trends of
rapid adsorption in the first 10 min, followed by
gradual continued adsorption. The lower adsorption
by the biofilm-colonized carriers indicates that the
carrier was active in adsorbing TCP, while the biofilm
blocked adsorption sites.

Effect of the protocols on the TCP degradation rate

Figure 3 show TCP concentrations during the P, B,
and P&B experiments with the different initial TCP
concentrations (10, 15, 20, 25, and 30 mg/l). The most
important finding is that TCP removal by P&B was

TCP (mg/L)

—o— Bare ceramic carrier (First)

—0O— Bare ceramic carrier (Second)
—— Inactivated biofilm

0 30 60 90 120 150 180 210 240
T (min)

Fig. 2 Control experiments for evaluating TCP adsorption
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substantially faster than by P and B for all starting
concentrations. While TCP removals were greater in P
than in B over the full 180-min experiment, B gave
faster removal rates over the first 10 min, particularly
for the higher TCP concentration, since adsorption
was most active then (Fig. 2). In the B experiments in
Fig. 3, TCP removal percentages for all initial TCP
concentration over 3 h were greater than 37% (for
inactivated biofilm, Fig. 2), which indicates that TCP

TCP (mg/L)

0 1 1 1 1
0 30 60 90 120 150 180

T (min)

Fig. 3 TCP concentrations for the batch experiments corre-
sponding to different protocols and initial TCP concentrations

was biodegraded, although the removal percentage
was small compared to protocols P and P&B.

Figure 4a presents the average removal rates over
the first 10 min (ARR = (Cy—C)/t, where Cy and C are
the initial and final TCP concentrations for the period
of duration t (0—10 min in this case)). The initial TCP-
removal rates increased with increasing initial TCP
concentration in a linear manner. Furthermore, the
initial rates by P&B were the sums of the rates by P
and B. Since removal in the B experiment was
dominated by adsorption in the first 10 min, the
removal rate for P&B as the sum of adsorption and
photolysis.

Figure 4b presents the TCP ARRs from 10 to
120 min, which was after adsorption stopped being the
dominant mechanism in the B experiment, but before
TCP disappeared in some of the P&B experiments.
After 10 min, the removal rates in P were greater than
by B, since photolysis reactions were able to continue
for the entire experiment, while adsorption and
biodegradation were slow in B. The fact that rates
after 10 min were higher in P and P&B than in B
underscores the value of having the photolysis reac-
tion for a relatively recalcitrant molecule like TCP.
Interestingly, the rates for the P&B experiments were

a 15
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TCP removal
rate (mg/L/min)
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2

LI L DL

Initial TCP concentration (mg/L)
Fig. 4 Effect of protocols and initial TCP concentration on

TCP average removal rates: a over the first 10 min, when
adsorption dominated in B; and b for 10 min to 2 h
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slower than for the P experiments after 10 min and
when the initial TCP concentration was greater than
10 mg/l, although total TCP removal was the greatest.
This phenomenon reflects that adsorption had made
some of the TCP unavailable for photolysis.

Phenol promoted TCP mineralization by means
of secondary utilization

COD removal is the index of the degree of TCP
mineralization, but COD removal was minimal when
TCP was the sole organic compound in the medium
(data not shown). Therefore, additional batch exper-
iments were carried out with 20 mg/l of TCP and
100 mg/1 of phenol together; the addition of phenol
was used to promote TCP mineralization through
secondary utilization (Namkung and Rittmann 1987a,
b; Aranda et al. 2003). Experiments were carried out
with 100 mg/1 of phenol alone (giving 239 mg/l COD)
and 100 mg/l phenol plus 20 mg/l TCP (giving
258 mg/l COD).

Figure 5 summarizes the results for phenol and
TCP degradation. After 3 h with the mixed solution,
100 mg/1 phenol declined to 6, 0, and 0 mg/l in P, B,
and P&B experiments, respectively (bottom panel in

20
o P
15 -5
—a—P&B

Phenol + TCP

TCP (mg/L)
)

Phenol alone

Phenol (mg/L)
3

100

Phenol (mg/L)
3

0 30 60 90 120 150 180
T (min)

Fig. 5 Degradation of phenol with phenol alone (middle panel)
and of phenol and TCP together (top and bottom panels) in P, B,
and P&B batch experiments. The experiments were carried out
with 100 mg/1 of phenol alone or 100 mg/l phenol plus 20 mg/1
TCP
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Fig. 4). With the mixture of phenol and TCP, degra-
dation of phenol was slower than with phenol alone in
the B and P&B experiments, perhaps due to inhibition
by TCP. In the mixture experiment, the 20 mg/l TCP
declined to 1.7, 1.5, and 0 mg/l in the P, B and P&B
experiments, respectively, after one hour. Comparing
the TCP panel in Fig. 5 with the middle panel of Fig. 3
clearly shows that the TCP removal rate was faster
when phenol was added for B and P&B with the same
initial TCP concentration of 20 mg/l. This result
supports a secondary-utilization effect.

Figure 6 shows the COD removals for 3 h in the
same experiments. For the mixed solution, which had
an initial COD of 258 mg/l, the COD removals were
42,241, and 244 mg/1 for P, B, and P&B experiments,
respectively. COD removals contributed by phenol
alone were 37, 225, and 226 mg/l from the starting
COD of 239 mg/l. By difference, the COD removals
for TCP degradation were 5, 16, and 18 mg/1 for P, B,
and P&B experiments, respectively. They constituted
26, 84, and 95 percent mineralizations of the 19 mg/l
starting COD of TCP. Similar to TCP loss, the benefits
of P&B treatment and of secondary utilization are
evident for mineralization.

Community analysis

Genomic DNA extracted from samples 1 and 2 was
PCR amplified and cloned into pMDI18-T to build
clone libraries. To characterize the flora composition,
we sequenced 100 clones from each sample and
analyzed them by BLAST search according to the
GenBank database. Sample 1 (acclimated activated
sludge) contained 29 unique strains (Table 1), while
sample 2 (from the biofilm in the ceramic carriers after
the P&B experiments) had 13 unique strains (Table 2).

300
258
239 —— [0 Phenol alone
216
—~ 202 O Phenol+TCP
= 200
on
g
=
a
S 100 F
@)
14 17 13 14

Influent Effluent (P)  Effluent (B) Effluent (P&B)

Fig. 6 COD removed for phenol alone and mixed phenol and
TCP at 180 min
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Table 1 Clone-library distributions of bacterial strains in the
TCP-acclimated inoculum

Table 2 Clone-library distributions of bacterial strains in the
biofilm after the P&B experiments

Strain Identity Accession Strain Identity Accession
Number Number
Acidimicrobium ferrooxidans (2%) 90% IN392922 Alkaliphilus metalliredigens (2%) 83% IN392924
Acidiphilium cryptum (1%) 90% JF312870 Anoxybacillus flavithermus (39%) 91% IN392926
Alkaliphilus metalliredigens (6%) 83% IN392924 Burkholderia xenovorans (2%) 96% IN392928
Anaeromyxobacter dehalogenans (6%)  86% JN392925 Dehalococcoides sp. BAV1 (1%) 81% JF312878
Beijerinckia indica (2%) 91% JF312873 Enterobacter sp. 638 (18%) 98% JN392939
Burkholderia xenovorans (35%) 96% JN392928 Erythrobacter litoralis (2%) 93% JN392940
Clostridium phytofermentans (1%) 83% JN392931 Flavobacterium johnsoniae (3%) 86% JF312879
Cytophaga hutchinsonii (1%) 85% JF312877 Kineococcus radiotolerans (1%) 87% IN392944
Dehalococcoides sp. BAV1 (1%) 81% JF312878 Novosphingobium aromaticivorans 98% IN392948
Desulfitobacterium hafniense (1%) 82%  JN392938 (25%)
Flavobacterium johnsoniae (5%) 86%  JF312879 Paracoccus denitrificans (2%) 95%  JF312887
Gemmatimonas aurantiaca (1%) 85% JF312880 Pseudomonas fluorescens (3%) 98% JE312891
Geobacter metallireducens (2%) 77%  IN392942 Pseudomonas putida (1%) 96%  JN392950
Kineococcus radiotolerans (2%) 87% JN392944
Mesorhizobium sp. BNC1 (3%) 92%  JF312883 B. xenovorans was only 2%. The most likely expla-
Methylibium petroleiphilum (5%) 97% JF312884 nation for the large drop in B. xenovorans is that
Nitrosococcus oceani (1%) 89% JN392947 photolysis degraded TCP rapidly enough that
Nitrosospira multiformis (1%) 90% JF312885 B. xenovorans was out-competed for its substrate.
Oligotropha carboxidovorans (1%) 98% JF312886 The relatively slow rate of biodegradation compared
Pedobacter heparinus (1%) 83% JF312888 to photolysis (Fig. 4b) supports this interpretation.
Pseudomonas fluorescens (3%) 98% JF312891 A. flavithermus strain WK1 was isolated from a
Ralstonia eutropha (1%) 98% JN392952 wastewater drain and could regulate biofilm formation
Rhodopirellula baltica (8%) 84% JF312892 in response to the environmental conditions (Saw J
Novosphingobium aromaticivorans 98% IN392948 et al. 2008). Novosphingobium is a genus of Gram-
(4%) negative bacteria that can degrade non-chlorinated
Synechococcus (1%) 81% JN392958 aromatic compounds such as phenol, aniline, nitro-
Syntrophus aciditrophicus (1%) 79% JN392959 benzene, and phenanthrene (Liu et al. 2005; Sohn et al.
Thauera sp. MZ1T (2%) 97% JF312895 2004). Enterobacter sp. 638 is bacterium that resides
Thioalkalivibrio (1%) 84% JN392961 within the living tissue of plants without substantively

In sample 1 (Table 1), Burkholderia xenovorans
had the greatest portion (35%), and no other strain was
more than 8%. Burkholderia xenovorans strain LB400
can oxidize the biphenyl rings of PCB congeners, and
it comes from a phylogenetic group that is commonly
isolated from grass rhizospheres and soils with a
variety of complex naturally occurring aromatic
compounds (Bedard et al. 1986; Denef et al. 2004).
Thus, Burkholderia xenovorans probably played a
dominant role in biodegrading TCP in the acclimated
activated sludge.

In sample 2 (Table 2), Anoxybacillus flavithermus
(39%), Novosphingobium aromaticivorans (25%), and
Enterobacter sp. 638 (18%) were the main strains, and

harming it. It can help their host plants to overcome the
phytotoxic effects caused by environmental contam-
ination (Barac et al. 2004). The numerical importance
of Anoxybacillus, Novosphingobium, and Enterobac-
ter suggests that they had advantages from good
biofilm colonization of the carrier, feeding off pho-
tolysis products (such as dechlorinated aromatics), or
both.

Conclusions
Compared with P and B, intimate coupling of P&B

was obviously superior for 2,4,6-TCP removal due to
the synergy between photolysis and biodegradation.
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TCP mineralization could be realized by adding
phenol to promote secondary utilization, with P&B
giving 95% mineralization of TCP at the end of the
180-min experiment. In comparison, the P and B
experiments gave 26 and 84% mineralizations of TCP,
respectively. Clone libraries performed on the 16S
rRNA sequences from samples of the TCP-acclimated
inoculum to the PCBBR and from the biofilm carriers
after the P&B experiments showed profound changes
in the community. Whereas Burkholderia xenovorans,
a known degrader of chlorinated aromatics, was the
dominant strain in the inoculum, it was only 2% of the
clones from the biofilm carriers. B. xenovorans was
replaced by strains noted for biofilm formation and
biodegrading non-chlorinated aromatics.
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