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Intimately coupled photocatalysis and biodegradation (ICPB) is a novel wastewater treatment technique
that has potential applications in refractory degradation. This paper reports a synergistic degradation
protocol that allowing the transfer of photoelectrons between photocatalysts and microbes without
supplementary electron donors or improving the loading rate of the photocatalysts. As a result, a
degradation rate of ~94% was sustained for 400 h in a perturbation setup with a hydraulic retention time
of 4.0h. We achieved the degradation of B-apo-oxytetracycline, a stable antimicrobial intermediate
compound (half-life of 270 d in soil interstitial water), within 10 min, and no accumulation was observed.
Moreover, the required loading rate of the photocatalyst was dramatically reduced to 18.3% compared to
previous reports which mentioned much higher rates. The results of our study provided a new strategy
to improve the degradation efficiency of oxytetracycline and give new insight into the degradation
mechanism of the bio-photocatalytic degradation system.
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1. Introduction

Antibiotics are manufactured and prescribed to control bacterial
infections in humans and agriculture. An estimated 200 000 tons of
antibiotics are produced per year, tetracyclines being the most
commonly used (Vaz et al., 2015). Oxytetracycline, one of the most
widespread prophylactic antibiotics used in personal care products
for its broad-spectrum activity and low cost, has been detected in
soil, water, and even food products, in concentrations ranging from
ppb to ppm (Ashfaq et al.,, 2017; Li et al., 2004). The polyaromatic
ring-structure of oxytetracycline confers its chemical stability and
relatively long half-life in the environment, which promotes the
terrifying for antibiotics pollution (Yan et al., 2018).

A number of chemical oxidation methods (e.g., photolysis (Zhao
et al., 2013), photocatalysis (Chen et al., 2016) and photo-Fenton
oxidation (Pereira et al., 2014)) have been applied to study the
removal of oxytetracycline in water. Although these processes are
fast and robust, full mineralization is economically prohibitive and
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practically difficult (Li et al., 2011). To overcome these drawbacks,
the intimately coupled photocatalysis and biodegradation (ICPB)
process emerged and had been used widely (Ding and Zhao, 2017;
Marsolek et al., 2008; Rittmann, 2017). In this process, photo-
catalysts and biofilms were coated onto the same carrier, wherein,
the photocatalytic performance occurred on the outer surface,
while biodegradation took place inside (Li et al., 2011; Marsolek
et al, 2008; Wen et al., 2012). The biofilm was well sheltered
from toxicants and oxidants due to the protection of the carrier. As
the combined degradation process was repeated, compounds were
effectively degraded.

Significant efforts have been made to promote the mineraliza-
tion ability of the combined system, including the following
effective strategies: building carriers that are less susceptible to
deterioration (Wen et al., 2012), fabricating new types of photo-
catalysts (Zhang et al., 2016), increasing the loading rate of the
photocatalyst to maintain photocatalytic efficiency (Li et al., 2012a),
and providing extra electron donors to maintain a robust biofilm
community (Xiong et al., 2018). So far, the combined degradation
systems have been investigated for denitrification (Wen et al.,
2012), dechlorination (Zhou et al., 2017), and degradation of dyes
(Li et al., 2012b) and antibiotics (Xiong et al., 2017), revealing their
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potential for applications in practical wastewater treatment.

In this study, we provided a simple protocol to modify the ICPB
process and enhance the degradation efficiency of oxytetracycline.
As shown in Scheme 1, light excitation of photoelectrons coupled
with bio-photocatalysis was developed as a synergistic degradation
method. During the degradation process, a carrier with higher
porosity than those utilized in previous works was used. Instead of
protecting biofilms by placing them inside carriers, the photo-
catalysts and microorganisms were coated full of the carriers. The
transfer of the light excited photoelectrons between photocatalysts
and microorganisms occurred under visible light irradiation. Thus,
photocatalytic degradation, microbial metabolic degradation, and
the transfer of photoelectrons between photocatalysts and mi-
crobes as an assisted degradation method occurred simultaneously.

Many studies have illustrated the sterilization effect of photo-
catalysis. However, it has been demonstrated that microorganisms
could use light excited electrons through the photocatalysis of
semiconductors to stimulate growth, sustain cellular metabolism,
regulate community structure, and contribute to environmental
remediation (Duan et al., 2013; Lovley, 2011; Lu et al., 2012;
Sakimoto et al., 2016). In addition, although microbes should have
been protected inside the carriers in the previous works, few bac-
teria were still found on the outer surfaces of carriers (Li et al.,
2012a; Zhou et al., 2015), indicating the survival of microbes and
their resistance to negative influences. To demonstrate the feasi-
bility of this protocol, the degradation efficiency, evolution of
byproducts, the stability of degradation performance for oxytetra-
cycline, and bio-transformation during the process were evaluated.
The results confirmed that stimulating the transfer of photoelec-
trons between photocatalysts and microbes was a useful method to
enhance the degradation efficiency of the bio-photocatalysis
process.

2. Materials and methods
2.1. Chemicals and reagents

The oxytetracycline (purity of 95.6%) and B-apo-oxytetracycline
(purity of 95.6%) standards were sourced from Dr. Ehrenstorfer
GmbH (Augsburg, Germany). The methanol, acetonitrile, and for-
mic acid used were of high-performance liquid chromatography
(HPLC) grade and were purchased from Merck KGaA (Darmstadt,
Germany). The other chemicals and reagents were of analytical
grade and purchased from Sinopharm Group Co. Ltd. (Shanghai,
China). Ultrapure water was used throughout the experiment.
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Scheme 1. Degradation mechanisms of the modified carrier in ICPB.

2.2. Carrier and coating of the photocatalyst

The carrier used in this study was a commercially available
polyurethane sponge cube (Ai' qin Environmental Technologies Co.,
Ltd., Jiangsu, China) (Fig. S1), with an average side length of
3.0+ 0.1 mm. According to the manufacturer, the carrier had a
higher porosity (95%) than that of carriers used in previous works
(Table S1) and a specific surface area of 1.5 m?/g.

In this study, inexpensive and highly efficient belt-shaped one-
dimensional oxygen-rich Bi;2017Cl; was used as photocatalyst. We
prepared Bi;3017Cl, using a previously described method (Wang
et al.,, 2017). The detailed preparation method and characteriza-
tion of Bi12017Cl, (Fig. S2 and S3) were illustrated in the Supple-
mentary Material. We used the following procedure for coating:
2.0 g Bi12017Cl; and 2.0 g uncoated carrier cubes were ultrasonically
dispersed in 100.0 mL C;H50H to obtain a homogeneous suspen-
sion. Subsequently, the above suspension was heated to 80 °C un-
der persistent magnetic stirring until all the liquid evaporated. To
remove the unbounded Bi;,017Cly, the coated carrier cubes were
ultrasonicaetd for 5 min. Finally, the coated carriers were dried, and
the coating coverage on the carriers was determined to be 18.3%.

2.3. Microbe cultivation method

We collected swine wastewater effluent from a farm (Lesen,
Xiamen, China). After diluting the wastewater using 100 mM
phosphate buffer solution (PBS, pH =7.0), the supernatant was
collected, and oxytetracycline was added as carbon source. Finally,
10.0 mg/L oxytetracycline was added during the acclimation of
microbes for approximately one year to simulate the proliferation
of functional microbial groups as it would occur in wastewaters
containing a high concentration of oxytetracycline. Subsequently,
the acclimated microbes were separated by centrifugation at
7500 rpm for 10 min. For cultivation, the Bi;2017Cl; -coated carriers
and collected microbes were mixed in a culture solution that con-
tained 100mM PBS, a nitrogen source, and sodium acetate
(Table S2). Cultivation lasted for one week, and the supporting
solution was refreshed every two days.

2.4. Degradation activity tests

The degradation activity was measured in static and perturbed
systems. A 300W tungsten halogen lamp (Philips, The
Netherlands) with a wavelength range from 400 nm to 780 nm,
equipped with a filter was used as visible light source. The light
intensity was 80 mW/cm?, which was close to the average value of
the visible light spectrum of sunlight. Photocatalytic experiments
were carried out at 22 + 2 °C while using a circulating water system
to prevent thermal catalytic effects.

The initial concentration of oxytetracycline for the degradation
tests was 10.0 mg/L. For the static system, each experiment was
conducted using a 150 mL beaker containing 75 mL of degradation
liquid (Table S3). The concentration of Bi;;017Cl; used was 1.0 mg/
mL. A Shimadzu TOC-VWP analyzer was used to determine the total
organic carbon (TOC). The synergistic degradation activities in the
perturbed system were evaluated by mixing the degradation liquid
(Table S3) with supplemental inorganic salt (10 mL/L), as shown in
Table S4. The influent was supplied at a flow rate of 0.41 mL/min,
which provided a hydraulic retention time (HRT) of 4.0 h. Both
Bi12017Cly and the microorganisms were coated on the carriers for
photocatalytic degradation and biodegradation.

2.5. Analytical methods

The remnant oxytetracycline was analyzed using a Hitachi L-
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2000 series HPLC instrument with UV detection at 278 nm. Each
sample was centrifuged at 10 000 x g for 15 min before testing.
Oxytetracycline separation was achieved using an Agilent Zorbax
Eclipse plus C18 column (4.8 x 250 mm, 5 mm). The optimized
mobile phase consisted of 78% 0.014 M oxalic acid solution (phase
A), 12% methanol (phase B), and 10% acetonitrile (phase C) at a flow
rate of 1.0 mL/min. A 10.0 uL sample was injected into the column,
and the temperature of the column was 30 °C.

The exponential decay model C = Cy e ¥ was used to calculate
the kinetics transformation of oxytetracycline as previously
described (Liang et al., 2013), where C (mg/L) represents the con-
centration of oxytetracycline at time t (h). The rate constant k (1/h)
was obtained by using the Origin 8.0 software, and the half-life (¢,
2) was calculated from the equation t1; = 0.693/k.

Separation and analysis of the byproducts were achieved using a
liquid chromatography/orbitrap-mass spectrometry system
(Thermo, USA) in full-scan positive-ion mode after desalination
pretreatment through the hydrophilic-lipophilic balance (HLB)
column. The mass spectrometer was operated in the 100-1000
mass-to-charge (m/z) ratio range. Chromatographic separation of
the byproducts was performed on an ACQUITY ultra performance
liquid chromatography (UPLC) ethylene bridged hybrid (BEH) C18
Column (1.7 um, 2.1 x 100 mm) with an injection volume of 5.0 pL.
A gradient of water containing 0.1% formic acid (phase A) and
methanol containing 0.1% formic acid (phase B) was used to elute
the analytes at 400.0 uL/min and generated the following profile: B:
5.0% (0.0 — 1.0 min), 5.0 — 40.0% (1.0 — 7.0 min), 40.0 — 100.0%
(7.0 — 9.0 min), 100.0% (9.0 — 13.0 min), 100.0 — 5.0%
(13.0 — 13.1 min), 5.0% (13.1 — 15.0 min).

2.6. Photo-electrochemical measurements

Photo-electrochemical tests were performed utilizing the
three-electrode configuration using an electrochemical work-
station (CHI660D, CH Instruments Inc., China). We used blank or
modified stainless steel wire (1.0 x 1.5 cm) as working electrodes,
a carbon rod as counter electrode, Ag/AgCl, KCI (sat'd) as refer-
ence electrode, and 100 mM PBS (pH =7.0) as electrolyte. We
obtained amperometric I-t curves and conducted photo-
electrochemical impedance spectroscopy (EIS) analysis without
bias. Linear sweep voltammograms were measured between 0.45
and 0.85 V. Moreover, we used a light density of 80 mW/cm? for
each illuminated test.

2.7. Microbial community analysis

Bio-samples were collected to study the biotransformation that
occurred during the removal of oxytetracycline from the synergetic
system. The raw sample was coated onto the carriers before the
test. The BP samples were microorganisms from the synergetic
system after 400 h of degradation. DNA extraction was carried out
using a FastDNA SPIN Kit for Soil (MP Biomedicals, USA). The
extracted DNA samples were analyzed at Majorbio Bio-pharm
Technology Co., Ltd (Shanghai, China). The selected bacterial
primers were 338F (ACTCCTACGGGAGGCAGCAG) and 806G
(GGACTACHVGGGTWTCTAAT). Polymerase chain reaction (PCR)
amplification was performed using 4.0 uL 5 x FastPfu buffer, 2.0 uL
deoxyribonucleotide triphosphate (dNTP) (2.5 mM), 0.8 pL forward
and reverse primers (5.0 uM), respectively, 0.4 uL FastPfu Poly-
merase, 0.2 pL bovine serum albumin (BSA), and 10.0 ng template
DNA. Finally, PCR-grade water was added to the mixture above to
obtain a final volume of 20.0 pL. The PCR thermal program was set
at 95 °C for 3.0 min; then 27 cycles were conducted at 95, 55, and
72 °C for 30.0, 30.0, and 45.0 s respectively. Lastly, a final extension
was conducted at 72 °C for 10.0 min.

The Quantitative Insights Into Microbial Ecology (QIIME) soft-
ware was used to process the data. The data that were shorter than
200 bp and had a quality score below 25 were removed. Ten unique
barcodes were used to accurately allocate the sequences of each
sample and only the sequences with identity above 97% were
divided for operational taxonomic unit (OTU) analysis. The most
abundant sequence was defined as the representative sequence
and was assigned by python Nearest Alignment Space Termination
(PyNAST), then employed for clarification of the taxonomy ac-
cording to the Greengenes database.

3. Results and discussion
3.1. Enhanced removal of oxytetracycline by synergistic degradation

For the static test, the concentration change protocols for
different mechanisms during short-term experiments (10 h) are
shown in Fig. 1a. Light excitation of photoelectrons coupled with
bio-photocatalysis was used as a synergistic degradation method.
In addition, the influence of absorption, photolysis, biodegradation,
and photocatalytic degradation of oxytetracycline had to be taken
into consideration.

For the absorption performance, the final removal rates of the
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Fig. 1. (a) Reduction of oxytetracycline under different operating conditions: Lines of
biodegradation, photocatalytic degradation, and the synergistic degradation were
fitted to C = Co e . The respective oxytetracycline removal rate (k) and half-life time
(t172) were biodegradation: R*=0.9746, k=0.1176 +0.0521, t;;»=5.8929h; photo-
catalytic degradation: R?=0.9927, k=3.2118+13150, t; 12=0.2158h; synergistic
degradation: R?=0.9996, k=2.1941 + 0.1030, t12=0.3158 h, (b) The remnant TOC
after photocatalytic degradation and the synergistic degradation operation after 10 h.
The initial oxytetracycline concentration for each experiment was 10.0 mg/L.
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polyurethane carriers and Bij2017Cl; were 19.55+2.53 and
52.86 + 4.07%, respectively. Otherwise, oxytetracycline was rather
stable under visible light irradiation as the final removal rate of the
photolytic process was 29.15 + 1.84%. In addition, oxytetracycline
proved to be significantly refractory and bio-recalcitrant. The bio-
removal rate was 68.39 + 1.94% after 10 h, even though the mi-
crobes had been cultivated in 10.0 mg/L oxytetracycline for one
year. Thus, we concluded that oxytetracycline could not be effi-
ciently degraded in the natural environment.

Combining the photocatalysis function significantly increased
the removal rates for the photocatalysis and synergistic degrada-
tion of oxytetracycline. Due to the detection limit of the instrument,
the remnant oxytetracycline after photocatalysis and the syner-
gistic degradation could not be detected after 4 h, when the final
removal rates were 92.39 +2.51 and 96.16 + 3.63% respectively.
Fitting these results to the first order reaction model further
confirmed the rapid removal rate of oxytetracycline using photo-
catalysis and the synergetic system. The rate constants, k, for the
photocatalytic and synergistic degradation were 27.3 and 18.7
times higher, respectively, than that of biodegradation alone,
revealing the much more efficient removal of oxytetracycline
through photocatalysis using Bii2017Cly during the short-term
experiment.

For further investigating the superior degradation performance
of the synergetic degradation system, we tested the remnant TOC
from photocatalysis and the synergetic system. As shown in Fig. 1b,
a nearly additional 14.3% removal rate of TOC was obtained using
the synergetic degradation function compared to photocatalytic
degradation alone. Notably, the extra removal of TOC should be
attributed to the combined microbial system, revealing the main-
taining of microbial activity in the synergetic system and the
advantage of the synergetic degradation function. Three-
dimensional fluorescence spectra (Fig. S4) tests also revealed that

Table 1

both photocatalytic and microbial degradation occurred during the
synergetic degradation process. Moreover, the results revealed that,
for the short-time experiment conducted without protecting the
microbes inside the carrier, the light-excited photoelectrons
coupled with the bio-photocatalytic degradation system performed
well in the modified carrier.

3.2. Degradation intermediates of oxytetracycline by synergistic
degradation

The highlighted byproducts generated during the short-term
experiment by the synergistic degradation system were explored
using mass spectrometry. The retention times, formulas, and pro-
posed structures of the products are presented in Table 1. The
evolution of each byproduct is displayed in Fig. 2a, and the spectra
of the extracted ions are illustrated in Fig. S5.

Seven compounds with different molecular weights were
identified using the positive ionization mode of the mass spec-
trometer, within the 100-1000 m/z range (Table 1). The m/z of
461.1545, which corresponded oxytetracycline, was reduced
dramatically within 2.5 h (Fig. 2a). This was consistent with the
results in Fig. 1a. The detected byproducts were formed within
10 min (Fig. 2a), accumulated prior to 60 min and showed dramatic
reduction in concentrations thereafter. However, only one of the six
identified intermediates, -apo-oxytetracycline, which had an m/z
of 443.4102, has been previously reported as a degradation product
of oxytetracycline. Thus, we evaluated the toxicities of the identi-
fied intermediates.

B-apo-oxytetracycline (m/z of 443.4102), one of the main anti-
microbial active degradation products of oxytetracycline, was re-
ported to be quite stable, exhibiting a half-life of 270d in soil
interstitial water (Halling-Serensen et al., 2003). Moreover, f-apo-
oxytetracycline was found in animal tissue, agricultural products,

Detected mass-to-charge ratios, retention times, proposed formulas, molecular weights, and structures of effluent samples.
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Fig. 2. (a) Evolution of oxytetracycline and the main degradation byproducts by the
performance of the synergistic degradation in the initial and 10, 30, 60 and 150 min.
The extracted mass-to-charge ratio ranged from 100 to 1000, (b) UPLC-MS spectra of
the degradation effluent by fitting to the oxytetracycline and B-apo-oxytetracycline
standards.

and dosage forms (Loke et al., 2003). In the synergistic degradation
process, -apo-oxytetracycline was detected at 10 min and without
further accumulation. This observation was also confirmed using
the B-apo-oxytetracycline standard employing an analytical
method previously reported in the literature (Halling-Serensen
et al., 2003) (Fig. 2b). Apparently, f-apo-oxytetracycline is harm-
ful and difficult to be decomposed in the natural environment. Its
quick decomposition by the photoelectron coupled bio-
photocatalytic degradation system should contribute to the syn-
ergistic performance. Cyclandelate (m/z of 277.1789) plays an
important role in the treatment of hemorheological disorders and
thrombosis (Diener et al, 1996). Dicyclohexylamine (m/z of
182.1889) has always been detected in hive products (Heever et al.,
2014). Although chronic exposure to isophorone (m/z of 139.1114)
could increase the possibility of developing dizziness or depression,
photooxidation could efficiently remove isophorone and thus
reduced its negative effects on the environment (Borup and
Middlebrooks, 1987; Wei et al., 2013). Thus, low dose isophorone
(Fig. 2a) could be easily removed using the synthetic degradation
procedure. The product with m/z of 149.0957, which may be trans-
anethole, was reported to undergo efficient metabolic detoxication
and did not present any significant risk to human health (Newberne
et al., 1999). In addition, sorbic acid (m/z of 113.0596) was rapidly
metabolized and did not exhibit carcinogenic activity (Walker,
1990).

Food safety and human health concerns should never be
ignored. However, negative consequences always involve long-
term exposure and high-enough dosage of harmful agents. The
evolution of the main intermediates of the synergistic oxytetracy-
cline degradation illustrated an efficient removal of these com-
pounds without any accumulation after 60 min of operation,
indicating the enhanced degradation of oxytetracycline and the
decomposition of the subsequent intermediates. Compared with
previous works that analyzed the degradation of oxytetracycline
(Halling-Serensen et al., 2003; Liu et al., 2016), the degradation
reaction using the synergetic degradation system was more
efficient.

3.3. Degradation stability of oxytetracycline by synergistic
degradation

As the degradation process progressed, it was observed that the
efficiency of the degradation gradually declined because of biofilms
detachment and the decrease in catalytic activity of photocatalysts.
To measure the stability of this type of photoelectron coupled bio-
photocatalytic system for degrading oxytetracycline, the contin-
uous biodegradation, photocatalytic and the synergetic degrada-
tion with a hydraulic retention time (HRT) of 4.0 h was tested for
400 h (Fig. 3).

After adjusting for the first few hours, the removal rate of
oxytetracycline by only the biodegradation process gradually
increased. This should be attributed to the function of the microbial
metabolism and absorption ability of the formed biofilm. However,
the removal rate dramatically reduced after 228 h of operation, due
to the detachment of biofilms and desorption of oxytetracycline.
The photocatalytic degradation process showed excellent elimina-
tion capability for oxytetracycline. Moreover, no significant differ-
ences could be observed between the process and the synergistic
degradation process over a long period of time. However, the
photocatalytic degradation rate started to decrease after 156 h, and
the final rate was only ~67%. This was probably due to the decrease
in the catalytic activity of the photocatalysts after prolonged illu-
mination and operation. Unlike the performance of biodegradation
or photocatalysis, the efficiency of the synergetic degradation
process remained above ~94% for the entire experimental period,
indicating that the photoelectron coupled bio-photocatalytic
degradation system could maintain good degradation stability
and acclimate to the moving environment. This finding also illus-
trated that, even for tests conducted over long periods of time, the
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L —=o— Photocatalytic degradation|
1.0 —=a— Biodegradation

100 150 200 250 300 350 400
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Fig. 3. Biodegradation, photocatalytic and the synergistic degradation in the dynamic
system with a hydraulic retention time of 4.0 h. The initial oxytetracycline concen-
tration was 10.0 mg/L, and the ambient temperature was 22 +2 °C.
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coated microbes of the synergistic system was not apoptosis, and
microbial activity was well maintained.

In addition, the biotoxicity of the effluent after 400 h of syner-
gistic degradation was investigated by inoculating Escherichia coli
DH5a using the effluent (Fig. S6). The inhibitory effect of oxytet-
racycline was obvious compared with the milli Q group. However,
after the synergistic degradation treatment, the biotoxicity and
antibacterial activity of the effluent were dramatically reduced.
According to our results, the synergetic degradation protocol not
only exhibited a high degradation rate for oxytetracycline but also
maintained the ability to decompose its intermediates.

3.4. Photo-electrochemical measurements

As mentioned above, the synergetic degradation procedure
could not simply be separated into biodegradation and photo-
catalytic degradation. Adequate exposure to visible light induced
the transfer of photoelectrons between the two attached parts, and
this was utilized for environmental remediation (Jiang et al., 2014;
Li et al., 2014). The existing connections between the photocatalyst
and microbes may provide the potential for synergistic energy
conversion and contribute to the enhanced degradation of oxytet-
racycline. As evidence, photo-electrochemical tests were per-
formed to illustrate the interplay electron transfer between
Bi12017Cl> and microbes under visible light irradiation. During
electrochemical tests, blank and coated stainless-steel meshes
were utilized as photo-anodes because the wire ingredient and net
structure of the stainless-steel mesh were analogous to the sponge
carrier. The good conductivity of the mesh also ensured the timely
collection of electrons.

In Fig. 4a, a photocurrent was immediately induced after the
illumination of Bij2017Cl, using visible light and no bias, because
the electrons were excited into the conduction band and holes
(positive charges) were generated in the valence band. When the
illumination was stopped, the photocurrent declined, indicating
that Bi12017Cly acted as photocatalyst and the transport of photo-
electrons was fast. Theoretically, when the electrode was coated
with microbes, the obtained photocurrent would be reduced,
because light would be obstructed from reaching the photo-
catalysts, and microbes would be insensitive to light irradiation.
However, when the electrode was coated with microbes, the
photocurrent did not decline, the photocatalytic activity main-
tained, revealing an additional electron transfer pathway in the
synergetic system.

In addition, photoelectrochemical impedance spectroscopy
analysis and linear sweep voltammetry were further used to
expound the electron transmission at the interface between
Bi12017Cl; and microbes. The improved conductivity of the syner-
getic system compared to the photocatalyst alone was evidenced by
the EIS results (Fig. 4b). It was obvious that the synergetic system
showed a smaller circle in both the low and high frequency regions
than the photocatalytic system alone. Hence, the synergetic inter-
face was more conducive to electron transmission than the pho-
tocatalyst. Without bias, the decrease in circles was small after the
light irradiation.

Linear sweep voltammetry within the 0.45-0.85V potential
range (versus Ag/AgCl, KCI (sat'd)) was used to represent the effect
of different potentials on photocurrent promotion (Fig. 4c). The
stainless-steel mesh was electrochemically stable in this potential
range, and most of the bio-electrochemical signal could be
excluded. The current of the synergetic system was higher than of
the photocatalytic system in the dark, which was consistent with
the EIS test results. Under visible light illumination, the photocur-
rent gradually increased. The photoinduced current reached 52.1
and 39.9 pA/cm? for the synergetic and photocatalytic systems,
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Fig. 4. Photo-electrochemical characterization of photocatalytic and synergistic sys-
tem: (a) Amperometric I-t curves applied with no bias; the illumination cycle was
300 irradiation and 200 s dark, (b) Photo-electrochemical impedance spectroscopy of
each tests with no bias; the frequency was changed from 200 kHz to 10 Hz with an
amplitude of 10 mV, (c) Linear scan voltammogram tests ranged from 0.45 to 0.85V at
a scanning rate of 10 mV/s.
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respectively, at 0.8 V. The extra photocurrent should be attributed
to the transfer of photoelectrons between Bi{3017Cl, and the mi-
crobes. This implied that the synergistic system could generated
more electrons for transfer than the photocatalytic system alone,
which confirmed the existence of a transfer of photoelectrons be-
tween the microbes and Bi;2017Cl, in the presence of light.

3.5. Coated microbes and functionalized microbial community

The carriers were collected. Some were coated only with
Bi12017Cly and some underwent synergetic degradation for 400 h.
As shown in Fig. 5, compared to the blank carrier (Fig. 5a and b), the
surface of each carrier fiber become rough after coating with
Bi12017Cl, (Fig. 5¢c and d). After the microbe culture, the porosity of
the carrier decreased and microorganisms attached tightly to
Bi12017Cl, (Fig. 5e and f). Instead of forming a condensed biofilm,
microbes were dispersed. Three reasons might contribute to this
phenomenon. First, without the protection of the carrier, direct
exposure to toxicants and oxidants would exert negative effects on
the formation of biofilms. Second, the light-excited photoelectrons,
however, could be harvested by microbes to stimulate their growth
and modulate the microbial community to acclimate to the sur-
rounding environment. Third, the big porosity of the carrier pro-
vided channels for the easy transmission of substrates, and the free
radicals could undergo immediate degradation, thus their negative
influence on the microbes could be weakened.

The microbial community transformation analysis revealed that
the bacterial community was regulated after a long degradation
process (Fig. S7). Except for the original three classes of Gram-
maproteobacteria, Bacilli, and Flavobacteria, five additional classes
flourished: Beta-proteobacteria, Alpha-proteobacteria, Clostridia,
Sphingobacteria, and Actinobacteria.

The heat map (Fig. 6) clearly displayed the evolution of the
microbial community at the genus level. Rhodopseudomonas, which
was both phototrophic and chemotropic, emerged after the
degradation process (Larimer et al., 2004), indicating an adaption to
the synergetic environment. Rhodopseudomonas (Martin et al.,
1986), Lysinibacillus (Nandy et al., 2013), Sphingobacterium, Pseu-
domonas, Burkholderia, Escherichia, and Bacillus, which were much
abundant, have the ability of extracellular transfer electrons
(Huang et al., 2011), revealing the potential for the transfer of
photoelectrons between the microbes and photocatalysts. In
addition, the population of Pseudomonas (Kiyohara et al., 1992),
Stenotrophomonas (Qureshi et al., 2007), Achromobacter (Wang
et al, 2016), and Sphingomonas (Ye et al., 1996), which were
capable of scavenging aromatic hydrocarbons were largely
increased. The newly emerged Mycobacterium (Schneider et al.,
1996), Comamonas (Goyal and Zylstra, 1996), Lysinibacillus (Atefeh
et al,, 2013), Dokdonella (Bacosa and Inoue, 2015), Sulfobacillus
(Zhou et al., 2016), Bacillus (Arutchelvan et al., 2006), Pandoraea
(Wang et al., 2015), and Ochrobacturm (Ghosal et al., 2010) genera
were also able to degrade aromatic hydrocarbons. Moreover,

Fig. 5. SEM images of the blank sponge carrier (a, b), coated with Bi;2047Cl; (c, d) and after the synergistic degradation operation for 400 h (e, f).
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Fig. 6. Pyrosequencing results of DNA from the microbial community before (Raw) and after (BP) the synergetic degradation at the genus and phylum levels.

Mesorhizobium (Okada et al., 2005) and Methylobacterium (Jourand
et al., 2004) contributed to the denitrification process, while Labrys
(Amorim et al., 2014) and Sphingobacterium (Ghosh et al., 2009)
were reported to degrade antibiotics. The flourishing of these mi-
croorganisms expounded the formation of functional microbial
groups for the degradation of oxytetracycline and mineralization of
byproducts.

The results also validated the feasibility of the design protocol in
this study. Given a suitable porosity of carrier, the microbes need
not be cultivated just inside carriers for protection purposes. The
energy source generated by the light-excited photoelectrons could
be used by microbes to reconstruct their microbial communities to
adapt to the environment.

4. Conclusions

In this study, a simple protocol was developed to enhance the
bio-photocatalytic degradation efficiency of oxytetracycline by
stimulating the transfer of photoelectrons between the photo-
catalysts and microbes using a higher porosity carrier (95%). The
protocol did not involve the additional of supplementary electron
donors for microbe metabolism or improving the loading rate of the
photocatalysts. Although exposure to toxicants and oxidants, the
negative influence on microbes could be weakened. A removal rate
of ~94% was maintained for 400 h and the lack of cytotoxic effects of

the effluent demonstrated the degradation stability of the syner-
gistic degradation system. In addition, f-apo-oxytetracycline, the
refractory and antimicrobial active intermediate in the degradation
of oxytetracycline, could be further degraded in 10 min without
accumulation. Therefore, we provide a simple and efficient strategy
to enhance the degradation efficiency of the bio-photocatalytic
process for oxytetracycline and confirms the potential application
value of the strategy for realistic situation.
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