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As a novel wastewater treatment strategy, the intimate coupling of photocatalysis and biodegradation
(ICPB) has been attracted attention, which is ascribed to its combination of the advantages of
photocatalytic reactions and biological treatment. The selection of carriers is important since it affects
the stability of the system and the removal efficiency of pollutants. In this study, a novel ICPB system was
successfully constructed by loading photocatalytic materials (i.e., TiO;, N-TiO,, and Ag-TiO,) and
microbes onto non-woven cotton fabric. The photocatalysts were characterized by scanning electron
. microscope-energy dispersive spectrometer (SEM-EDS), X-ray diffraction (XRD) and X-ray photoelectron
Photocatalysis . o . . . .
Biological treatment spectroscopy (XPS). This system exhibited good performance in degrf‘admg tetracyclme.(TC) in wate.r. The
ICPB results showed that Ag-TiO,-ICPB had the maximum removal efficiency of tetracycline (94.7%) in 5h,
which was 16.5% higher than the photocatalysis alone. After five cycles, 82.9% of tetracycline could be still
degraded through Ag-TiO,-ICPB. SEM spectrum showed microbes on the material changed little before
and after the reactions. This result implied the materials were stable, and then beneficial for degrading of
pollutants continuously. The intermediates were detected through ultraperformance liquid chromatog-
raphy-mass spectrometer (UPLC-MS) and the plausible degradation pathways were proposed. Electron
paramagnetic resonance (EPR) analysis showed ‘OH and O,"~ were the main reactive oxygen species for
TC degradation. In conclusion, the ICPB system with non-woven cotton fabric as a carrier has certain
application prospects for antibiotic-containing wastewater.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Keywords:

Non-woven cotton fabric
Tetracycline removal

Recently, antibiotic contamination in water has become one of
the most serious problems for human beings. As an important type
of antibiotics, tetracycline is widely used for human antivirus and
animal growth [1,2]. Due to the limited availability of tetracycline,
such pollutants accumulate in the aquatic environment, thus cause
the spread of antibiotic resistance genes and eventually endanger
human health [3,4]. Meanwhile, tetracycline degrades very slowly
in natural water bodies and will produce toxic intermediates that
resistant to the biodegradation process. Until now, tetracycline has
attracted a great deal of concern, and it is urgent to pay attention to
the treatment of antibiotic-containing wastewater [5,6].

In the past, various advanced oxidation processes (AOPs) had
been proposed for tetracycline removal [7,8]. Among them,
photocatalysis has developed rapidly in recent years due to its
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mild reaction conditions and strong oxidation ability [9]. Photo-
catalysis has a good degradation effect on tetracycline, but the
toxic intermediates of tetracycline are difficult to degrade [10].
Apart from photocatalytic strategies, biological treatment of
pollutants has the advantages of thorough treatment and no
secondary pollution accumulation [11]. Although it is almost
impossible to treat an antibiotic by itself, the biological method has
a good degradation performance for the intermediate products
produced by tetracycline [12-14]. Therefore, the combination of
chemical oxidation and biodegradation is expected to remove
tetracycline in water.

Recently, the intimate coupling of photocatalysis and biodeg-
radation (ICPB) has been developed to overcome the difficulties of
photocatalysis or biodegradation alone [15]. Particularly, ICPB has
attracted great attention due to the good degradation efficiency of
pollutants and convenient operation process [16,17]. For example,
Ding and co-workers used inexpensive and highly efficient belt-
shaped one-dimensional oxygen-rich Bi;;0;C» to degrade oxy-
tetracycline. They found that the degradation rate of
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oxytetracycline and total organic carbon (TOC) in ICPB system
could reach 96.16% and 88.03% in 4 h, which were increased by 3.8%
and 14.3% than photocatalytic alone [18]. Xiong et al. used Ag-TiO,
to degrade tetracycline (TC), and the results indicated the
degradation efficiency of ICPB was increased by 10% than photo-
catalytic alone [5]. Dong et al. developed composite-cubes by using
self-assembly to coat a thin layer of visible-light-responsive
photocatalyst (Er**:YAlO5;/TiO,) on sponge-type carriers. The
removal efficiencies of phenol and dissolved organic carbon
(DOCQ) in visible-light photocatalysis coupled with biodegradation
(VPCB) system were 99.8% and 65.2% within 16 h, while only 71.6%
and 50.0% were achieved in visible-light photocatalysis (VPC)
system [16].

To date, most published articles have focused on the prepara-
tion of novel photocatalysts and the exploration of better loading
methods [19]. However, the selection of carriers is also an
important issue for the application of ICPB [20]. This requires
the materials to have excellent properties, such as low-cost, easy to
use, and good hydrophilicity [21]. As a promising biomass material,
non-woven cotton fabrics with good biodegradability and high
stability have been favored by researchers [15]. This kinds of
material with sufficient surface area have been used in preparing
functional materials adopted in many fields, such as pharmaceuti-
cal, chemical production, and wastewater treatment [22-25]. Until
now, no researches had been conducted for the application of non-
woven cotton fabrics as the carrier in the chemical-biological
coupled system. It is expected that the photocatalytic material can
be loaded on the outer surface of the non-woven cotton fabric,
while the microorganisms are attached to the inside of non-woven
cotton fabric, which induces the reactions to take place in different
areas [18]. Moreover, with the aid of the microporous carrier, it is
convenient for intermediate processing and subsequent recovery
and recycling [16]. Theoretically, the non-woven cotton fabric can
be adopted in ICPB system, though its application in this area has
been rarely reported.

Based on the above discussion, the objective of this study is to
validate the performance of photocatalytic materials with non-
woven cotton fabric as a carrier in ICPB system. Three typical
photocatalysts, TiO,, N-TiO, and Ag-TiO, were loaded onto the
non-woven cotton fabric, and the degradation performances were
compared. Cycling experiments were performed to explore the
recyclability of various systems and the stability of composite
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materials. The coexisting inorganic, organic matter and authentic
water were added to simulate the effects of water matrix in the
natural environment. The degradation mechanisms of pollutants
were discussed in detail.

The chemicals, synthesis and characterization of materials were
displayed in Texts S1-S5 (Supporting information). The morpholo-
gy of photocatalytic materials and biofilms attach to non-woven
cotton fabric were observed by scanning electron microscopy
(SEM, Zeiss, Gemini 300, Germany). The crystal structures of
materials were detected by X-ray diffraction (XRD, Miniflex600,
Rigaku Corporation, Japan) with Ni-filtered Cu Ke radiation in the
range of 26 from 10° to 80°. The chemical states of different
elements in samples were characterized by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, U. S. A.). Electron
paramagnetic resonance (EPR) spectrometry was employed to
detect the active radicals by using 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as the spin trapping agents.

SEM image of the non-woven cotton fabric was shown in Fig. 1a.
This material exhibited a loose and porous structure, which
provided good conditions for the loading of photocatalytic
materials and the attachment of microorganisms [26,27]. The
SEM images of fabrics loaded with photocatalysts were displayed
in Figs. 1b-d, respectively. The photocatalysts could be observed on
the outer surface of the carrier. Compared with the original fabric,
the materials exhibited more expansion and loosely, which was
beneficial for the attachment and growth of microbes. Moreover, as
displayed in Fig. 1e, the inner pores of the non-woven cotton fabric
were loaded with microbial membranes [10]. After a cycle of ICPB
degradation experiment, there were still a lot of microbes
preserved inside the non-woven cotton fabric (Fig. 1f). The partial
shedding of microbial membranes might be caused by the shearing
force of the liquid. Meanwhile, ultraviolet light irradiation and
tetracycline could also cause microbial growth inhibition and
death on the outside of the non-woven cotton fabric [16,28,29].

As displayed in Fig. 1g, anatase phase (at 26 values of 25.2°,
37.8°, 47.9°, 53.9° and 55.0°) was detected in the three materials,
which was consistent with the results of the literature [14,30].
Moreover, the metallic Ag phase (at 26 values of 32.2°, 46.2°) was
observed in Ag-TiO, [31]. From energy dispersive spectrometer
(EDS) in Fig. S1 (Supporting information), N and Ag were found in
N-TiO, and Ag-TiO,, indicating these elements had been success-
fully doped on the surface of TiO, [22,23]. XPS analysis were
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Fig.1. SEM images of (a) non-woven cotton fabric, (b) non-woven cotton fabric loaded with TiO,, (¢) non-woven cotton fabric loaded with N-TiO, (d) non-woven cotton fabric
loaded with Ag-TiO-, (e) non-woven cotton fabric loaded with Ag-TiO, and microbes, (f) material after reactions. (g) XRD pattern of different materials.
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conducted to determine the surface composition and chemical
states of as-prepared materials. As displayed in Figs. S2-S4
(Supporting information), the materials were mainly composed
of Ti and O, while N and Ag were detected in XPS spectra of N-TiO,
and Ag-TiO,, which was consistent with EDS results. The two peaks
of the binding energies of 458.7eV and 464.3eV were corre-
sponded to anatase type TiO, [7,23,25]. The main peak of O 1s at
the binding energy of 529.6 eV was corresponded to Ti—O bond.
Two peaks of Ag 3ds, and 3d3), were located at the binding energy
of 373.6eV and 367.5eV respectively, proving the existence of
metallic Ag [32-34]. All results proved that the preparation and
loading of TiO,, N-TiO, and Ag-TiO, to non-woven cotton fabric
were successfully.

In order to reflect degradation performance of TC, three
synthetic materials were adopted for comparison. As shown in
Fig. 2a, the adsorption (AD) of TC by raw fabric was limited (~10%).
While in ICPB systems, the degradation rates of TiO,, N-TiO, and
Ag-TiO, after 5h were 70.9%, 79% and 94.7%, respectively. The
results indicated Ag-TiO, had better degradation efficiency than
TiO, and N-TiO,, as the modified material had wider light reaction
band than the original photocatalytic material [35]. The enhance-
ment of TC degradation in the existence of Ag was mainly ascribed
to two reasons. Firstly, the e~ and h* recombination was depressed
due to the Schottky barrier brought by Ag particles, then the
utilization of excitons was largely promoted. Secondly, the
adsorption affinity of catalyst toward dissolved oxygen was
promoted in the presence of Ag, thus leading to enhanced
production of ROS and TC degradation [36-38]. Moreover, TC
degradation by photocatalysis alone was also investigated.
According to Fig. 2b, the degradation curves of photocatalytic
systems composed of TiO,, N-TiO, and Ag-TiO, were always
smooth, and the final degradation rates were 65.5%, 72.6% and
78.2%, respectively. About 10% higher degradation rate of tetracy-
cline was observed in ICPB system than that by photocatalytic
system, which was attributed to the function of microorganisms
[39]. As shown in Fig. 2c, the chemical oxygen demand (COD)
removal rates of ICPB with TiO,, N-TiO, and Ag-TiO, were 46%, 58%
and 66%, respectively. The maximum COD removal rates could be
achieved with the aid of Ag-TiO,, and this trend was also consistent
with that for TC. In single photocatalytic systems, the mineraliza-
tion rates were 36%, 46% and 52% for TiO,, N-TiO, and Ag-TiO,,
respectively (Fig. 2d). The COD removal rates were about 10% lower
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microorganisms could strengthen pollutants eliminating in photo-
catalytic system [17].

Cycling experiments were conducted to investigate the
feasibility of ICPB system for tetracycline degradation. As shown
in Figs. 2e-g, ICPB system exhibited stable pollutant degradation
rate for three kinds of photocatalysts. After 5 cycles, the removal
rate of tetracycline by Ag-TiO, was 82.9%, which was 11.8%
decrease compared with the first cycle (Fig. 2e). However, the
removal efficiencies of the ICPB reaction system composed of TiO,
and N-TiO, photocatalytic materials were relatively poor. The
degradation rates of the two systems after 5 cycles were 46% and
53%, respectively, which were 26% and 25% lower than the initial
degradation rates (Figs. 2f and g). Such results further proved that
Ag-TiO, had a good removal ability toward tetracycline. After five
cycles of experiments, the residual rates of TiO,, N-TiO, and Ag-
TiO, were 89.4%, 93.1% and 86.7%, respectively (Fig. S5 in
Supporting information). The results indicated liquid shear force
had a small effect on the material [11,20]. In summary, Ag-TiO,
coupled microorganisms have good and cause less secondary
pollution to the environment, so the material has a good
application prospect. Considering the removal efficiency of
pollutants as well as recycling characteristics, Ag-TiO, was selected
as the photocatalytic material for further studies.

The effect of photocatalyst loads on TC removal was displayed in
Fig. S6a (Supporting information). Within 2 h, the better degrada-
tion effect could be achieved when more photocatalytic materials
were loaded. This may be attributed to more photoelectrons
generated for removing pollutants [40]. The degradation rates of
photocatalytic materials with loads of 20% and 25% were almost
the same. Further increase of photocatalysts load will lead to
microbial shedding, therefore, the photocatalytic material with
20% load was selected as the optimum condition. Furthermore, the
effect of initial pHs on degradation of TC were investigated. As
shown in Fig. S6b (Supporting information), the degradation rate of
TC at pH 3.0 was 84.1% within 5h, while the highest removal
efficiency (94.7%) was obtained at pH 6.0. According to the
literature, different forms of TC (e.g., TCH5*, TCH,?, TCH™, TC?)
were found at varied pH range, and the reactivity toward "OH were
in the order: TCH- > TC?> > TCH,° > TCH3* [41,42]. At pH 3.0, TC
molecular became less reactive toward UV light due to its
protonated as TCH3*. With the increased of pH, TCH,°, TCH™ and
TC? species were found, which result in the enhancement of TC

for system without microorganisms, indicating the removal. Therefore, the optimum pH was set at 5.0-7.0.
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In order to evaluate the effects of water matrix on the
catalytic performance of composite fabric, four types of
inorganic anions (Cl-, SO4%, PO,> and COs?), one organic
(citric acid) and two authentic background (Tangxun Lake water
and Yangtze River water in Wuhan) were selected. As shown in
Figs. S7a-S7d (Supporting information), both Cl~ and SO42 had
limited influence on TC degradation, while only 73% removal
rate was obtained in the presence of 10 mmol/L CO52 . According
to previous studies, CO32" could consume "OH to form carbonate
radical with low reactivity [42,43]. Meanwhile, the degradation
efficiency of TC was only 77% when 10 mmol/L PO,>" was added
to the solution. This phenomenon may be ascribed to 'OH
scavenge brought by PO,> [39]. The effect of citric acid on
removal of TC was displayed in Fig. S7e (Supporting informa-
tion). The degradation rate decreased after adding organic
matter, which was ascribed to the competition of free radicals.
Although coexisting organic matter could provide nutrients for
microorganisms growing, the promotion was still limited
[29,39,44]. The degradation performances of TC in real water
were displayed in Fig. S7f (Supporting information). Compared
with deionized water system, the removal efficiencies of TC in
Tangxun Lake water and Yangtze River water were decreased to
74.9% and 85.8%, respectively. The possible reason for this
phenomenon was that the free radicals were consumed by
organic matter existed in natural water and thus affected the
removal of TC.

The intermediates of TC in ICPB system were analyzed by UPLC-
MS (Fig. S8 in Supporting information). As shown in Scheme 1, a
total of 14 intermediates (a-n) were identified, and the possible
degradation pathways of TC were proposed. After the initial
photodegradation of TC, it was oxidized, hydroxylated and
dehydrated to produce molecules with m/z values of 479, 459,
427. Subsequently, molecules with m/z value of 459 was
demethylated and hydroxylated to produce substances with m/z
values of 428 and 479. Substances with an m/z value of 427
produced molecules with m/z values of 399 and 339 by
demethylation, deamination through the breaking of the C—N
bond. In fact, cyclic molecules are very stable and difficult to be
destroyed [10,28]. After further degradation of intermediate
products by microorganisms, molecules with m/z values of 279,
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241, 307 were produced through ring-opening, demethylation,
deamination and dehydration. Finally, with the further develop-
ment of the reaction, some small molecules with m/z values of 169,
74 were eventually degraded to CO, and H,0 [5,45,46].

The main reactive oxygen species responsible for TC degrada-
tion was detected by EPR analysis. As can be seen in Fig. 3a, the EPR
spectra showed signal peak of height ratio of 1:2:2:1, correspond-
ing to DMPO-"OH formation [47,48]. In the dark, no free radicals
were detected, but the signal peaks obviously appeared after the
UV light irradiation, which may be ascribed to TiO, being excited by
UV light [49]. Moreover, as shown in Fig. 3b, the signal peaks of
DMPO-0,~ appeared after the UV light, indicating that Ag
accelerated the generation and migration of e~ and realized the
process of e reduction to dissolve O,. These results suggested that
the main reactive oxygen species for degradation of TC in ICPB
system were ‘OH and O,

Based on the discussion mentioned above, the plausible
mechanisms of ICPB system for removing tetracycline in water
were proposed. As displayed in Fig. 3¢, "OH and O,"~ responsible for
TC degradation were generated on the surface of photocatalysts
with the assistance of UV light. The by-products were produced by
active radicals during photocatalysis process, and further trans-
formed to CO, and H,O by microbes loaded on the non-woven
fabric. Through the above processes, the effective degradation of
tetracycline was finally achieved.

In this study, three types of photocatalysts (i.e., TiO, N-TiO, and
Ag-TiO,) were loaded on non-woven cotton fabric for constructing
ICPB reaction systems. Ag-TiO, based ICPB system showed good
removal performance for tetracycline, which was much better than
those with TiO, and N-TiO,. Compared with single photocatalysis
process, the removal efficiencies of tetracycline and COD in Ag-
TiO,-ICPB system were enhanced by approximately 16.5% and 14%.
After five cycles, the degradation rate of tetracycline could be
maintained at ~82.9%, indicating the photocatalysts and biofilms
kept good stability. Tetracycline could be transferred to CO, and
H,O0 through ring-opening, demethylation, deamination and
dehydration reactions. This study provided a novel ICPB system
for eliminating antibiotics in water. Further studies related to other
pollutants removal by this hybrid system are also need to be
carried out.
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Scheme 1. The proposed transformation pathways of TC degradation.
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