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This work demonstrates the successful immobilization of MIL-88A(Fe) MOF on cotton fibers to fabricate MIL-88A
(Fe)/cotton fibers (MC) by an eco-friendly method. The prepared MC is used to activate peroxydisulfate for
eliminating multiple tetracycline antibiotics, such as oxytetracycline (OTC), tetracycline (TTC), and chlortetra-
cycline (CTC) in simulated wastewater under UV-light irradiation. The photoactivated sulfate radical-advanced
oxidation processes (SR-AOPs) towards the removal of tetracycline antibiotics matrix (initial concentration of
10.0 mg/L) using MC were initially investigated using a batch method. The results reveal that 97.5% OTC, 95.2%
TTC, and 100.0% CTC can be degraded in the MC/UV/PDS system in the presence of 2 g/L of MC and 1 mM of
PDS. The degradation pathways of OTC, TTC, and CTC were clarified via liquid chromatography-mass spec-
trometry analysis and DFT calculations. The quantitative structure-activity relationship analysis shows that the
tetracycline antibiotics are transformed into their corresponding intermediates with lower toxicity within 8.0
min. A self-designed fixed bed reactor, in which the MC was packed into the annular channel, was adopted to test
the long-term operation possibility of the MC in the continuous photoactivated SR-AOP system. The findings
demonstrate that the whole antibiotics matrix can be removed completely within 22 h. This work is the first to
demonstrate the use of MOFs as catalysts for SR-AOP to achieve continuous purification of simulated wastewater.
The findings highlight a new possibility for the use of MOFs in large-scale wastewater treatment over.

1. Introduction are widely used in the pharmaceutical industry, livestock, agriculture,

and aqua-culture [6]. Due to indiscriminate abuse and excess con-

As emerging environmental pollutants, antibiotics exert serious
threat to public health and ecological sustainability [1] due to their
difficult elimination by conventional wastewater treatment processes
[2,3]. Long-term exposure to low concentration of antibiotics in the
environment may result in endocrine disruption and antibiotic resis-
tance in certain organisms [4,5]. Tetracycline antibiotics, such as
tetracycline (TTC), oxytetracycline (OTC), and chlortetracycline (CTC)

sumption, large quantities of tetracycline antibiotics have been dis-
charged directly into natural ecosystems in the last few decades, leading
to serious water pollution [7]. In addition, traditional wastewater
treatment plants (WTP) cannot completely remove these antibiotics.
Therefore, new approaches, such as, membrane filtration [8], electrol-
ysis [9], and advanced oxidation processes [10] have been developed to
remove antibiotics from wastewater. Among these approaches, sulfate
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radical-based advanced oxidation processes (SR-AOPs) have been
proven to be efficient for removing various organic contaminants [11],
in which various reactive oxidation species (ROS), such as sulfate radi-
cals (SO4 o), hydroxyl radicals (eOH), superoxide radicals (Oze), and
singlet oxygen (*0,) are generated to attack these antibiotics. However,
inactivated PDS displays limited oxidizing ability towards pollutants
and this has led to extensive development of PDS activation technologies
for realizing the strong oxidation potential of PDS [12]. For example,
heat, ultraviolet (UV) light, and transition metals are often used to
accomplish PDS activation. Compared to other transition metal ions,
such as Co and Cu ions, Fe ions are more suitable for large-scale appli-
cations due to their lower cost and toxicity [13]. Therefore, the use of Fe
ions is particularly preferred [14]. However, SR-AOPs based on homo-
geneous Fe/PDS system typically suffer from several intrinsic draw-
backs. The consumption rate of Fe?* is far beyond its regeneration rate
[15], which retards the ROS generation and leads to the massive pro-
duction of waste iron sludge [16]. Thus, SR-AOPs over heterogeneous
Fe-based catalysts have attracted significant attention as they demon-
strate a wide working pH range as well as excellent stability, and do not
generate iron sludge [14]. Meanwhile, metal-organic frameworks
(MOFs) have been widely investigated for wastewater treatment. For
instance, Jin et al [17] applied Cu, Co co-doped MIL-101 for the
adsorption of tetracycline. The doped metals could significantly improve
the adsorption capacity of MIL-101. Zhang and co-workers [18] also
demonstrated the successful elimination of tetracycline by Fe-MOF
activated SR-AOP. The removal efficiency of tetracycline could reach
as high as 100%, implying the superiority of SR-AOP compared to the
traditional wastewater treatment process.

In recent years, Fe-MOFs as a class of multifunctional porous cata-
lysts, have attracted intense interest [19]. Fe-MOFs are typically ob-
tained by coordinating Fe ions with organic ligands, endowing them
with abundant nanopores, large specific surface area, and good thermal
stability [20]. Furthermore, Fe-MOFs formed by oxygen-containing
organic ligands and Fe ions exhibit the intrinsic absorption character-
istics of visible light due to the formation of inorganic nodes of Fe-O
clusters, which have aroused great interest from researchers [21]. In
addition, they also show excellent thermal and chemical stability.
Moreover, Fe element is widely abundant in the earth’s crust, making it
cheap, and eco-friendly [22]. Due to these attractive characteristics, Fe-
MOFs have shown promise as catalysts for heterogeneous Fenton-like
reactions in antibiotics removal due to their strong adsorption proper-
ties towards pollutants and abundant active metal sites as catalytic sites
[23]. Additionally, Fe-MOFs also exhibit high photocatalytic efficiency
in pollutant degradation [24] and water splitting [25]. Recently, Fe-
MOFs have been applied to activate persulfate with the assistance of
UV or visible-light irradiation [26]. For example, MIL-101(Fe) was used
in SR-AOP over tris(2-chloroethyl) phosphate, which was further
enhanced by adsorption and photocatalytic activation [27]. MIL-88A, an
Fe-MOF with Fe as the metal center and fumaric acid as the organic
ligand, is a classic and popular MOF that has been applied in photo-
catalysis [28], adsorption [29], and advanced oxidation processes (e.g.,
Fenton-like reaction along with PS activation) [30]. Different from other
organic linkers for constructing MOFs, fumaric acid displays low toxicity
and cost, leading to the better suitability of MIL-88A for wastewater
treatment [21]. To date, MIL-88A(Fe) has been shown to be an efficient
catalyst for AOP process. Fenton-like and SR-AOP over MIL-88A(Fe)
have been widely studied. For instance, Xia et al. synthesized rod-like
MIL-88A with high phenol removal efficiency [31]. Our group previ-
ously explored a heterojunction formed from 3,4,9,10-pyrenetetracar-
boxydiimine (PDINH) and MIL-88A(Fe), which showed notable
photoactivated SR-AOP ability towards chloroquine phosphate (CQ), a
possible treatment for coronavirus disease 2019 (COVID-19) [32]. Our
group has also reported a mild and facile method to achieve a high
throughput production of MIL-88A(Fe) at room temperature by using
deionized water and ethanol as solvents [33].

One of the major challenges associated with the use of Fe-MOFs is the
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inefficient separation and recovery from the aqueous medium after
being utilized in wastewater treatment. To overcome this limitation, the
immobilization of a powder catalyst onto a supporting substrate may
provide an ideal solution. This immobilization process affords efficient
separation and easy recovery of the catalyst, while also preventing
agglomeration of the catalyst to achieve a higher catalytic performance
[34]. In this work, MIL-88A(Fe) particles are immobilized on cotton fi-
bers via an in-situ method to fabricate MIL-88A(Fe)/cotton fibers (MC),
which is then used to degrade the matrix of multiple tetracycline anti-
biotics (oxytetracycline, tetracycline and chlortetracycline) in both
batch and continuous experiments. Furthermore, investigation of the
degradation pathways and evaluation of the toxicity were carried out.
Noticeably, one of the main advantages of this work is the achievement
of extraordinary durability and stability of immobilized MIL-88A. Up to
now, MIL-88A(Fe) can be produced by hydrothermal/solvothermal
[35], ultrasonication [36], and microwave-assisted methods [37], in
which toxic solvents, such as N, N-dimethylformamide (DMF) are used
during the synthesis process. In particular, the high throughput pro-
duction of MIL-88A(Fe) cannot be accomplished by the above-stated
approaches. To the best of our knowledge, this work is the first study
to demonstrate the utilization of MOF as a catalyst to accomplish long-
term and large-scale continuous purification of wastewater.

2. Experimental

The used chemicals and reagents along with the characterization
instruments are provided in the Electronic Supplementary Information
(ESD).

2.1. Preparation of MC

In this work MC was prepared according to our previous work with
some modifications [29]. Before use, the commercially available cotton
fibers were washed several times with ethanol (99%). Next, 400.0 mmol
(46.4 g) of fumaric acid and 400.0 mmol (108.1 g) of FeCls-6H20 were
dissolved in 1.5 L of ethanol (99%) and 1.5 L of deionized water,
respectively. Following this, 20.0 g of washed cotton fibers was added
into this mixture solution, and subsequently stirred for 48 h with a speed
of 80 rpm at room temperature. The obtained MC was washed with
deionized water and ethanol (99%) to remove unreacted reagents. The
synthetic process was repeated 10 times to ensure the amount of
immobilized MIL-88A(Fe) on cotton fibers reached 34.0 + 1.0 mg per
1.0 g cotton fibers. For comparison, MIL-88A(Fe) powder was synthe-
sized by following the above-mentioned method without the addition of
cotton fibers.

2.2. Batch experiment

The performance of MC for photoactivated SR-AOP was investigated
under 5 W LED UV light (Beijing Perfectlight Co. Ltd., PCX-50B, wave-
length at 369 nm, as illustrated in Fig. S1) (UV-LED). Typically, 0.1 g of
the as-prepared MC was added to a 50.0 mL of tetracycline antibiotics
matrix of oxytetracycline (OTC), tetracycline (TTC) and chlortetracy-
cline (CTC), each with initial concentration of 10.0 mg/L) in a quartz
reactor, followed by the addition of 50 pL of 1000 mmol/L sodium
peroxydisulfate (PDS) solution. At a fixed time-interval, 0.3 mL of the
suspension was taken out and filtered via a 0.22 pm syringe filter for
subsequent determination. The residual concentrations of tetracycline
antibiotics were determined by Vanquish Duo high performance liquid
chromatograph (HPLC) equipped with a C18 column (2.1 mm x 250
mm, 5.0 pm). The detection wavelength of the UV detector was set as
355 nm. Moreover, KCl, CaCly, MgCly, NaySO4, NaNOs, and NaH,PO4
were introduced into the aqueous solution containing tetracycline an-
tibiotics matrix to simulate the exact concentrations of inorganic cations
(e.g., K", Ca%t and Mg?") and anions (e.g., C1~, NO3~, SO42~ and HyPO4~
in real groundwater, like CI” = 135.3 mg/L, NO3~ = 13.6 mg/L, SO42’
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=124.0 mg/L, HoPO4~ = 5 mg/L, K" = 4.68 mg/L, Ca>" = 185 mg/L,
Mg?t = 39.7 mg/L [32,38]. Additionally, the unadjusted initial pH
value of the tetracycline antibiotics matrix was 4.04. In the active spe-
cies capture experiments, methanol (MeOH), tertiary butyl alcohol
(TBA), L-histidine, and EDTA-2Na were selected as active species
quenchers. The concentration of each quencher was 30 mM. Noticeably,
a simulated wastewater containing OTC, TTC and CTC with initial in-
dividual concentration of 10.0 mg/L was selected to clarify the degra-
dation pathway of individual tetracycline antibiotics in photoactivated
SR-AOP.

2.3. Fixed bed reactor experiment

In a typical process, 6.204 g of the as-prepared MC was inserted into
a self-designed annular quartz equipment with a reaction volume of
120.0 mL to construct the fixed bed reactor, in which a 10 W high
pressure mercury UV light (UV-Hg) with wavelength of 256 nm
(CNlight) was placed in the central cavity to provide light irradiation
(Scheme 1). The simulated wastewater containing tetracycline antibi-
otics (TTC, OTC and CTC), each with initial concentration of 10 mg/L)
matrix was pumped into the fixed bed reactor by peristaltic pump with a
flow rate of 0.2 L/h, in which the PDS solution (1 mol/L) was injected
using a high-precision injection pump with a flow rate of 300 pL/h.

3. Results and discussion
3.1. Synthesis and characterizations

In this work, a simple and green approach is developed to immobilize
MIL-88A(Fe) on cotton fibers without heating process and the use of
toxic solvents. It is worth to noting that this approach can achieve large-
scale and in-situ production of MC without the need for any separation
process, such as centrifugation or filtration. Therefore, our method is
superior to other production strategies reported previously.

The 26 peaks at 8.0°, 10.5°, 13.3°, and 15.7° in the powder X-ray

Peristaltic Pump

Tetracycline Antibiotics Matrix

DY | S

PDS Solution

=g

High Precision Injection Pump
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diffraction (PXRD) pattern of the as-prepared MIL-88A(Fe) powder
(Fig. S2) match well with the standard PXRD patterns of MIL-88A(Fe)
(Fig. S3) and previously reported MIL-88A(Fe) [29,39], thus confirm-
ing the successful synthesis of MIL-88A(Fe). The formation of MIL-88A
(Fe) was further confirmed by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, and X-ray photoelectron
spectroscopy (XPS). However, due to the small content of MIL-88A in
MC (34 + 1.0 mg MIL-88A on 1.0 g cotton fibers), only the characteristic
peak at 10.5° of MIL-88A (Fig. S2) is observed in the PXRD pattern of MC
[29]. Well-crystallized hexagonal MIL-88A rods with lengths of
300-400 nm and diameters of 100-200 nm are uniformly immobilized
on the cotton fibers (Fig. 1), which are significantly smaller than pre-
viously reported MIL-88A particles [33,37,40].

The presence of MIL-88A in MC was further confirmed by UV-vis
spectroscopy (Fig. S4), FTIR (Fig. S5), and XPS (Fig. S6), and the cor-
responding results and discussion are discussed in ESI. The existence of
C—0O—C peak (288.78 eV) in the C 1s XPS spectrum of MC and the
—COOR band (at 1734 cm™ 1) observed in the FTIR spectrum of MC
confirm the presence of ester group. The esterification takes place be-
tween the carboxylate from fumaric acid and hydroxyl from cellulose
[29]. Compared to the unsupported MIL-88A(Fe) powder, the combi-
nation of ligand and cotton fibers enhances the stability of immobilized
MIL-88A.

3.2. Photoactivated SR-AOP performance of MC in batch experiment

3.2.1. Tetracycline antibiotics matrix degradation

The photoactivated SR-AOP degradation performance of MC towards
tetracycline antibiotics matrix was evaluated in the presence of UV-LED
light and PDS and a series of control experiments were also conducted.
As shown in Fig. 2, after 8 min of irradiation under UV-LED light, the
self-degradation efficiencies of OTC, TTC, and CTC in the matrix are ca.
6.9%, 2.7%, and 2.5%, respectively. Only ca. 10% OTC, TTC, and CTC
are removed in the presence of individual PDS under dark condition.
About 30% OTC, TTC, and CTC removal are achieved using MC without

Treated W-;ater

) : MC packed
.UV I_‘,lg%lt : in annular
irradiation

channel

Scheme. 1. Schematic diagram of the fixed bed reactor. Volume of annular channel = 120 mL, flow rate of tetracycline antibiotics matrix = 0.2 L/h, and flow rate of

PDS solution = 300 pL/h.
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Fig. 2. The tetracycline antibiotics matrix (a: OTC; b: TTC and c: CTC) degradation in different systems. Reaction conditions: MC = 2 g/L, OTC = 10 mg/L, TTC = 10
mg/L, CTC = 10 mg/L, volume = 50.0 mL, PDS = 1 mM, pH = 4.04 (unadjusted), sampling interval = 2 min.

both UV irradiation and the addition of PDS, due to the high adsorption
capacity of MIL-88A(Fe). Only ca. 15% OTC, TTC and CTC are removed
within 8 min with the addition of only PDS into the reaction system
under UV-LED light irradiation, suggesting that the photoactivated PDS
cannot produce sufficient active species for degradation of organics.
When both MC and PDS are added to treated wastewater containing
OTC, TTC, and CTC matrix under UV light, an obvious increase in
degradation activity is observed, indicating that more active species are
produced to degrade tetracycline antibiotics. The degradation effi-
ciencies of OTC (97.5%), TTC (95.2%), and CTC (100%) in MC/UV-
LED/PDS system within 4 min are much higher than those (40.6% for
OTC, 23.9% for TTC and 35.4% for CTC) achieved in MC/PDS system,
implying that photoactivated SR-AOP plays a predominant role in the
degradation of tetracycline antibiotics over MC under UV-LED

irradiation. Additionally, total organic carbon (TOC) removal effi-
ciencies of 25.5% and 51.9% can be accomplished within 4 min and 60
min for tetracycline antibiotics matrix, respectively (Fig. S7).

3.2.2. Effect of initial pH

In general, it is essential to investigate the effect of pH on the
degradation efficiency, as it may influence the surface charge of the
catalyst as well as the form of the targeted pollutant. The influence of
initial pH on the degradation of tetracycline antibiotics in the matrix was
explored by conducting a series of experiments in the pH range of 2.0 to
9.0 (Fig. 3). The results reveal that the decomposition of tetracycline
antibiotics in MC/light/PDS system can be achieved over a wide pH
range. Lower pH values (2.0-7.0) are beneficial for the degradation of
tetracycline antibiotics matrix. More than 99% degradation efficiency

a b c
( )1.0- ( )1.0- ( )1.0-
0.8 0.8 0.8
e0.6- " 0.6 0.6 4
© Qo o
S S S
0.4+ 0.4 0.4
0.24 0.24 0.2
0.0 1 0.0 0.0+
0 2 6 0 2 8 0 8

Time (min)

Time (min) Time (min)

Fig. 3. Effect of initial pH on the degradation of tetracycline antibiotics (a) OTC, (b) TTC, and (c) CTC over MC. Reaction conditions: MC = 2 g/L, OTC = 10 mg/L,
OTC = 10 mg/L, TTC = 10 mg/L, CTC = 10 mg/L, volume = 50 mL, PDS = 1 mM, sampling interval = 2 min.
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can be accomplished in the pH range of 2.0-7.0 within 10 min. In
general, SO, e is more likely to be generated under acidic conditions,
according to Egs. (1) and (2). However, SO4™ e can be transformed into
SO42’ and eOH following Egs. (3) and (4) under alkaline conditions,
which decrease the generation of SO4 e radicals for degradation of
pollutants.

In this study, individual adsorption tests between selected antibiotics
and immobilized MIL-88A(Fe) under dark condition were not carried
out, as all three tetracycline pollutants can be degraded completely
within a short time (2-4 min). In our system, the influence of pH towards
the adsorptive interactions between selected antibiotics and immobi-
lized MIL-88A(Fe) is rather negligible. Previous studies pointed out that
all three tetracycline antibiotics (the pKa; values of OTC, TTC, and CTC
being 3.23, 3.30 and 3.30, respectively) could form cations under strong
acidic conditions [41-43], while MIL-88A(Fe) exhibited a positive zeta
potential [29]. Furthermore, under weak acidic and neutral conditions,
the three tetracycline antibiotics (pKay = 7.22, 7.70 and 7.44 for OTC,
TTC, and CTC, respectively) were in neutral form. Meanwhile, the
change in zeta potential of MIL-88A(Fe) from positive to negative is
observed under weakly acidic and neutral conditions. Additionally,
under alkaline conditions, tetracycline antibiotics are in anionic forms,
while MIL-88A(Fe) exhibits negative zeta potentials, suggesting the
electrostatic repulsion between MIL-88A(Fe) and tetracycline antibi-
otics. It is believed that the large pore volume of MIL-88A(Fe) [44] as
well as #-7 interactions and hydrogen bonding interactions between
MIL-88A(Fe) and tetracyclines [45,46] jointly contribute to the accu-
mulation of these three tetracycline antibiotics to the active sites and
allow for effective degradation.

It is believed that pH can heavily influence the stability of MIL-88A
[33,47]. As a typical MOF constructed from “hard” metal ions (Fe*H and
polycarboxylate ligands (fumaric acid), MIL-88A(Fe) exhibits good sta-
bility in acidic solutions [48]. However, MIL-88A(Fe) may collapse in
alkaline conditions due to the lower pKa of fumaric acid [33]. More
importantly, the initial pH of the simulated wastewater containing
tetracycline antibiotics matrix is 4.04, allowing for the full utilization of
photoactivated SR-AOP performance and water stability of the immo-
bilized MIL-88A(Fe). Therefore, the working pH of this system is
maintained at ca. 4.04 without further adjustment.

$,08%” + HY - HS,05~ €h)
HS,05™ + ¢~ — SO4"e + SO, + HT )
SO, e + H,0 — SO4* + eOH + H* 3)
SO, e + OH™ — ¢OH + SO~ )

3.2.3. Effect of co-existing inorganic ions

Different ions are usually present in real water environments, which
may have negative impact on the advanced oxidation process [18,30]
and the stability of MOFs [40,49]. To investigate the practicality of the
proposed MC/light/PDS system, the simulated wastewater was prepared
by dissolving the tetracycline antibiotics matrix into an aqueous solution
containing inorganic ions, including K™, Ca?*, Mg?*, CI~, NO3~, SO42~,
and HyPO4 . The concentrations of these ions were adjusted according
to a previous report [38].

It has been reported that the degradation of tetracycline antibiotics
in aqueous solutions may be inhibited by the co-existence of inorganic
metal ions due to the generation of [Metal-TC]™ [50]. Common cations,
such as Ca?t, Mg?", K*, Na™ have been found to exert negligible impact
on the SR-AOP [51]. However, inorganic anions, such as HoPO4~, Cl7,
S042~, and NO3~ may act as scavengers to consume the radicals or as
reactants to convert the more active radicals to less active ones [52].
Fortunately, the degradation activity of the photoactivated SR-AOP over
immobilized MIL-88A(Fe) catalyst is barely affected by the various
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inorganic anions (Fig. 4), with 100% degradation efficiency towards
TTC and CTC as well as >90% efficiency towards OTC being achieved in
the presence of other inorganic anions. To further explore the degra-
dation efficiency in real wastewater treatment, aqueous solutions with
different cations and anions were used to simulate a wastewater con-
taining tetracycline antibiotics. In the simulated wastewater containing
three cations (i.e., K*, Ca®", and Mg2+), no obvious decline in the
degradation efficiency is observed. As for the simulated wastewater
containing four anions (C1, NO3 ", SO42’, and HyoPO4 ), approximately
91%, 95% and 93% of OTC, TTC, and CTC can be removed through the
SR-AOP, respectively. It is well known that HoPO4 ™ can act as a potential
scavenger for ¢OH [53]. Meanwhile, S0427, as the extra sulfate, may
compete with S,0g%~, thereby causing the reduction in degradation ef-
ficiency [54]. Nonetheless, >90% of OTC, TTC, and CTC can be elimi-
nated in both types of simulated wastewater, implying that the
photoactivated SR-AOP using MC/light/PDS system can be potentially
used to treat real wastewater containing different organic pollutants.
The concentrations of each mentioned inorganic cations and inorganic
anions based on surface water in some areas in Beijing are listed in the
caption of Fig. 4 [32,38].

3.2.4. Possible degradation mechanism of photoactivated SR-AOP over MC

The active radicals generated in the photoactivated SR-AOP over MC
were identified by the active species capture experiments (Fig. 5).
Methanol (MeOH) can strongly react with both SO, e and ¢OH radicals
with nearly similar reaction rate constants of 1.0 x 10’ M~! s~ and 9.7
x 108 M~! 571, respectively. However, TBA is likely to react with «OH
with a faster reaction rate of (3.8 ~ 7.6) x 108 M~ ! s! than that of SO4e
(4.0 ~ 9.1 x 10° M~ ! s7) [55]. When 1 mL of 0.5 mol L™! MeOH is
added, the degradation efficiencies of MC towards OTC, TTC, and CTC
without any scavenger are significantly decreased from 100% to 33.8%,
26.8%, and 47.4%, respectively, indicating that the SO4 e and e¢OH
radicals produced in the reaction system are greatly quenched. When 1
mL of 0.5 mol L™} TBA is added, the degradation efficiencies decrease to
64.2%, 66.8%, and 65.2% for OTC, TTC, and CTC, respectively, con-
firming that a large amount of eOH radicals is generated during the
photoactivated SR-AOP. By comparing the quenching effects of MeOH
and TBA as radical scavengers in the reaction, the removal efficiencies of
all three tetracycline antibiotics are significantly lowered in the pres-
ence of MeOH, suggesting that SO, e and e¢OH radicals are the primary
and secondary active species in the reaction system [56].

Further, EDTA-2Na and L-histidine can act as scavengers to capture
the h™ and singlet oxygen (*Oy) [32,57]. When EDTA-2Na and L-histi-
dine are introduced into the MC/UV-LED/PDS system, no obvious
decrease in degradation efficiencies towards the three tetracycline an-
tibiotics is observed, indicating that h* and non-radical 'O, are not
involved in the photoactivated SR-AOP towards tetracycline antibiotics.
In addition, the electron spin resonance (ESR) spectrum is shown and
discussed in Supporting Information (Fig. S8).

3.2.5. Possible degradation pathways and toxicity assessment

Density functional theory (DFT) calculation of the Fukui index was
used to analyze the reactive sites of organic molecules in photoactivated
SR-AOP over MC catalyst. In this study, the primary active species are
electrophilic radicals, SO4 e and eOH, so Fukui index representing
electrophilic and (f) radical attack (fO) are considered [58].

In this study, CTC was selected to precisely investigate the degra-
dation pathway by means of theoretical calculations, while the degra-
dation intermediates and possible pathways of OTC and TTC are
discussed in the ESI and shown in Fig. S9 and Fig. S10, respectively.
Fig. 6a shows the molecular structure of CTC after geometrical optimi-
zation by Gaussian software, and Fig. 6b presents the calculated Fukui
index on electrophilic and (f~) radical attack (f°). Generally, the active
sites obtained from Fukui index results are consistent with that of the
highest occupied molecular orbital (HOMO) distribution of CTC
(Fig. 6¢). HOMOs indicate the regions which can easily lose electrons for
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electrophilic attack, so for CTC, the atoms in benzene ring associated
with —Cl and -OH are more reactive. However, HOMO cannot quanti-
tively describe the reactivity of different sites, and thus, Fukui index is
introduced. It can be observed that the Cl44 (f /f° = 0.1076,/0.0715),
N44 (f /f° = 0.1428/0.0733) and 09 (f /f° = 0.1031/0.0650) exhibit
higher Fukui index, which are likely to be attacked by electrophilic
SO, e and eOH. Fig. 7 displays the degradation pathway of CTC, in
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which three major pathways are proposed. First, CTC can be trans-
formed to P1 (m/z = 450) via demethylation upon the attack of SO4 e
towards N44 atom [59]. Meanwhile, the SO4 e radicals are likely to
attack the acylamino group of CTC (C39, 040 and N31), leading to
formation of P2 (m/z = 378). The ring-opening products, including P3
(m/z = 302) and P4 (m/z = 250) are assigned as further degradation
intermediates of P2 by both attack of eOH and SO4 e [60,61].
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Fig. 7. Proposed CTC degradation pathways by photoactivated SR-AO process over MC.
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Meanwhile, P5 (m/z = 214) intermediate is generated due to the
cleavage of C=C bond, along with the ring-opening process caused by
eOH and SO4 " e. Furthermore, products with smaller molecules, such as
P6 (m/z = 184) and P7 (m/z = 110) originate from P5 through a ring-
opening step upon the attack of SO4 e [62]. Notably, the dechlor-
idation on Cl44 atom occurs during the generation of P7, which is
similar to “Pathway II” and matches perfectly with the DFT calculation.
Secondly, P8 (m/z = 449) is likely to be generated according to a pre-
vious report [63] by the dechloridation on Cl44 atom via attack of SO4 e
and eOH radicals. As shown in “pathway III”, the tertiary amine moiety
on the chlortetracycline is attacked by the ¢OH to form P9 (m/z = 449).
Meanwhile, eOH attack on C33 atom results in a keto group substitution,
which causes the formation of intermediate P10 (m/z = 465). Then, P10
is converted to P11 (m/z = 463) through the dechloridation and hy-
droxyl substitution reactions. P12 (m/z = 413), P13 (m/z = 210) and
P14 (m/z = 150) are obtained through ring-opening process of P11
[64,65]. More importantly, C=C bond is cleaved in P14 (m/z = 150).
P15 (m/z = 131) with smaller molecular weight is formed as a result of
the attack by SO4~ e and eOH [66]. As the reaction proceeds, most of the
intermediates can be degraded into smaller organic compounds and
finally mineralize into CO5 and H20.

The degradation of the selected pollutants can prove the remarkable
efficiency of the SR-AOP, and the toxicity of corresponding in-
termediates may prove this as well [67]. Toxicity Estimation Software
(T.E.S.T.), based on quantitative structure-activity relationship (QSAR)
prediction, was applied to explore the acute toxicity (Daphnia Magna
LCso and Oral Rat LDsg), bioaccumulation factor and mutagenicity of
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three tetracycline antibiotics and their degradation intermediates. The
toxicity, bioaccumulation factor, and mutagenicity of CTC (Fig. 8a-c) are
discussed in ESI.

The acute toxicity of TTC on the Daphnia Magna LCsg is 12.7 mg/L
(Fig. 8d), which can be categorized as “harmful” [67]. Nearly all the
degradation intermediates of TTC show high LCsg, except for P7, indi-
cating the decreased toxicity of the intermediates, especially for P15.
Fig. 8e and f reveal that the photoactivated SR-AOP significantly de-
creases the bioaccumulation factor and mutagenicity of the in-
termediates compared to the original TTC. For instance, the
bioaccumulation factors are decreased by 92% and 93% for in-
termediates P12 and P13, respectively, compared with that for TTC. TTC
is positively mutagenic [68,69] and the SR-AOP changes the mutage-
nicity of the intermediates to “negative mutagenicity” except for P1, P2,
P3, and P6 (Fig. 8f).

As shown in Fig. 8g, the LDsg of OTC for rats by oral ingestion is
757.73 mg/kg, which is considered to be “very toxic” [70]. Most of the
degradation intermediates of OTC shows higher LDs, indicating that the
photoactivated SR-AOP alleviates the oral rat toxicity. However, the
degradation intermediates, except for P4 and P11 (for which the LDsgq
values are much higher than that of OTC), are still considered to be
toxic. Fig. 8h reveals that the oxidation process also significantly de-
creases the mutagenicity of OTC. Specifically, OTC is positively muta-
genic, while the mutagenicity of all degradation intermediates is lower
than that of OTC, while P5, P6, P9, P10, and P13 exhibit negative
mutagenicity (Fig. 8i). Therefore, although complete removal of OTC
can be obtained within 10 min, the degradation time should be extended

@ _ (b) © o8 . P1
Toxic Gic 1004 Mutagenicity positive e = P2
— i CTC —P3
) 2 p 0.6 —P4
E 104 & 55 —P5
= = 104 = —P6
v £ 2
= pamte = 5 Mutagenicity negative —P7
g ] F0.44 P8
El g E — Py
£1004 g 14 =
= A g P10
_E Not harmful N 5 " P11
& i\ 0.24 A
& | 5 P12
\ 0.1 . k! P13
1000 \ - " P14
0.0 —PI15
@ (e) ()
Toxic 0.6 Mutagenicity positive e —1
=it —Pr
i & TTC —P3
E 103 £ . —p4
2 & z Mutagenicity negative “w\\ s IS
< H 5 0.4 LN —P6
=) Harmful 2 E . ‘?\‘\::\ S P7
g = g W — 18
1004 E WA
E E E —
= . 8 = W s P10
£ Not harmful E 0.2 \\:\\ : P11
S 2 0.1 L O P12
3 \ \
21000 % W w— P13
\ i \ P14
\ . —PI15
0.0
® ) 1000 0]
Very Toxic ) 0.8 Mutagenicity positive B
7 —r2
B J — —p3
C) OoTC ] g f
= £ 100+ S, 0.6 P4
g = z —P5
< 1000 2 £ : —P6
5" Toxic k ) Mutagenicity negative ~ \\ J—
= E —; 0.4 4 “‘\\ —— P8
_.: g = " —P9
5 g N ——P10
£ \
= 024 Y —P11
\ (3 P12
\ P13
0.0
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to achieve better mineralization. The toxicity estimation of OTC in this
study suggests that a higher extent of oxidation or mineralization is
required to guarantee good water safety after treatment.

Further, we also investigated the existence of intermediates and their
toxicity in the final samples collected at 8 min. Taking CTC as example,
the HPLC-MS results reveal that CTC degradation intermediates with
low molecular weights, such as P7 (m/z = 110), P14 (m/z = 150) and
P15 (m/z = 131) are detected in the sample collected at 8 min. The LCs,
bioaccumulation factor, and mutagenicity of the above-mentioned in-
termediates are lower than those of CTC. These results imply that high
mineralization and detoxification can occur to CTC during SR-AOP. In
all, the above results show that photoactivated SR-AOP over MC cannot
only accomplish the complete removal of tetracycline antibiotics matrix,
but also the decreases the toxicity of OTC, TTC, and CTC.

3.2.6. Reusability and stability of MC in batch experiments

Powder-based catalysts typically suffer from difficult recovery and
poor recyclability in wastewater treatment, which hinder their practical
applications [71]. Our strategy of immobilizing MIL-88A(Fe) particles
on cotton fibers leads to both easy recyclability and long-term operation
for the removal of inorganic and organic arsenic pollutants [29]. In this
work, MC is suspended in aqueous solutions containing OTC, TTC, and
CTC matrix to test the recyclability, stability, and performance for long-
term photoactivated SR-AOP in the presence of UV-LED light and PDS
(Fig. 9). The results show that high degradation efficiencies (from
98.2%, 98.3%, and 100% to 83.7%, 78.8, and 88.1% for OTC, TTC, and
CTC, respectively) towards OTC, TTC and CTC can be achieved over MC
after 30 cycles of consecutive run in 240 min, thus affirming the long-
term catalytic performance of MC. By comparing the SEM images,
FTIR spectra, XPS spectra, and PXRD patterns of MC before and after
photoactivated SR-AOP (Fig. 10 and Fig. S11-13), it is found that the
original morphology and structure of MC are successfully maintained
after 30 cycles, indicating the good stability and reusability of MC. To
further confirm the stability of MC, the leaching of Fe ions in treated
solutions were determined by ICP-OES. As shown in Fig. S14, the
leached iron is lower than 3.0 mg/L after 8 cycles and decreases to 0.22
mg/L in subsequent cycles, demonstrating that the immobilized MIL-
88A(Fe) is stably anchored to the cotton fibers.

To further highlight the advantages of MC, the photoactivated SR-
AOP performance of MIL-88A powder was compared with that of MC

[ Jrrc [Jcrc

[Jotc
5 10 15 20 25 30

Runs

Efficiency (%) -
& N % =
(—} [—] [—) [—}

[\
(—]

>

Fig. 9. Removal efficiencies of tetracycline antibiotics matrix over MC in 30
consecutive runs under UV light in batch experiment. Reaction conditions: MC
=2 g/L, OTC = 10 mg/L, TTC = 10 mg/L, CTC = 10 mg/L, volume = 50 mL,
PDS = 1 mM, pH = 4.04, 5 W UV-LED light irradiation (Beijing Perfectlight Co.,
Ltd., PCX-50B, wavelength at 369 nm).
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under identical conditions. The results show that after the reaction, the
aqueous solution treated using MIL-88A powder is turbid due to the
suspended MIL-88A, while the solution treated by MC is clear and free of
suspended MIL-88A particles (Fig. S15).

3.3. Degradation of tetracycline antibiotics matrix in a fixed bed reactor

The special structure of cotton fiber makes it an ideal material to
pack a fixed bed reactor due to its good flexibility. From our recyclability
experiment (Fig. 9), the as-prepared MC can be used as an effective and
long-term catalyst in photoactivated SR-AOP. To test the possible
continuous operation of the photoactivated SR-AOP over MC catalyst, a
fixed bed reactor was constructed by packing MC in the annular channel
of a self-designed quartz equipment. In order to maintain the amount of
substance and ratio of different solutions in fixed bed reactor and batch
experiment, the flow rate of the aqueous solution containing tetracycline
antibiotics matrix and PDS solution was calculated based on the results
of the batch experiments following Eq. (5) [72], where Qrcs and Qppg are
the flow rate of tetracycline antibiotics matrix solution and PDS solu-
tion, Vrcs and Vppg are volume of tetracycline antibiotics matrix solution
and PDS solution in batch experiment, respectively. The hydraulic
retention time (HRT) is calculated to be 10 min (Eq. (6)), according to
the degradation performance in batch experiments, in which V is the
effective volume of the fixed bed reactor. Therefore, the flow rate of
tetracycline antibiotics matrix solution and PDS solution was set at 0.2
L/h and 3.0 mL/h, respectively. As shown in Fig. 11, complete removal
of all three tetracycline antibiotics can be achieved within 22 h. A slight
drop in catalytic degradation efficiency is observed from 23 to 24 h, in
which 80% of OTC and TTC, and 90% of CTC are successfully removed
from the simulated wastewater. The SEM image in Fig. S16 suggests that
the immobilized MIL-88A can maintain its structure and morphology,
implying its potential utilization for practical wastewater treatment. It is
worth noting that 4.8 L of simulated wastewater containing three
tetracycline antibiotics matrix can be completely purified by the pho-
toactivated SR-AOP system using 6.204 g of MC (0.204 g MIL-88A(Fe) as
effective dosage) catalyst. It can be calculated that 1.0 kg MIL-88A(Fe)
catalyst in MC can accomplish complete purification towards 23.5 t of
wastewater containing OTC, TTC, and CTC, each with initial concen-
tration of 10 mg/L within 24 h. It is speculated that the static MC in the
fixed bed reactor can partly overcome the hydrodynamic shear stress
from the influent, which can further protect MIL-88A from the attack of
water molecules. In all, our approach of packing MC catalyst in a fixed
bed reactor provides a positive feedback towards the long-term appli-
cation of MIL-88A in photoactivated SR-AOP, which inspires us to
explore large-scale water purification with the aid of MOFs, (e.g., MIL-
88A) as catalysts.

Orcs /0pps = Vrey/'Veps 5)

HRT = V/Qrcs ©

4. Conclusions

This work has demonstrated the eco-friendly production and appli-
cation of MC for PDS activation under UV-light irradiation. The char-
acterization results, including PXRD, UV-vis DRS, XPS, FTIR and SEM
confirm the successful immobilization of MIL-88A(Fe) on cotton fibers.
Additionally, the XPS analysis shows the appearance of Fe-O bond which
proves the successful linkage of MIL-88A(Fe) to cotton fibers. The as-
prepared MC is highly effective for the degradation of tetracycline an-
tibiotics matrix and the fixed bed reactor constructed based on MC ex-
hibits a remarkable ability for the continuous removal of simulated
wastewater containing tetracycline antibiotics matrix, with little effect
from initial pH value and inorganic ions. The superior stability/reus-
ability of MC is confirmed by 30 cycles of consecutive runs, in which the
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TN

Fig. 10. (a) and (b) SEM images of MC after 30 cycles of batch experiment. The insets show the SEM images of MC before 30 cycles of batch experiment.
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Fig. 11. Removal efficiencies of tetracycline antibiotics matrix over MC in fixed
bed reactor. Reaction conditions: MC = 6.204 g, OTC = 10 mg/L, TTC = 10 mg/
L, CTC = 10 mg/L, 10 W UV-Hg light irradiation (CNLight).

removal efficiency is well-maintained within 8 min for each cycle. The
fixed bed experiments further reveal that within 24 h, 4.8 L of tetracy-
cline antibiotics matrix solution can be successfully treated and over
80% of antibiotics can be removed after 24 h, corresponding to 23.5 t of
wastewater for every 1 kg of MIL-88A(Fe). The possible mechanism was
explored through active species scavenging experiments, revealing that
SO, e radicals are the primary active species, while ¢OH is the second
main radical in the reaction system. LC-MS analysis and DFT calcula-
tions were conducted to explore the possible degradation pathways of
OTC, TTC, and CTC. The toxicity of OTC, TTC, CTC and degradation
intermediates were assessed as well, showing that photoactivated SR-
AOP over MC leads to both complete removal of tetracycline antibi-
otics matrix and decreased toxicity of OTC, TTC, and CTC. These results
confirm the promising potential of MOFs as effective catalysts for
continuous removal of pollutants from wastewater.
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