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Abstract

To resource utilization of the spent cation exchange resin, the carbonized resin with Fe doping
(Fe,0,@CR) was prepared to activate persulfate (PS) for the degradation of oxytetracycline (OTC).
Fe,O,@CR exhibited high catalytic potential for the degradation of OTC with relatively low activation
energy (E, = 28.86 kJ/mol). In the Fe,0,@CR/PS system, 76.4% of the OTC was removed under the
conditions ([PS]: 0.15 g/L, [Fe,0,@CR]: 0.3 g/L, T: 25°C). Fe,0,@CR could work effectively for
activating PS to degrade OTC in the pH range of 3.0-7.0. The free radical quenching experiments and
electron paramagnetic resonance (EPR) analysis showed that *OH and SO, were the main radicals for
the degradation of OTC. The conversion between Fe’" and Fe?* accelerated the degradation of OTC by
generating "OH and SO, The possible degradation pathways were proposed. The OTC was mineralized

to smaller molecules, such as C ,H, O, and C_H, O. This study offers a new perspective on waste resin

147710
recycling and water purification.
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Introduction

With the development of society, antibiotics have
been widely used in human and animal bacterial
infections [l]. Due to their limited biodegradability,
they can be detected in soil, surface water, and surface

*e-mail: qiangli@wtu.edu.cn

sediments [2]. Oxytetracycline (OTC) is a tetracycline
antibiotic with a broad range of action. Because of
its inexpensive cost and therapeutic impact, OTC
is commonly utilized in aquaculture and animal
husbandry. Once OTC is extensively used and not
properly treated, the residual OTC will harm the
ecological environment [3]. The issues contain bacterial
resistance and resistance genes. Therefore, the impact
of antibiotic resistance on human health needs to be



3884

Yang K., et al.

further addressed. And the removal of OTC from the
environment has attracted much attention.

At present, a variety of technologies can remove
antibiotics, such as biological treatment, adsorption,
chemical oxidation treatment, ectc [4]. Because
antibiotics have the effect of inhibiting bacteria, the
overall efficiency of biological treatment technology
is low [5]. The adsorbent can realize the separation of
the antibiotics in the wastewater, but the concentrated
solution requires further treatment [6]. Chemical
oxidation treatment has become more promising in the
treatment of antibiotic wastewater because of its good
chemical stability and low operating cost [7]. Persulfate-
based advanced oxidation (PS-based AOPs) can
degrade organic compounds by activating to generate
radicals, such as sulfate radicals (SO,”) and hydroxyl
radicals (*OH) [8]. PS-based AOPs own great potential
application for water treatment and the activation of PS
is extremely significant [9].

Transition metal, such as Fe, Ni, Ce, Co, Mn, and
Cu has exhibited more cost-effective activation than
high-energy activation methods (thermal, UV radiation,
etc.) [10, 11]. Fe-based activator has attracted much
attention due to their low toxicity, geological reserves,
and easy recovery, such as zero-valent iron [12], Fe O,
[13], Fe-Fe, O, [l4], Fe-carbon [15], etc. Fe-carbon
materials could be used as activators by being prepared
from various carbon precursors, such as coconut shells
[16], balsa woods [17], and waste resins [18]. Among
these, carbon materials from carbonized waste resins as
activators can realize the recycling treatment of waste
resin.

Cation exchange resins are widely used for the
removal of metal ions from industrial water [19].
However, further treatment of the saturated resin
is required during use. After long-term reuse, the
resin may lose its function and turn into waste resin.
Reasonable disposal of the spent resin and reducing
the impact on the environment is an urgent issue.
Several studies attempted to recycle the spent resin
by carbonizing them as a persulfate activator [20].
Shi et al. used waste ion exchange resin to prepare
iron-immobilized resin chars and activated PS for the
degradation of Orange G [21]. In addition, Liu et al.
synthesized carbon-supported Co from waste resin
for the activated PMS degradation of trimethoprim
[22]. Yang et al. prepared the carbon-supported Fe-
Co bimetal material by carbonization and showed
superior activation performance for peroxymonosulfate
to degrade atrazine [18]. However, the research on
the structural properties of the carbonized resin still
needs further study. The activated performance and
mechanism after resin carbonized with Fe doping were
also unclear.

In the study, the waste cation exchange resin was
carbonized with Fe doping and its degradation of OTC
by activating PS was investigated. The structure of
Fe,O,@CR was characterized. The effect of operating
conditions such as catalyst dosage, PS dosage, initial

pH, and coexisting pollutants on catalytic performance
was studied and the reusability of Fe O,@CR was
also performed. Finally, the free radical degradation
pathway and the specific formation mechanism of OTC
were explored, and the intermediates in the degradation
process and the mineralization process were described.

Material and Methods
Materials and Chemicals

The waste cation exchange resin (DO001) was
obtained from the laboratory. Sodium hydroxide
(NaOH), tert-butyl alcohol (TBA), sodium persulfate
(PS), 2,2,6,6-tetramethyl-4-piperidone (TEMP),
and  5,5-dimethyl-1-pyrroline ~ N-oxide = (DMPO)
were provided by Aladdin Chemical Company.
Oxytetracycline (OTC), ferrous sulfate, methanol
(MeOH), sodium sulfate, sodium bicarbonate,
sodium carbonate, and monopotassium phosphate
were provided by Sinopharm Chemical Reagent Co.
Ltd. Potassium bromide was purchased from Rhawn
Chemical Technology Co. Ltd. Chloroform (Chlor) was
purchased from Shanghai Yien Chemical Technology
Co. Ltd. The L-histidine was provided by Regal Science
& Technology Co. Ltd.

Synthesis of Fe,O,@CR and Carbonized Resin
(CR) Catalyst

The waste resin (D001) was washed with deionized
water and ethanol at a dosage of 3.0 g. After washing,
the resin was ground and sieved with a 300-mesh sieve.
The sieved powdered resin was soaked in ferrous sulfate
solution (25 g/L) for 8 h. After separation, the composite
material was dried at 50°C. The composite material
was calcined for 60 min at 450°C by a muffle furnace.
After washing and drying, the catalyst (Fe,O,@CR)
was obtained. Fe,O, was prepared by further calcining
Fe,O,@CR at 500°C for 6 h. According to the same
steps above (except soaking), carbonized resin (CR)
was obtained after the powdered resin was calcined for
60 min at 450°C by a muffle furnace.

Experimental Procedure

100 mL of OTC solution (20 mg/L), the appropriate
amount of catalyst and PS were added into a 250 mL
conical flask and the catalytic reaction was carried out.
I mL of the sample was obtained at predetermined
intervals and quenched with methanol. After
centrifugation, the concentration of the sample was
analyzed. In the experiment of the pH effect on the
degradation, the pH of the reaction solution was
adjusted to 3.0, 5.0, 7.0, 9.0, and 11.0 using 0.05 M
hydrochloric acid and sodium hydroxide. The coexisting
ions CI, SO, HCO,, H,PO,, and CO> (1 mM,

5 mM, 10 mM) were added to investigate the effect
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on the degradation. MeOH (10 mM) and TBA (10
mM) were used to verify the sulfate radicals (SO,")
and hydroxyl (HOe), L-histidine (1 mM) and Chlor
(I mM) were used to identify singlet oxygen ('O,
and superoxide anion radical (O,”). The Fe,O,@CR
was collected with a magnet and washed clean with
deionized water during repeated cycling experiments.
A single experiment was repeated twice to ensure the
accuracy of the experimental data.

Characterization

The morphology of the catalyst was examined by
scanning electron microscopy (FE-SEM, Zeiss Sigma
HD, USA), and its magnetic characteristics were
determined by measurement of physical properties
(PPMS-9, Quantum Design Inc., USA). Then, X-ray
diffraction patterns (XRD, Bruker D8 boost, Germany)
as well as Fourier transform infrared spectroscopy
(FT-IR, Bruker Vertex 70, Germany) was used to
identify the crystal structure and functional groups of
the catalyst.

Analysis Methods

The total organic carbon analyzer (TOC-2000,
Shimadzu, Japan) and EPR instrument (EPR, Bruker
Model A300-10/12, Germany) were used to analyze the
OTC mineralization rate and identify the free radicals
of Fe,O,@CR/PS system. UV spectrophotometer (UV-
2000, Mapada, China) and HPLC-MS/MS system
(Ultimate 3000 UHPLC-Q Exactive, US) were used
to analyze the OTC concentration and detect the
degradation intermediates during the degradation,
respectively. In addition, the reaction rate for the first
40 min was fitted with the aid of a pseudo-first-order
equation.

In (C/C)=k, t (1)

In the above formula, when the reaction time is 0
and ¢, the concentration of OTC is represented by C,
and C, respectively, and the rate constant is represented
by &

obs®

Results and Discussion
Catalyst Characterization

The SEM displayed that carbonized resin (CR) had
a relatively smooth surface with a comparatively
regular structure (Fig. 1 (a-d)). The surface of Fe,O,@
CR existed tiny uniform particles with diameters of
100-150 nm (Fig. 1 (e-h)). After carbonization by doping
with Fe, the smooth surface of the resin became rough
attributed to the iron oxides adhering to the surface.
The results proved that the iron oxide was successfully
loaded onto CR.

The XRD of the Fe,0,@CR and CR was investigated
in Fig. 2a). There was a distinct peak at 21.1° in the
XRD spectrum of Fe,O,@CR and CR, which showed
amorphous carbon diffraction peaks [23]. In Fe,O,@
CR, the peaks at 18.45° 30.36°, 35.76°, 43.47°, 57.51°,
and 63.16° were indexed to (012), (220), (311), (400),
(422), (440) planes of Fe,O, (JCPDS PDEF#75-0449),
which indicated the Fe,O, combination with the CR
[24]. The XRD result further revealed the effective
combination of Fe,O, and CR in the calcination process.
In Fig. 2b), there was a broad adsorption peak of
Fe,O,@CR between 2900 cm” and 3700 c¢cm”, which
connected the typical bands of the -OH group [25]. At
the other position, i.e., around 1125 cm™ and 1622 cm™,
the existing adsorption peak may be related to the C-O
vibration [26]. Comparing with the peaks between
530 cm™ and 540 ¢cm’, it can be found that the obvious
peak of Fe,O,@CR corresponded to the stretching
of Fe-O bond, further indicating the presence of
iron species in Fe,O,@CR [27]. As can be seen from

Fig. 1. SEM images of CR (a, b, ¢, d) and Fe,0,@CR (e, f, g, h) samples in different magnifications.
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Fig. 2. The XRD patterns of Fe,O,@CR a); the FT-IR spectra of Fe,0,@CR b); the magnetic hysteresis loops for Fe,O,@CR c) and

survey spectra XPS spectra of Fe,O,@CR d).

Fig. 2¢), Fe,0,@CR had a saturation magnetization
of nearly 7.7 emu/g, so it can be separated from the
mixture with the help of a magnet. In Fig. 2d), the
XPS measurement spectrum therein showed the main
component of Fe,O,@CR, from which it was found that
Fe was present.

The Catalytic Performance of Fe,O,@CR

In the only PS system, OTC showed no obvious
degradation (Fig. 3a). In the only Fe,O,@CR system,
about 20% of OTC was removed by adsorption.
In terms of OTC degradation rate, the CR/PS system
and Fe,O/PS system were 17% and 31.9%, respectively.
While the removal of OTC achieved 76.4% in the
Fe,O,@CR/PS system, indicating the synergistic
enhancement of catalytic performance after the doping
of Fe in the CR. The enhanced catalytic performance
of Fe,O0,@CR may be due to the influence of its active
components [27, 28]. In terms of OTC removal rate, the
two systems mentioned above were 76.4% and 31.9%
respectively, which were shown in Fig. 3a. 20% of PS
was consumed in the Fe,O,/PS system, while 55% of
PS consumption in the Fe,0,@CR/PS system (Fig. 3b).
The result indicated that 35% of PS was consumed by
CR, and the phenomenon presented synergistic catalytic
effect after introducing CR to Fe,O, [28].

The effect of Fe,0,@CR dosage on OTC removal
was shown in Fig. 3c). The removal of OTC increased
with the increase of Fe,O ,@CR dosage. When the dosage
of Fe,O,@CR was increased from 0 g/L to 0.3 g/L,
the removal of OTC increased from 9.8% to 76.4% and

the k, increased from 0.0023 min' to 0.0068 min
in Fig. 3d). However, when the dosage of Fe,O,@CR
was 0.3 g/L - 0.4 g/L, the removal of OTC was not
increased. This result indicated that Fe,O,@CR was
fully utilized and the excess PS probably would not be
activated anymore to bring about an increase in free
radicals [29]. The superfluous Fe,O,@CR increased the
active sites and produced a large amount of SO, in a
short period, which speeded up the removal of OTC in
the initial [30]. As shown in Fig. 3e), the influence of PS
dosage on the reaction was studied. As the PS dosage
increased from 0 g/L to 0.15 g/L, the removal of OTC
increased from 10.4 % to 76.4 % and the k , increased
from 0.0027 min” to 0.0074 min™' in Fig. 4f). As the PS
dosage was further increased from 0.15 g/L to 0.2 g/L,
the removal of OTC was not significantly increased and
the k, decreased from 0.0074 min" to 0.0070 min™.
The decreased k, was related to the over-occupied
sites of Fe,O,@CR. Excess SO, could be eliminated by
each other, resulting in the decrease in the degradation
process [31].

Temperature is an important factor for activating
PS to degrade OTC. The OTC degradation at various
temperatures can be seen in Fig. 3g). The high
temperature in the reaction process can promote the
reaction between the PS and Fe,O,@CR [32]. The
correlation (R2= 0.9284) between 1/T and InK was fitted
with the Arrhenius equation and the apparent activation
energy (£) was 28.86 kJ/mol (Fig. 3h). Compared with
the catalysts of nZVI/BC (43.45 kJ/mol) [30], Porous
Fe O, (69.22 kJ/mol) [33], the relatively lower £ value
proved that the reaction could be easily carried out.



Carbonized Waste Cation Exchange Resin...

3887

-m-Ps
-9-Fe;0,@CR
-A-CR/PS
-y-Fe;04/PS
-6-Fe;0.@CR/PS

Fe;04

OglL  010gL  020gL  030gL

Fe30,@CR dosage

0.40g/L

®

0.008

b

0.006

Kobs (mins
s
8
4

g

0.000

ogiL

005gL  0.10glL

PS dosage

25 015g1L

020 gL

0.14
(h)

-0.16 <

—a—15°C
—e—25°C
—A=35°C
—v—45°C

y=9.46285-3470.72916x
R?=0.9283
E,=28.86 KJ/mol

-0.18

ﬁ 0204

022

0.24 4

0.0033 0.0034

UT (k)

31 0.0032 0.0

Fig. 3. The removal of OTC by PS, Fe,0,@CR, CR/PS, Fe,0,/PS, and Fe,O,@CR/PS system a) and the consumption of PS by
Fe,0,/PS and Fe,O,@CR/PS system b); Effect of catalyst dosage c); PS dosage (¢); and their kinetic rates (d, f) of OTC degradation
corresponding to a, ¢ respectively; effect of temperature (g) and the InK vs. 1/T (h) (Experimental conditions: initial [OTC] = 20 mg/L,
[Fe,0,@CR] = 0.3 g/L (except a), [PS] = 0.15 g/L (except ¢), T = 25°C, without pH adjustment).

The result further indicated that the Fe,0,@CR owned
potential catalytic activity on OTC degradation.

Effect of pH

As can be seen from Fig. 4a), when the solution
was under the neutral and acidic pH range, OTC had

a stable degradation rate, while the degradation was
inhibited under alkaline condition. It was beneficial for
OTC removal in acidic condition, which was due to the
leaching of iron ions [34]. In alkaline conditions, the
sedimentation of iron ions was expedited and coated
on the surface, causing an adverse effect on activating
PS (Eq. (2)) [35]. After the reaction was complete,
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Fig. 4. Effect of initial pH on OTC degradation a); the pH value before and after reaction b); the leaching of Fe ions in different
pH c); and the optimal conditions during the OTC degradation process d) (Experimental conditions: initial [OTC] = 20 mg/L,
[Fe,0,@CR]=0.3 g/L, [PS]=0.15 g/L, T=25°C).
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Fig. 5. Effect of coexisting anions (1 mM, 5 mM and 10 mM) in Fe,O,@CR/PS system: a) CI'; b) H.PO,"; ¢) SO, ; d) HCO, ; e) CO,>
and f) Microplastics (Experimental conditions: [OTC] = 20 mg/L, [Fe,0,@CR] = 0.3 g/L, [PS] = 0.15 g/L, T = 25°C).

the pH of the solution was acidic (except the initial
pH = 11.0) (Fig. 4b). The H" byproduct was produced
via PS decomposing, resulting in the decrease of pH
value [36]. The leaching of the total Fe at pH values
of 3.0, 5.0, 7.0, 9.0, 11.0 was 1.13 mg/L, 1.07 mg/L,
1.19 mg/L, 0.72 mg/L, and 0.60 mg/L, respectively
(Fig. 4c). The higher leaching concentration was
consistent with the better degradation performance
under the neutral and acidic pH range [27]. The leaching
of total Fe and Fe*" in the reaction process was shown
in Fig. 5d). The leaching of total Fe was increased as
the time increased, and the Fe*" was increased at the
early stage and then decreased in the reaction. The
results indicated that the valence of iron changed in
the degradation process [28]. Fig. 4d) showed that the
leaching of Fe** was reacted with SO, and produced
Fe** in the solution (Eq. (3)) [37].

S,0 +Fe?— SO, +S02 +Fe¥' ()
Fe? + SO, — Fe*' + S0,> 3)

Effect of Coexisting Pollutants and Reusability
of Fe,0,@CR

Fig. 5 showed the removal of OTC with the co-
existing anions and microplastics in the Fe,O,@CR/PS
system. Here, the degradation was affected by CI,
because of its quenching effect on SO,” (Eq. (4)) [38].
The existence of H,PO, indicated a negative effect
and the removal of OTC was only 17.3% as the dosage
of H,PO, was 10 mM. The active sites of Fe,O,@CR
may be occupied by H,PO,’, and the activation of PS
was inhibited [39]. SO,* had an inhibition effect on the
OTC degradation. The SO,* could reduce the oxidation-

reduction potential of SO,/SO,*, which leads to the
inhibition of activation [40]. Generally, HCO, had a
negative effect on the degradation process because of
its free radical quencher. HCO,  could quench SO,~
and 'OH to produce less reactive carbonate radical
(CO,/HCO,") (Egs (5)-(7)) [41]. The existence of
CO,> showed a similar effect as the existence of HCO,"
because they were converted to each other (Eq. (8))
[42]. Obviously, microplastics showed no effect on
the degradation process, which demonstrated that the
Fe,O,@CR/PS had a potential for OTC degradation in
the presence of microplastics.

S04+ CI—80,> + CI )

*OH + HCO,;—CO," + H,0 5)

SO4~+ HCO,—S0,* + HCO,~ 6)

HCO," <> H" + CO,~ (7)

HCO, <> H'+ CO» ®)
Proposed Degradation Mechanisms

As can be seen from Fig. 6a), the OTC degradation
efficiency decreased from 76.4% to 22.1% in the
presence of MeOH. The removal of OTC was 56.9 %
in the presence of TBA. When chlorine and L-histidine
were present, there was a negligible effect on the
removal of OTC. MeOH and TBA had a great impact on
the degradation, indicating that SO, and "OH radicals
played a vital role in OTC degradation in the Fe,O,@
CR/PS system. To further confirm the generated SO,~
and ‘OH radicals in the Fe,0,@CR/PS system, EPR
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was carried out in Fig. 6(b, c). The presence of DMPO-
SO, and DMPO-"OH signal indicated the production of
SO, and "OH in the reaction system. The drop of SO,~
and *OH radicals signal at 5-10 minutes was due to the
high consumption, which indicated that SO, and *OH
were the major reactive species for OTC degradation.
The characteristic signal of 'O, was not discovered,
indicating that 'O, was not involved in the reaction.

The XPS spectra of Fe2p and Ols showed that the
Fe-O function group and Fe ions were consumed in the
Fe,0,@CR/PS system (Fig. 7a-d). The content of Fe**
reduced from 3.16% to 2.92%, and the content of the
Fe-O function group reduced from 20.18% to 17.78%.
The decrease in Fe** content indicated that Fe'* was
consumed in the degradation process. It indicated
that the leaching of Fe** activated PS to degrade
OTC in the Fe,O,@CR/PS system. The decrease of
Fe-O indicated that Fe-O was the major active site
on the surface of Fe,O,@CR [28]. During the OTC
degradation, the generated acidic chemicals enhanced
the acidity of the solution and resulting in Fe** leaching
[43]. The SO, was generated in the reaction during the
conversion of Fe’* to Fe*, and the HO® was generated

Pathway I

OH

o

NICHyl;

l

OH

by the reaction between SO, and H,O. The addition
of iron increased the surface area of CR and improved
the adsorption of OTC on the surface of Fe,O,@CR.
Moreover, the XRD patterns and FT-IR spectra of
Fe,O,@CR after the reaction demonstrated that the
catalysts were stable (Fig. 7e-f). The functional groups
on the Fe,O,@CR were analyzed by XRD in Fig. 7e).
After the reaction, the structure of Fe,O,@CR exhibited
no obvious difference, demonstrating that the materials
were stable. FTIR also proved the stability of Fe,O,@
CR in the reaction process (Fig. 7f). The stability
performance indicated that the catalyst owned a great
potential to activate PS.

And the relevant chemical equations were Eqs
(9-13).
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Fe** +8,0,>— Fe** + 80,7+ SO,> (10
SO,”+H,0—SO>*+'OH+H" (1)

CONH;

Pathway III ¢,
\

3 OH NH;

OH

o | OTC m/z=461 OH

ey e (LT

CHy oM N
OoH
oH o OH o
O‘ P3 miz-371
NH;
CHy NH;
OoH
oH o OH 0 0 OH

NHy

oH o OH i ™ OH (s} OH o
P4 m/z=362
P9 m/z=353
oH oH l
OH
OH T
P7 m/z=318
. 4 | “Q
oH o o]
P5 m/z=279 oH o
I OH o OH
NN P10 m/z=256
OH
OH o oH P8 m/z=274
P6 m/z=227
OH
P11l m/z=116

Fig. 8. Possible degradation pathways for OTC
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HSO_ + OH  — SO~ + H,0 (12)
HSO +S0,"— SO +H' (13

OTC Degradation Intermediates
and Possible Pathways

The mineralization products were further studied
and the possible pathways of OTC degradation were
displayed in Fig. 8. The degradation pathway of OTC
mainly included demethylation, decarbonylation,
deoxidation and ring-opening [44]. The 'OH active
species could attack the aromatic ring of OTC in the
Fe,O,@CR/PS system [44]. P1 (m/z = 433) could be
obtained after decarbonylation from the OTC ring.
When the ring-opening reaction of P1 occurred and
the N-methyl group was eliminated at the same time,
P4 (m/z = 362) will appear. Based on this, the methyl
group, carbon group and amino group will be removed
to obtain P5 (m/z = 279). P5 was further decomposed
by "OH to produce aliphatic compounds, such as P6
(m/z = 227) [45]. Then two hydroxyl groups were
removed in OTC, and P2 (m/z = 414) was obtained.
The methyl group, carbon group and amino group of
P2 were removed to obtain P7 (m/z = 318) [46], and the
amino group and hydroxyl group were further removed
to obtain P8 (m/z = 274). While in OTC, P3, P9 and P10
can be obtained by removal of hydroxyl and N-methyl,
dehydration, decarboxylation, and dehydration during
degradation, respectively. During this process, the
intermediates P8 and P10 were oxidized to produce
some byproducts (such as P11 (m/z = 116)) that undergo
dehydration, ring-opening, and demethylation reactions
[47]. Finally, the intermediate products of OTC were
further mineralized to smaller molecules, even H,O and
CO

’E

Conclusions

The Fe,0,@CR was synthesized and applied in the
activated persulfate for the degradation of OTC. Around
76.4 % of OTC was degraded at the conditions ([PS]:
0.15 g/L, [Fe,O,@CR]: 0.3 g/L, T: 25°C). When the
pH value was between 3.0 and 7.0, the Fe,O,@CR/PS
system can function effectively. Co-existing ions had a
negative effect on OTC removal in the Fe,O,@CR/PS
system, while co-existing microplastics proved no
effect. The key reactive radical for OTC degradation
was SO,” and *OH. The conversion between Fe’
and Fe** enhanced the degradation and the possible
degradation pathways were proposed. The OTC was
mineralized to smaller molecules (C H, O, CH, O)
by means of three ways. This work presented a stable
and high-activity catalyst for the removal of OTC and
provided an alternative approach for the reuse of waste
cation exchange resin.
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