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Modified magnetic chitosan nanoparticles (EMMCS-G), used as a Fenton-like catalyst, were successfully
prepared and modified with glutaraldehyde and ethylenediamine. EMMCS-G has strong magnetization,
good reusability, stability, environmental friendliness, and high efficiency. In the Fenton-like system, the
synergistic effect of adsorption and advanced oxidation significantly enhances the removal effect of
tetracycline (TC). The optimal concentration of persulfate was found to be 20 mmol L™, and at a pH of
3, the removal efficiency of TC reached 95.6% after 6 hours. The oxidation system demonstrated
excellent pH adaptability, achieving a TC removal rate of 94% within 6 hours across a pH range of 3 to 8.
Hydroxyl ("OH) and sulfate (SO, " ) radicals were present in the reaction system, with *OH playing an
important role in the oxidation process of TC. The attack sites of tetracycline were identified using
density functional theory (DFT), and five degradation pathways for TC were proposed based on LS-MS
experiments. Finally, quantitative structure—activity relationship (QSAR) analysis was employed to assess
the toxicity of the intermediates. Overall, toxicity gradually decreased, indicating that the Fenton reaction
system effectively reduced the toxicity and mutagenicity of TC. This study suggests EMMCS-G as
a potential catalyst for enhanced Fenton-like degradation with excellent efficiency observed for the
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rsc.li/rsc-advances degradation of tetracycline for environmental remediation.

Among these methods, advanced oxidation processes (AOPs)
are thought to be an effective technology to remove
tetracycline.”® And as one of the AOPs, Fenton oxidation has
attracted more and more attention.” The homogeneous Fenton
reaction can be conducted by adding soluble Fe** and H,0,,

1. Introduction

In recent years, pharmaceuticals and personal care products
(PPCPs) have played a vital role in our daily life, with usage
volumes having increased rapidly. This surge has led to a signif-

icant presence of PPCPs in the environment, which has drawn
increasing concerns due to their possible threats to the aquatic
environment and human health. Tetracycline (TC) is a broad-
spectrum antibiotic widely used to prevent infectious diseases
and promote animal growth." Antibiotic residues can be gener-
ated during usage and excreted via metabolites. These residues
could be detected in the effluents of sewage treatment plants and
in surface water, and may be toxic to both humans and animals.
Therefore, the removal of tetracycline is particularly important.
Advanced oxidation,> bio-degradation® and adsorption* have
been extensively employed for the removal of pharmaceuticals.

“Municipal Engineering Department, College of Civil Engineering and Architecture,
Beijing University of Technology, Beijing 100124, P. R. China. E-mail: liuyuankun@
bjut.edu.cn

’Beijing Haidian Foreign Language Experiment School, Beijing 100195, China
“SINOPEC Oil Field Exploration & Development Division, 22 Chaoyangmen North
Street, Chaoyang District, Beijing, China. E-mail: hyq@sinopec.com

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra04059g

© 2024 The Author(s). Published by the Royal Society of Chemistry

demonstrating several advantages such as rapid degradation,
low cost, and low toxicity of the reagents used. However, the pH
of the oxidation reaction must be maintained within a low
range. Additionally, the poor utilization rate of hydrogen
peroxide resultes in decreased degradation of pollutants, and
alarge amount of iron ions after the reaction needs to be further
treated, leading to secondary pollution. To overcome these
drawbacks, heterogeneous Fenton catalysts have been utilized
in numerous studies.’”® Metal ions and oxides such as
FeNi;@SiO,@Ti0,,"* CuFe,0,4," MnFe,0,,' MoS, (ref. 17) and
Fe’ (ref. 18) have been developed for Fenton-like reactions.
Fe;0,4 nanoparticles are a common Fe-based catalyst that can
activate oxidants to generate free radicals and show excellent
biocompatibility, chemical stability and strong magnetic prop-
erty.' However, the agglomeration of Fe;O, nanoparticles
might have an influence on catalytic performance. An effective
solution to this problem is to load Fe;O, nanoparticles onto
ESIt such as multi-walled carbon nanotubes,?® biochar** to
enhance dispersion.
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Chitosan is a natural polymer derived from the alkaline
deacetylation of chitin. Compared to other polymer materials,
chitosan is biodegradable, biocompatible, non-toxic and anti-
bacterial. It is also characterized by its renewability and low
cost, making it suitable for a wide range of applications in
medicine, food, chemicals and other fields. The presence of
numerous amino and hydroxyl groups in chitosan molecules
allows for chemical modification reactions based on complex-
ation, flocculation and electrostatic adsorption. Furthermore,
the nitrogen in chitosan can effectively coordinate with metals,
enhancing the stability of catalysts.”” Therefore, chitosan is
a promising adsorbent for tetracycline.”® However, chitosan has
some disadvantages such as instability, limited separation, low
mechanical strength and poor adsorption capacity in acidic
solution, which limit its practical application. So, it is necessary
to conduct some modifications. Laus et al.>* prepared cross-
linked chitosan beads with epichlorohydrin and triphosphoric
acid, which was used to adsorb copper ions, cadmium ions and
lead ions. Zhang et al.*® used brushed magnetic chitosan to
increase cationic groups in chitosan and improve the adsorp-
tion capacity of diclofenac and TC.

In this study, magnetic chitosan was prepared by the modi-
fication of glutaraldehyde and ethylenediamine to enhance the
stability and adsorption capacity of the catalyst. The resulting
catalyst demonstrated excellent adsorption performance, cycle
stability and catalytic efficiency. The properties of the catalyst
were evaluated, and the degradation performance of TC was
analysed through a series of key experimental parameters,
including the initial concentration of persulfate (PS), initial
concentration of TC, pH value and catalyst dosage. Moreover,
the radicals generated from the oxidation system were detected
based on the effect of scavengers and EPR analysis. Based on the
identification of intermediates by LC-MS and density functional
theory (DFT), potential degradation pathways and mechanisms
were proposed.

2. Materials and methods

2.1. Materials

All chemicals and materials are provided in the text S1.f

2.2. Preparation of ethylenediamine-modified magnetic
chitosan (EMMCS-G)

The chitosan powder was dissolved in an acetic acid solution,
mixed with FeCl;-6H,O and FeSO,:-7H,O and stirred for 2
hours, then the mixture was dropped into NaOH/ethanol
solution and stirred for 3 hours. Magnetic chitosan was
prepared. The magnetic chitosan was then suspended in
a glutaraldehyde solution and agitated. After adjusting the pH
to 9.5, epichlorohydrin was added and the mixture was heated
at 60 °C for 5.5 hours. Following this, 7 mL of ethylenediamine
was added, and the reaction continued at 60 °C for 3 hours
after washing and pH adjustment. The ethylenediamine-
modified magnetic chitosan (EMMCS-G) obtained
through washing and drying. The synthetic pathway of the
material is shown in Fig. S1.t
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2.3. Batch experiment

The experiments for the removal of TC were carried out by
EMMCS-G at a temperature of 25 °C. A specific amount of
catalyst and persulfate were added to TC aqueous solution and
shaken for several hours. Various experimental factors such as
initial concentration of PS, initial concentration of TC, pH and
catalyst dosage were also examined. Details of the experiment
can be found in the text S3.1

2.4. Regeneration and recycling experiment of catalyst

150 mg of EMMCS-G was added to a TC solution with
a concentration of 50 mg L', and the pH of the solution was
adjusted to 3 using 0.1 mol L™" H,SO,. Subsequently, PS with
a concentration of 20 mmol L™" was added. The mixture was
placed in a shaker for 12 hours at 200 rpm and 25 °C. Afterward,
the concentration of TC in the residual solution was measured
to evaluate the performance of the catalyst. EMMCS-G was then
separated from the solution with a magnet and washed with
deionized water. Finally, the catalyst was placed in a vacuum
drying oven at 60 °C for 8 hours in preparation for the next cycle.
This experiment was repeated four times.

3. Results and discussion

3.1. Characterization of EMMCS-G

3.1.1. SEM analysis. Fig. 1(a) and (b) show the SEM images
of chitosan and EMMCS-G. The results indicate that the surface
of chitosan is smooth, while that of the EMMCS-G is rough,
loose, and spherical, with many pores on the surface.”® The SEM
analysis indicates the presence of pores. In our previous study,
the BET specific surface areas of chitosan and EMMCS-G were
measured to be 0.73 m* g * and 37.68 m* g, respectively. The
synthesized EMMCS-G is mainly composed of mesoporous
structures, and the average pore size of BJH is 6.47 nm, which is
advantageous for mass transfer and the adsorption of adsorbate
molecules.”” In addition, Imager/ was used to quantify the
porosity of the modified chitosan at 36.50%. This porous struc-
ture in EMMCS-G can better enable it to adsorb organic pollut-
ants and increase the active sites, improving catalytic activity.

3.1.2. TEM analysis. TEM images of Fe;0, and EMMCS-G
are shown in Fig. 1(c) and (d). The results indicated that
Fe;0, particles have been successfully coated with chitosan and
are evenly distributed in the chitosan cross-linking. EMMCS-G
is basically monodisperse, with a random distribution of
particle sizes ranging from 5 nm to 20 nm,* which is consistent
with the SEM results.?*** Compared with Fe;O,, the aggregation
of the adsorbent is reduced, which is considered beneficial for
the sufficient contact between the sorbent and adsorbates.

3.1.3. XRD analysis. The XRD patterns of pure Fe;0, and
EMMCS-G are shown in Fig. 2(d). Six diffraction peaks (20 =
30.1°, 35.5°,43.1°, 53.5°, 57.1°, 62.7°) could be observed in both
samples, distributed in Fe;0,4(220), (311), (400), (422), (511), and
(440) faces (JCPDS No. 88-0315). The results showed that Fe;0,
was successfully coated with chitosan,*" and the crystallinity of
Fe;0, in magnetic chitosan remained stable. Compared with
Fe;0,, the peak value of EMMCS-G is slightly less sharp, which

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04059g

Open Access Article. Published on 15 November 2024. Downloaded on 7/23/2025 5:53:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

S B I B

500nm 3.0kV 8.3mm x60.0k SE(M)

10.0kV 7.5mm x60.0k SE(M)

(c)

Fig. 1

Transmittance(%)

TG/%

Fig. 2

(

d)

Fe;O,

/

chitosan

(@) SEM images of chitosan and (b) EMMCS-G. (c) TEM images of FezO4 and (d) EMMCS-G.

4000

100

90

80

70

60

40

30

™ - o
=3 =) S

Magnetization(emu/g)
]

20
40 |
-60
. . . .
3500 5000 2500 2000 1500, 1000 %00 -10000 -5000 0 5000 10000
Wavenumber(cm™) Magentic Field(Oe)
(©)
- Fe,0, EMMCS-G(used)
> EMMCS-G(before)
L £
=
=
£
i cl
i EMMCS-G
B o ol
S B
- =
1 1 1 1 1 1 1 r P ot
100 200 300 400 500 600 700 800 10 20 30 40 S50 60 70 80
T/°C

2-Theta(d egree)

(d) XRD patterns of FezO4 and EMMCS-G before and after reaction in EMMCS-G/PS system.
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(a) FTIR spectra of chitosan and EMMCS-G. (b) Magnetic hysteresis loops of FezO4 and EMMCS-G. (c) TGA curves of FesO4 and EMMCS-G.
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may be due to the presence of chitosan. The crystalline structure
of Fe;0, in the modified magnetic chitosan did not change, and
it still had good magnetic properties.

3.1.4. FTIR analysis. Fig. 2(a) shows the FTIR spectra of
chitosan and EMMCS-G. The peak near 3428 cm ' of chitosan
corresponds to the stretching vibration of N-H and O-H bonds,
the peaks at 2919 ecm ' and 2876 cm ' are attributed to the
stretching vibration of C-H bonds,** and the adsorption band of
primary amine on the deformation vibration of N-H can be
observed at 1606 cm ™. In addition, the peak at 1080 cm ™" is
related to the joint action of C-O stretching vibration of alcohol
and C-N stretching vibration of primary amine.*®* Compared
with the spectra of chitosan, it is clear that similar peaks occur
in EMMCS-G, despite slight shifts in some characteristic peaks.
At the same time, the new peak near 608 cm ™ * corresponds to
the vibration of Fe-O bond, and the significant adsorption peak
of 1635 cm ™' corresponds to C=N bond, indicating that chi-
tosan reacts with glutaraldehyde to form shift base.*® The FTIR
spectral intensity of EMMCS-G at 3433 cm ™' increased, indi-
cating that the amino group in EMMCS-G increased, confirming
the successful cross-linking of chitosan and ethylenediamine.?*

3.1.5. VSM analysis. The magnetic properties of the material
were assessed through VSM. The magnetic curve is shown in
Fig. 2(b). The saturation magnetization of Fe;0, and EMMCS-G are
54.1 emu g ' and 18.5 emu g, respectively. The weak magneti-
zation of EMMCS-G may be due to the low content of Fe;O, in
magnetic chitosan. However, EMMCS-G still has strong magneti-
zation and can be separated by an external magnetic field.*

3.1.6. TGA analysis. The thermodynamic stability of
EMMCS-G and Fe;0, after heating at a rate of 10 °C min~" in
a nitrogen atmosphere is described in Fig. 2(c). As can be seen,
the weight of Fe;0, gradually decreased by 5% over the entire
range of temperatures with the increase in temperature. The
weight reduction of EMMCS-G can be divided into four stages. At
the first stage, when the temperature was less than 150 °C, the
mass decreased slightly (5.9%), which may be due to the evap-
oration of residual water. Then, during the second temperature
range of 150 °C to 500 °C, the high weight loss of about 36.8%
may be ascribed to the depolymerization and degradation of
chitosan during the heating process.>® At the third stage, the
weight reduction of about 18.9% occurred between 500 °C and
700 °C, which was mainly attributed to the decomposition of
organic matter in EMMCS-G. When the temperature exceeds
700 °C, the weight of EMMCS-G remains basically unchanged,
indicating that only Fe;O, exists in the catalyst at this time and
the content of Fe;0, in EMMCS-G is about 38%.%”

3.2. TC removal performance evaluation

To investigate the activity of EMMCS-G, three materials
(EMMCS-G, PS, and EMMCS-G/PS) were used to assess the
efficiency of TC removal. As shown in Fig. 3, the EMMCS-G/PS
system basically reached equilibrium after a reaction for 6 h.
The removal rates of EMMCS-G and PS were 23.2% and 69.8%
within 6 h respectively, while the TC removal rate reached
95.6% in the EMMCS-G/PS system. The results showed that the
removal rate of TC in the EMMCS-G-PS-TC system was higher
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Fig. 3 The comparison of TC removal in different systems (TC
concentration: 50 mg L% T = 25 °C; pH = 3; EMMCS-G: 15 mg).

than that in the PS-TC system and EMMCS-G-TC system. In the
EMMCS-G-TC system, it is mainly the adsorption of the catalyst
to remove TC. In the PS-TC system, it is mainly the advanced
oxidation of persulfate to remove TC. In the EMMCS-G-PS-TC
system, EMMCS-G and PS have a synergistic effect, and PS can
be activated by EMMCS-G to produce free radicals. While the
EMMCS-G exerts an adsorption effect, the combined action of
Fe;0,4 and PS on the chitosan forms a heterogeneous Fenton
system. The oxidation rate of TC is much higher than that of
a single persulfate system, which greatly improves the removal
effect of TC. Advanced oxidation technology and adsorption
enhance the removal effect of TC.

3.3. Influence factors of the tetracycline removal

3.3.1. Effect of the initial TC concentration. The removal
efficiency of TC at different concentrations of 50 mg L™ to
200 mg L' was investigated at pH = 3, PS = 20 mM and EMMCS-
G = 15 mg. From Fig. 4(a), the lower the initial concentration of
TC, the better the effect of TC removal. One reason is that TC
molecules in the solution compete with PS for the active sites on
chitosan. Additionally, the TC molecules adsorbed on the surface
of chitosan may hinder the contact between PS and Fe;O, on the
magnetic chitosan, causing a reduction in the number of SO, *
free radicals. During the degradation process, the intermediates
may compete with TC molecules for radicals, resulting in
a decrease in the TC removal rate. Another reason may be that
the ratio of the number of TC molecules to the catalyst is large,
and the adsorption and catalytic capacity per unit mass of the
catalyst is limited. Therefore, as the TC concentration increases,
the removal rate decreases.

3.3.2. Effect of the initial persulfate concentration.
According to Fig. 4(b), the removal rate of TC increased from
87.5% to 95.6% after 6 h as the concentration of PS increased
from 1 mM to 20 mM (TC concentration, 50 mg L™ "; T = 25 °C;
pH = 3; EMMCS-G: 15 mg). When the PS concentration was
increased to 40 mM, the removal effect no longer improved.
This may be due to the limited number of SO, " free radicals
produced by catalysis at low concentrations of PS, resulting in
low oxidation efficiency. As the concentration of PS increased,
more radicals were generated and reacted with Fe>* on EMMCS-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effects of different factors on the degradation of TC. (a) TC concentration, (b) PS concentration, (c) pH, (d) EMMCS-G dosage.

G to enhance the removal capability of TC. However, according
to eqn (1) and (2), the excess radicals recombined or reacted
with S,05>" to reduce active radicals, resulting in the removal
effect no longer increased.*” Therefore, the optimal concentra-
tion of PS is 20 mM in this study.

SO, " + S04~ — S,05% (1)

SO, + 8,04 — S,057" + SO~ (2)

3.3.3. Effect of solution pH. Fig. 4(c) showed that as the pH
value increased from 3 to 6.5, the TC removal rate decreased
slightly, and the removal rate reached 94% under all pH values
used in this study after a reaction for 6 h, indicating that the
change in pH had little effect on TC removal (TC concentra-
tion, 50 mg L’1; T = 25 °C; PS = 20 mM; EMMCS-G: 15 mg).
Therefore, this reaction system can be used in a wide range of
pH. The excellent pH adaptability may be attributed to the
simultaneous involvement of adsorption and catalysis, though
the higher pH value was unfavorable for the oxidation
process.*®* When the pH of the solution increased from 3 to 6.5,
the adsorption amount first increased and then remained
stable, while the adsorption dose gradually decreased after
continuing to increase, as shown in Fig. 5. At the pH range of
5-8, EMMCS-G demonstrated a good ability for TC adsorption.
Consequently, EMMCS-G shows high catalytic capacity in the
presence of PS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Zeta potential of EMMCS-G and effect of pH on the TC
adsorption onto EMMCS-G.

3.3.4. Effect of catalyst dosage. The effect of catalyst dose in
the range of 5 mg to 20 mg on the TC removal using EMMCS-G/
PS is shown in Fig. 4(d) (TC concentration, 50 mg L™ "; T'= 25 °C;
pH = 3; PS: 20 mM). When the catalyst dosage increased from
5 mg to 15 mg, the removal rate of TC increased from 91% to
95.6% after 6 hours. This may be due to the increase of active
sites for TC adsorption and catalysis. When the dosage of
catalyst was further increased to 20 mg, excess SO, = was
generated and will self-combined to form S,05 " (eqn (1)).
Additionally, excess catalysts containing more Fe*" will scav-
enge the radicals in solution,* which inhibits the degradation

process of tetracycline (eqn (3)). Hence, the removal

RSC Adv, 2024, 14, 36507-36516 | 36511
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performance no longer increased. In this study, 20 mM was set
as the optimal concentration of PS for the following
experiments.

Fe’* + 80,7 — Fe** + S04~ (3)

3.4. Reusability and stability of catalyst

The stability and reusability of EMMCS-G were evaluated in the
study. In Fig. 6, the removal efficiency of TC by EMMCS-G
remained above 89% after four cycles in the Fenton-like
system. The decrease in removal efficiency of TC may be due
to the occupation of activated sites on the catalyst by interme-
diate products during the degradation process and the loss of
the catalyst.”” However, the maximum reduction rate was only
reduced by 7.3%, which indicated that TC molecules adsorbed
on the catalyst surface can be degraded by heterogeneous
Fenton-like catalysis to achieve the regeneration of EMMCS-G,
and improved EMMCS-G possesses good reusability and cata-
lytic performance.* The XRD diagram (Fig. 2(d)) showed that
the peak of EMMCS-G is almost unchanged before and after
use; only the peak value at the (440) surface has a slight decrease
after use, which indicates that the crystal structure of Fe;O, in
EMMCS-G before and after degradation had not changed
significantly, indicating that the catalyst has high stability.**

3.5. Degradation mechanism analysis

To verify the radical species of TC degradation, radical capture
experiments were used to study the radicals generated in the
EMMCS-G/PS system.** tert-Butanol (TBA) can restrain the
appearance of the "OH radical (k-on = 5.2 x 10° M~ ' 877, ko, -
= 8.4 x 10° M~ " $7%); the "OH and SO, " were both scavenged
by methanol (kog =1 x 10° M ' S7', kso,+ = 2.5 x 10" M}
S™"). As shown in Fig. 7(a), after the addition of TBA and
methanol, the removal percentage of TC declined from 95.7% to
80.9% and 77.2% within 6 h, respectively. The TC removal rate
in the system with methanol was lower than that with TBA. All
of the above indicated the simultaneous presence of SO, " and

1 2 3 4

Recycles

100 -

B (=) (o]
(=] (=] S
T T T

Removal rate/ (%)

[\*)
(=]
T

Fig. 6 TC and TOC removal in different recycles. (TC concentration:
50 mg L% T = 25 °C; PS concentration, 20 mM; pH = 3).
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‘'OH in the heterogeneous Fenton-like process. Especially, "OH
played an important role in the EMMCS-G/PS catalytic system.*
ESR was applied to further assess the ROS in the removal
process. As shown in Fig. 7(b), two sets of characteristic signals
that can be attributed to DMPO-SO, ° and DMPO-"OH were
observed, confirming the production of SO, " and "OH in the
process. It can be seen from the EPR spectrum that the
concentration of "OH is higher than that of SO, °, indicating
that "OH plays a leading role in the Fenton-like system, which is
consistent with the results of radical capture experiments.

A possible TC degradation mechanism was proposed and
described in an EMMCS-G/PS system, as shown in Fig. 8. First,
the electrostatic attraction between EMMCS-G and TC is used to
adsorb TC molecules. Due to the high activity and porosity
enriched in the internal material after adding PS, S,04>" in
EMMCS-G is activated by Fe;O,, forming a SO, " and "OH free
network structure of EMMCS-G microspheres. PS could rapidly
generate radicals to attack TC molecules. Finally, the adsorbed
TC is degraded into intermediates. The high adsorption capacity
of TC on EMMCS-G accelerates the contact between free radicals
and TC molecules, thus improving the oxidation rate efficiency of
TC. In addition, the strong electrical conductivity of mesoporous
EMMCS-G not only promotes electron transfer between Fe** and
Fe**, but also provides more active sites for Fenton-like
processes. The reaction equation is as follows:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The mechanism of TC degradation in Fenton-like system.

EMMCS-G — Fe** + S,04*™ —
EMMCS-G - Fe** + SO, + SO, (4)

EMMCS-G — Fe** + $,05°~ = EMMCS-G — Fe** + S,05™" (5)

SO4 " + H,O — "OH + HSO,~ (6)
SO, " + TC — intermediates (7)
'OH + TC — intermediates (8)

3.6. Possible degradation pathways of TC

In order to reveal the degradation pathway of TC, a method
combining liquid chromatography-mass spectrometry (LC-MS)
and theoretical calculation was used. For this Fenton reaction,
'OH is the main active substance, and according to the frontier
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electron density, "OH tends to attack sites with higher charge
density. The HOMO is shown here (Fig. 9(a)). It can be found
that the HOMO is mainly distributed near the atoms 1C, 2C, 3C,
5C, 22C, 17C, and 280 (the labels of each atom are shown in
Fig. S31), and these atoms have relatively high electron density
and are prone to oxidation reactions. In addition, the corre-
sponding LUMO was performed to infer the reduction process
(Fig. 9(b)). The Fukui index (f,) of charge distribution based on
natural population analysis (NPA) of tetracycline molecules was
calculated, as shown in Fig. 9(c) and Table S1.} In general, the
larger the f; value, the more vulnerable it is to attack.
Therefore, the main mechanism of TC degradation was
explained based on intermediate identification (Fig. 10) and
attack site prediction (Fig. 9(c)). First, due to the high f
(0.04207266), 'OH at the 5C atom attacked to form the

(®)

Fig. 9 (a) HOMO, (b) LUMO. (c) Fukui function.
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Fig. 10 TC degradation pathway in EMMCS-G/PS system.

hydroxylation product B5. At the same time, the 33 N atom with
high f, (0.06183594) could be attacked to form a de-n-alkylation
reaction of B5. Subsequently, 28 O atoms with high f,
(0.04722783) were attacked to form hydroxylation products,
causing B6 to convert to B11 and B15. In a further ring cleavage
reaction, higher f; levels were 2C (0.02782512), 3C (0.02490674),
17C (0.02703682), 19C (0.0250955), 22C (0.03610227), 240
(0.03435004), 290 (0.03615504), 300 (0.02696717) is further
attacked in subsequent reactions to produce the expected
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product (Fig. 10). Eventually, all the intermediates are broken
down into H,O and CO,. Then, these intermediates of TC
degradation were measured and analyzed by HPLC-MS analysis.
Fifteen compounds, including m/z = 431, 475, 498, 427, 453,
391, 382, 301, 369, 402, 374, 351, 340, and 274 were found and
listed in the Table S2.F

Based on the DFT calculations and ROS analysis, the
degradation pathways are shown in Fig. 10. The degradation of
tetracycline was mainly conducted by ring opening, breaking of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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doubles bond and loss of functional groups in the EMMCS-G/PS
Fenton-like system, which occurred in five ways. In pathway I,
the methyl group of the dimethylamino group on C4 was lost to
form the product B1 (m/z = 432). Then B1 was decomposed to
B4 (m/z = 498) through the breaking of the C-N bond with the
hydroxyl substitution reaction, the ring opening reaction at the
C7-C8 bond, and the breaking of the C2-C3 bond and Cl1a-
C12 double bonds. The loss of the amide group resulted in the
formation of B8 (m/z = 453). B12 (m/z = 369) was obtained by
the breaking of the C10-C20a double bonds in B8 and finally
degraded into B13 (m/z = 351) through a dehydration reaction.
In pathway II, B5 (m/z = 475) was formed by the C7-C8 bond
ring-opening reaction, C4 dedimethylation, and C11a-C12
double bond breaking, and B9 was formed by C10-C10a bond
breaking. The third pathway began with the dehydration reac-
tion at C6 to form B6 (m/z = 427), then B10 (m/z = 382) due to
the loss of the amino group and dedimethylation, and finally
B14 (m/z = 340) through the loss of CO,. B11 was formed by B6
losing two rings (m/z = 301), which was converted to the product
B15 (m/z = 274) due to the removal of the amide group. In route
IV, B3 (m/z = 402) was formed by removing the amide group,
which was then converted to B7 (m/z = 374) due to the loss of
dimethyl. In the last pathway, TC was broken by the C11a-C12
double bond, and the methyl group on the dimethylamino
group was converted to an aldehyde group, which was decom-
posed into a B2 intermediate (m/z = 475).** The oxidation
system mainly oxidizes TC into other small molecule
substances to achieve the removal of TC. In the above five ways,
the greater the f; value of the Fukui index, the more vulnerable it
is to attack. The 33N (0.06183594) atom with the highest f; in
pathways I, II, and V is attacked first, so these three pathways
are more likely to occur. Secondly, 280 (0.04722783) and 5C
(0.04207266) on TC are easy to be attacked; the 5C atom from TC
to B5 in the first step of pathway II is attacked, and 5C from B1
to B4 in the second step of pathway I is attacked. Therefore, we
can infer that pathway II is the most likely path to occur.
According to the molecular structure of the product and
previous studies on TC degradation, we predicted some small
molecule substances that TC may form,* as shown in Fig. 8.
Eventually, all intermediates were further mineralized into CO,
and H,O.

3.7. Toxicity analysis of intermediates

The toxicity of TC and its degradation intermediates during the
EMMCS-G/PS system was estimated through the quantitative
structure-activity relationship (QSAR) using the toxicity esti-
mation software tool (TEST). The specific values are shown in
Table S3.1 The developmental toxicity and mutagenicity of TC
and its intermediates were studied by the LCs, of Fathead
minmow, the LCs, of Daphnia minnow, and the LDs, of Oral
rat. B8 (0.0231 mg L™ ), B9 (0.0191 mg L"), B12 (0.0242 mg L)
and B14 (0.13 mg L") had lower LCj, values for Fathead min-
mow than that of TC (0.25 mg L") as the degradation process
continued. The resulting small molecule products were gradu-
ally transformed into a non-toxic state. The LCs, value of TC in
Daphnia minnow was 5.44 mg L', and those of B1
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(6.99 mg L '), B6 (1.26 mg L"), B10 (4.17 mg L"), B3
(8.67 mg L), B7 (5.82 mg L"), and B14 (2.1 mg L") showed
toxicity. The remaining intermediates were transformed into
non-toxic states, and toxicity was greatly reduced. The LDs,
value of oral TC in rats was 1524.24 mg kg, and the LDs,
values of other intermediates were higher than those of TC,
except for B12 (458.55 mg kg™ ') and B13 (856.48 mg kg™ ). TC
had developmental toxicity (0.86) and mutagenicity (0.60), while
some intermediates exhibited low mutagenicity. The TEST
results show that although some intermediates are still toxic,
the toxicity can be reduced by extending the reaction time, and
the Fenton reaction degradation of TC in this system has
a positive effect on reducing the toxicity and mutagenicity of TC.
Finally, the toxicity of the expected small molecule was pre-
dicted in Table S3,t and after a long degradation reaction, the
product was transformed into a completely non-harmful and
non-toxic state.

4. Conclusions

Ethylenediamine-modified magnetic chitosan (EMMCS-G) was
synthesized using a co-precipitation method, and its adsorption
and catalytic properties for TC were investigated. EMMCS-G has
high stability, strong magnetism for separation, environmental
compatibility, good pH adaptability and reusability. Compared
to previous studies, the pH adaptability of the reaction system
has been enhanced, indicating a more effective synergistic
effect on the adsorption and degradation of TC. In the EMMCS-
G/PS system, the removal rate of TC can reach 95.6% due to the
synergistic effect of adsorption and catalytic oxidation. EMMCS-
G/PS system oxidizes TC through the circulation of iron ions to
produce SO, " and "OH, in which 'OH plays a key role. Twenty-
one intermediates were analyzed and predicted by LCMS, and
five degradation pathways were proposed by DFT analysis and
free radical oxidation mechanisms. EMMCS-G is an efficient
and environmentally friendly catalyst, demonstrating signifi-
cant practical implications for water treatment applications.
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