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tion of a core–shell structural
magnetic nanoadsorbent for efficient tetracycline
removal

Xinyu Zheng, *ab Cong Shen,a Yongfu Guo a and Huaili Zheng b

As emerging contaminants, tetracyclines pose a severe threat to aquatic environments and human health.

Therefore, developing efficient approaches to remove tetracyclines from water has attracted a large

amount of interest. Herein, a novel core–shell structural magnetic nanoadsorbent (FSMAS) was facilely

prepared by graft copolymerization of acrylamide (AM) and sodium p-styrene sulfonate (SSS) monomers

on the surface of vinyl-modified Fe3O4@SiO2 (FSM). From single factor experiments, the optimal graft

copolymerization conditions were concluded to be the following: initiator concentration = 1.2&,

reaction pH = 9, monomer molar ratio = 7 : 3. The surface morphology, microstructure and

physicochemical properties of as-prepared FSMAS were fully evaluated by different characterization

techniques, including SEM, TEM, FTIR, XPS, XRD and VSM. The adsorption performance of FSMAS

towards tetracycline hydrochloride (TCH) was systematically studied by batch adsorption experiments.

Results showed that the adsorption capability of the adsorbent was largely enhanced after graft

copolymerization. The removal rate of TCH by FSMAS reached 95% at solution pH = 4.0, almost 10

times higher than FSM. Besides, the adsorption process of TCH by FSMAS was very efficient, 75% of

pollutant could be adsorbed after only 10 minutes, attributed to the stretch of polymer chains and the

strong affinity provided by abundant functional groups. Furthermore, TCH-loaded FSMAS was easily

regenerated with HCl solution, the regeneration rate was higher than 80% after five adsorption–

desorption cycles. Superior adsorption capability, fast solid–liquid separation speed and satisfactory

reusability demonstrated the great potential of FSMAS in practical tetracycline removal.
1. Introduction

Recently, antibiotics have been frequently detected in ground
water, surface water, and even drinking water.1,2 The accumu-
lation of antibiotics in the water system has persistent toxicity to
aquatic organisms, causes disturbance in the human micro-
biome, and increases the antibiotic resistance of bacteria,
therefore it poses severe public health risks.3,4 With the progress
of society and improvement of living standards, the public
demand higher water quality. Governments worldwide have
supported more research on developing efficient removal
techniques for such emerging pollutants. Among various anti-
biotics, tetracyclines (TCs) are commonly used in human
medicine and animal husbandry to treat continuous infection
and boost livestock growth, respectively.5 However, due to the
limited metabolism in living organisms, the majority of TCs is
excreted into the water environment through urine and feces.6
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Long-term intake of water polluted by TCs will cause a series of
health problems, such as liver injury, gastrointestinal discom-
fort, bacterial breeding, and so on.7,8

Adsorption is considered as one of the most promising
techniques to eliminate hazardous pollutants from water as it is
cost-effective, easy to operate and efficient even at very low
initial pollutant concentrations, e.g., trace levels.4,9,10 During the
application of adsorption technique, selecting a suitable
adsorbent is the most important step. The commonly used
adsorbents for the removal of TCs include graphene oxide,11

activated carbon,12 zeolite-based composites,13 nanomaterials,14

organic polymers,15 and so on. Owing to the disadvantages of
some conventional adsorbents, such as poor adsorption capa-
bility and bad separation ability, it is still very meaningful and
attractive for researchers to develop novel adsorbents with low
cost, satisfactory removal performance, fast solid–liquid sepa-
ration speed and easy reusability.

Since the 21st century, nanotechnology has played an
important role in developing highly efficient water treatment
materials.16,17 By decreasing the particle size to nanoscale,
magnetic nanomaterials have a remarkably increased specic
surface area, which provides more contact opportunities to
target pollutants.18 Furthermore, magnetic nanomaterials can
RSC Adv., 2023, 13, 7413–7424 | 7413

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra08331k&domain=pdf&date_stamp=2023-03-06
http://orcid.org/0000-0002-6718-5340
http://orcid.org/0000-0002-2562-865X
http://orcid.org/0000-0002-4181-9851
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08331k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013011


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:1
7:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
be easily separated from water because of its unique magnetic
responsiveness, thus shortening the treatment time, decreasing
the separation cost, and ensuring the subsequent regenera-
tion.18 Among different magnetic nanomaterials, Fe3O4

magnetic nanoparticles (MNPs) are recognized as promising
adsorbents for various pollutants, due to their low toxicity,
facile preparation and reasonable price.5 However, bare Fe3O4

MNPs generally suffer from drawbacks of poor acid resistance,
easy agglomeration and limited adsorption sites.19,20 Therefore,
improving the stability and adsorption ability of Fe3O4 MNPs by
proper modication and functionalization are essential steps
before their application.21 One common modication way is to
coat the Fe3O4 MNPs with a protective shell. Silicon dioxide
(SiO2) has good chemical stability, thereby can be served as the
protective shell to isolate acid and oxygen.22 In addition, the
biocompatibility of SiO2 is benecial for further functionaliza-
tion. Binyan Huang et al.23 prepared Fe3O4@SiO2–chitosan/GO
nanocomposite and tested its adsorption ability for tetracy-
cline from aqueous environments, the highest adsorption
capacity was 67.57 mmol kg−1. Wanling Cai et al.24 studied the
adsorption process of doxorubicin hydrochloride on glutaric
anhydride functionalized Fe3O4@SiO2 magnetic nanoparticles.
Zhengwen Wei et al.20 found that Fe3O4–SiO2–dimethox-
ydiphenylsilane nanocomposite exhibited an excellent adsorp-
tion performance for phenanthrene, the removal efficiency
improved 98.16% aer coating and functionalization.

Anionic polyacrylamide P(AM-SSS) is copolymerized by acryl-
amide (AM) monomer and sodium p-styrene sulfonate (SSS)
monomer, has been proved to be an effective occulant for
hematite wastewater treatment.25 With abundant negative
Scheme 1 Preparation of core–shell structural magnetic nanoadsorben

7414 | RSC Adv., 2023, 13, 7413–7424
charges, numerous functional groups and exible polymer chains,
P(AM-SSS) has great potential to rapidly attract and rmly grab TC
pollutants. Therefore, we tried to synthesize a core–shell structural
magnetic nanoadsorbent with Fe3O4@SiO2 as the magnetic core
(strengthen solid–liquid separation ability) and anionic poly-
acrylamide P(AM-SSS) as the functionalized polymer shell
(strengthen TC adsorption ability). To the best of our knowledge,
there is no report about the relevant study at present yet.

Herein, a novel core–shell structural magnetic nano-
adsorbent named Fe3O4@SiO2–MPS-g-P(AM-SSS) (FSMAS) was
facilely prepared by gra copolymerization of acrylamide (AM)
and sodium p-styrene sulfonate (SSS) monomers on the surface
of vinyl-modied Fe3O4@SiO2 MNPs (Fe3O4@SiO2–MPS), as
shown in Scheme 1. The effects of initiator concentration,
reaction pH, and monomer molar ratio on the gra copoly-
merization process were carefully investigated to obtain the
optimal copolymerization conditions. The morphology, struc-
ture, physiochemical properties and magnetization intensity of
FSMAS were fully characterized by various characterization
techniques. The adsorption behaviors of as-prepared FSMAS
towards tetracycline hydrochloride (TCH) under different
adsorption conditions, including solution pH, adsorption time
and adsorbent dosage, were discussed in a series of batch
adsorption experiments. Moreover, adsorption mechanism was
proposed and adsorbent reusability was evaluated.

2. Materials and methods
2.1. Materials

All the reagents used in this study were of analytical grade.
Acrylamide (AM), sodium p-styrene sulfonate (SSS), 3-
t Fe3O4@SiO2–MPS-g-P(AM-SSS) (FSMAS).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(trimethoxysilyl)propyl methacrylate (MPS), sodium hydroxide
(NaOH), hydrochloric acid (HCl, 37wt%) and ammonium per-
sulfate were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Anhydrous ethanol (99.7% purity) and
tetracycline hydrochloride (TCH) were supplied by Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). Deionized
Milli-Q water (18 mS cm−1) was used to prepare solutions.

2.2. Preparation of core–shell structural magnetic
nanoadsorbent

2.2.1. Preparation of Fe3O4@SiO2–MPS (FSM). Fe3O4 and
Fe3O4@SiO2 were pre-prepared by solvothermal method and
Stöber method, respectively, as introduced in our previous
researches.10,26 In order to achieve a higher graing efficiency
with organic monomers, abundant vinyl groups were intro-
duced on the surface of Fe3O4@SiO2 by silane coupling agent
MPS. A certain amount of Fe3O4@SiO2 and 200 mL anhydrous
ethanol were added into a three-necked ask, and ultrasonically
mixed for 10 minutes. The ask was then transferred into a 78 °
C water bath pot, and deoxidized with pure N2 for 15 minutes.
Subsequently, 9% MPS–ethanol solution was added dropwise
into the ask, and the vinyl modication was carried out under
a constant mechanical stirring for 12 hours. Finally, Fe3O4@-
SiO2–MPS was collected by magnetic separation, washed three
times with anhydrous ethanol and deionized water, and dried
completely in a freeze-dryer.

2.2.2. Preparation of Fe3O4@SiO2–MPS-g-P(AM-SSS)
(FSMAS). Fe3O4@SiO2–MPS-g-P(AM-SSS) was prepared by gra
copolymerization with ammonium persulfate as the initiator.
Predetermined amounts of AM and SSS monomers were dis-
solved in 200 mL deionized water, and the solution pH was
adjusted by 1 mol L−1 NaOH and 1 mol L−1 HCl. Subsequently,
0.68 g Fe3O4@SiO2–MPS was ultrasonically dispersed in the
above-prepared monomer solution and the mixture was poured
into a 500 mL three-necked ask. Aer bubbling with pure N2

for 20 minutes and adding a certain amount of initiator, the
ask was sealed immediately and stirred mechanically at 65 °C.
Aer a seven-hour copolymerization and a one-hour aging,
FSMAS was obtained by magnetic separation, puried with
anhydrous ethanol, and dried in a freeze-dryer for further use.

2.3. Characterization

The microscopic characteristics and surface morphology of the
as-prepared nanoadsorbent were studied by transmission elec-
tron microscope (TEM) and scanning electron microscope
(SEM). The crystallographic structure of magnetic materials was
obtained from 2q = 10–70° by X-ray powder diffractometer
(XRD, Cu-Ka: l = 1.54056 Å) at a scanning rate of 0.05° s−1.
Fourier transform infrared (FTIR) spectra of samples dispersed
in potassium bromide pellets were recorded in the range of
4000–500 cm−1 by a FTIR spectrometer. X-ray photoelectron
spectroscopy (XPS) analysis was performed by an XPS spec-
trometer with Al-Ka ray as the excitation source. Saturation
magnetization values were determined by vibrating sample
magnetometer (VSM) from amagnetic eld range of−20 000 Oe
to +20 000 Oe at room temperature. Zeta potential
© 2023 The Author(s). Published by the Royal Society of Chemistry
measurements (pH = 2–9) before and aer gra copolymeri-
zation were carried out on a Zetasizer apparatus. Anionic
quantity of the as-prepared nanoadsorbent was determined by
colloidal back titration method with Toluidine blue as the
indicator. The acid resistance of Fe3O4 and FSMAS was evalu-
ated by measuring leaching concentration of Fe in different pH
solutions by inductively coupled plasma-optical emission
spectroscope (ICP-OES).
2.4. Adsorption experiments

Adsorption experiments of TCH by core–shell structural
magnetic nanoadsorbent were carried out at room temperature
and environmentally relevant concentration. The stock solution
of TCH was prepared by dissolving tetracycline hydrochloride
powder in deionized water to reach a concentration of
100 mg L−1. The stock solution was stored at 4 °C in dark and
diluted to 5 mg L−1 before use. Solution pH was adjusted by
1.0 mol L−1 HCl and 1.0 mol L−1 NaOH. The adsorption
experiments were conducted by dosing different amounts of
nanoadsorbent (0.25–2.00 g L−1) into pollutant solutions in
100 mL amber glass bottles with Teon caps. These bottles were
enwrapped by aluminized paper to prevent photo-degradation
and shaken in a thermostatic orbital shaker at 150 rpm.

Aer predetermined adsorption time, sample solution was
taken out by magnetic separation and ltered using a 0.45 mm
needle lter, which was pre-rinsed with sample solution to
minimize lter adsorption. The initial and residual concentra-
tions of TCH were analyzed by high performance liquid chro-
matography (HPLC). The removal rate (%) and adsorption
capacity (q, mg g−1) were calculated by eqn (1) and (2),
respectively.

Removal rate ¼
�
1� Cr

Ci

�
� 100% (1)

q ¼ ðCi � CrÞ � V

m
(2)

where Ci (mg L−1) and Cr (mg L−1) are the initial and residual
concentrations of TCH, respectively, V (L) is the volume of TCH
solution and m (g) is the mass of adsorbent.
2.5. Recycling experiments

Aer saturated adsorption, the TCH-loaded nanoadsorbent was
taken out by magnetic separation, washed several times with
deionized water, and immersed into 1 mol L−1 HCl solution for
an excessive time. Aer that, the regenerated nanoadsorbent
was neutralized with diluted NaOH solution and deionized
water, dried in a freeze-dryer, and reused in the next adsorp-
tion–desorption cycle. The adsorption–desorption process was
repeated for ve times.
3. Results and discussion
3.1. Characterization

The microscopic characteristics and surface morphology of
Fe3O4 and FSMAS were characterized by SEM and TEM, as
RSC Adv., 2023, 13, 7413–7424 | 7415
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shown in Fig. 1. Fe3O4 sphere with a uniform particle size of
about 600 nm was consisted by numerous Fe3O4 nanoballs
(Fig. 1a), which was a general characteristic when Fe3O4 was
prepared by solvothermal method.27 The SEM image of FSMAS
(Fig. 1b) lookedmore blurry than that of Fe3O4 (Fig. 1a), this was
attributed to the existence of anionic polyacrylamide with low
density and amorphous structure. The smoother surface of
FSMAS than Fe3O4 also indicated the existence of anionic
polyacrylamide. Aer coating and graing processes, FSMAS
was observed to have a clear core–shell structure with shell
thickness of about 85 nm (Fig. 1d), inferring the successful
modication by SiO2 and functionalization by organic
copolymer.

The FTIR spectra of Fe3O4, Fe3O4@SiO2, FSM and FSMAS
were illustrated in Fig. 2a. The strong peak presented in all
spectra at 574 cm−1 was corresponded to the Fe–O stretching
vibration,28 indicating that Fe3O4 was successfully embedded
into the core of nanoadsorbent. Due to the modication by SiO2

layer, peak attributed to the Si–O–Si bending vibration at
1085 cm−1 was observed in Fe3O4@SiO2, FSM, and FSMAS
spectra.29 Compared with FSM spectrum, new peaks for FSMAS
spectrum at 1183 cm−1 and 1039 cm−1 were assigned to the
sulfonic acid group of SSS monomer, peaks at 778 cm−1 and
679 cm−1 related to benzene ring were also characteristic peaks
of SSS monomer.25,26,30 In addition, peaks at 2935 cm−1 and
1453 cm−1 were respectively assigned to the methyl group and
methylene group of AM monomer.25 These characteristic peaks
in FSMAS spectrum demonstrated the successful graing of
anionic polyacrylamide.
Fig. 1 SEM images of (a) Fe3O4 and (b) FSMAS; TEM images of (c) Fe3O4

7416 | RSC Adv., 2023, 13, 7413–7424
Surface elemental composition of FSM and FSMAS was
analyzed by XPS, as shown in Fig. 2b. The missing element of Fe
in both FSM and FSMAS spectra was due to the cover of SiO2

layer. Strong peaks observed at 532.0, 284.6, 154.8, 103.8 and
25.1 eV were respectively corresponded to O 1s, C 1s, Si 2s, Si 2p
and O 2s. Compared with FSM spectrum, new peaks for FSMAS
spectrum at 399.8, 232.5 and 168.2 eV were respectively related
to N 1s, S 2s and S 2p, revealing that abundant amino groups (–
NH2) and sulfonic acid groups (–SO3

−) were existed in the self-
made nanoadsorbent.

The XRD patterns of Fe3O4, Fe3O4@SiO2, FSM and FSMAS
were depicted in Fig. 2c. For all samples, seven reection peaks
were observed at 2q = 18.5°, 30.5°, 35.7°, 43.4°, 53.6°, 57.3° and
62.8°, which were respectively assigned to the (111), (220), (311),
(400), (422), (511), and (440) planes of face-centered cubic iron
oxide phase. The XRD result conrmed that the size and crystal
phase of Fe3O4 core were unchanged aer SiO2 coating and
copolymer graing.

The magnetic hysteresis curves of Fe3O4, Fe3O4@SiO2, FSM
and FSMAS were illustrated in Fig. 2d. The saturation
magnetization values decreased from 80.36 emu g−1 (Fe3O4) to
52.25 emu g−1 (FSMAS) aer modication and functionaliza-
tion, owing to the introduction of nonmagnetic materials (i.e.,
SiO2, MPS and organic copolymer). Nevertheless, the satura-
tion magnetization of FSMAS was sufficient to guarantee its
magnetic separation from water, which was expected to
shorten the water treatment time and decrease water treat-
ment cost.
and (d) FSMAS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization: (a) FTIR spectra; (b) XPS spectra; (c) XRD patterns; and (d) magnetic hysteresis curves.
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3.2. Optimization of gra copolymerization conditions

The adsorption ability of adsorbent generally depends on its
structure and physicochemical properties. In this study, anionic
quantity, which can reect the affinity between anionic adsor-
bent and cationic pollutant, was selected as a representative
property to estimate the adsorption performance of as-prepared
FSMAS. The gra copolymerization process of AM and SSS
monomers on vinyl-modied Fe3O4@SiO2 followed the free
radical polymerization mechanism, and could be divided into
four stages, including chain initiation, chain growth, chain
termination and chain transfer. Three key gra copolymeriza-
tion conditions (i.e., initiator concentration, reaction pH and
monomer molar ratio) that affected the above-mentioned four
stages were carefully discussed by single factor experiments, as
shown in Fig. 3.

In chain initiation stage, the collision rate between mono-
mers and initial free radicals was mainly depended on the
initiator concentration. The effect of initiator concentration on
anionic quantity of FSMAS was investigated at the total mono-
mer concentration of 1 mol L−1, monomer molar ratio of 9 : 1,
and reaction pH of 10. Fig. 3a showed that the anionic quantity
of FSMAS increased as the initiator concentration increased
from 0.3& to 1.2&, but declined rapidly with the further
increase of initiator concentration. At a low initiator
© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration, the small amount of initial free radicals inhibi-
ted the formation of monomer free radicals and further
restrained chain growth. The “cage effect” resulted in an
incomplete copolymerization and a low anionic quantity.31 On
the contrary, at a high initiator concentration, the fast collision
rate increased the possibility of chain termination and chain
transfer, also leading to a low anionic quantity.32 Therefore, the
optimal initiator concentration was 1.2&.

The effect of reaction pH on anionic quantity of FSMAS was
investigated at the total monomer concentration of 1 mol L−1,
monomer molar ratio of 9 : 1, and initiator concentration of
1.2&. Fig. 3b showed that reaction pH also inuenced the
gra copolymerization process. When reaction pH was set at
the range of 7–9, anionic quantity of FSMAS was obtained in
a relatively high level of 0.052–0.064 mmol g−1, indicating
that proper alkalinity was benecial to copolymerization of
AM and AMPS on vinyl-modied Fe3O4@SiO2. However, as
the reaction pH further increased to 10 and 11, anionic
quantity sharply decreased to 0.026 mmol g−1 and
0.022 mmol g−1, respectively. At strong alkaline environment,
the hydrolysis of AM monomer accelerated the production of
nitrilopropionamide, which led to branch reaction and
inhibited chain growth.33 Therefore, the optimal reaction pH
was selected to be 9.
RSC Adv., 2023, 13, 7413–7424 | 7417
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Fig. 3 Effects of graft copolymerization conditions on the anionic quantity of FSMAS: (a) initiator concentration; (b) reaction pH; (c) monomer
molar ratio; and (d) proposed reaction routes.
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The monomer molar ratio played the most important role in
gra copolymerization process compared with the above-
discussed two conditions. The effect of monomer molar ratio
was investigated at the total monomer concentration of
1 mol L−1, initiator concentration of 1.2&, and reaction pH of 9.
As shown in Fig. 3c, with the molar ratio of AM to SSS decreased
from 9 : 1 to 7 : 3, anionic quantity signicantly increased from
0.060 mmol g−1 to 0.366 mmol g−1. However, with the further
decrease of monomer molar ratio from 7 : 3 to 5 : 5, anionic
quantity sharply declined. The lower anionic quantity of FSMAS
at excessive AM molar percentage was due to the higher reac-
tivity of AM than SSS. Excessive AM in system signicantly
increased copolymerization rate, released a large amount of
heat that could not be dispersed in time, thereby leading to
chain transfer and chain termination.31 Excessive SSS also
caused a lower anionic quantity of FSMAS, this could be
explained by the increased electrostatic repulsion between SSS
monomers, which led to a large steric hindrance and hampered
the diffusion of the monomers to the surface of copolymer.34

Besides, the relatively lower reactivity of SSS also inhibited
chain growth. Therefore, the optimal monomer molar ratio of
AM to SSS was deemed to be 7 : 3.
3.3. Adsorption of tetracycline hydrochloride

3.3.1. Effect of solution pH. Solution pH needs to be care-
fully adjusted before adsorption process because it signicantly
7418 | RSC Adv., 2023, 13, 7413–7424
affects both existence form of adsorbate and surface charge of
adsorbent. TCH is an amphoteric compound with three ioniz-
able functional groups, corresponding to three pKa values of
3.30, 7.68 and 9.69, its chemical structure is given in Fig. 4a.
With the change of solution pH, these three functional groups
can undergo protonation–deprotonation reactions and form
cationic species TC+, neutral species TC0, anionic species TC−

and TC2−, as depicted in Fig. 4b. Fig. 4c showed that in the
whole tested pH range, the zeta potential of FSMAS was kept in
a negative level, and was notably lower than the zeta potential of
FSM. This phenomenon was due to the introduction of abun-
dant sulfonic acid groups (–SO3

−) by graing SSS monomers.
In this study, the effect of solution pH on the adsorption

performance of nanoadsorbent towards TCH was evaluated in
a pH range of 2.0–9.0, with adsorbent dosage of 1 g L−1 and
adsorption time of 240 minutes. The experimental results were
illustrated in Fig. 4d. It was obvious that the removal rate of
FSMAS was higher than that of FSM, especially in acid envi-
ronment, demonstrating that the graed P(AM-SSS) played
a vital role in adsorption process. The synergistic reaction of
polymer chains and functional groups of P(AM-SSS) provided
numerous active adsorption sites to TCH, thereby signicantly
promoted adsorption.

With the increase of solution pH, the removal rate of FSMAS
towards TCH rstly increased largely, and then decreased
sharply, a maximum removal rate of 95% was obtained at pH =

4.0. In the pH range of 2.0–4.0, the dominated species of TCH
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Chemical structure of TCH; effects of solution pH on (b) TC species; (c) zeta potential; and (d) removal rate.
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were TC+ and TC0, accordingly themain attractive force between
TCH and negatively charged FSMAS was electrostatic attraction.
With the increase of solution pH in this range, the surface
charge of FSMAS declined (Fig. 4c), thus provided stronger
affinity to TCH. Besides, the competitive adsorption by
hydrogen ions (H+) also diminished at higher solution pH,
therefore also leading to a better adsorption of TCH.

As solution pH increased to 5.0–7.0, TCH was mainly existed
as TC0 and TC−. From the angle of electrostatic interaction and
the consideration of net charge, TC0 should not be attracted by
FSMAS and TC− should be repelled by FSMAS. However, the
removal rate of FSMAS in this range was still signicantly higher
than that of FSM. This phenomenon was also observed by other
researcher, probably due to the re-arrangement of TCH molec-
ular structure, which let the positively charged group (–
NH(CH3)2

+) located very close to the FSMAS surface and the
negatively charged group as far as possible away from the
surface.35 It was also inferred that the simultaneous adsorbed
H+ could serve as the additional adsorption sites for neutral and
negative TCH.36 In addition, a stable p–p conjugated system
could be formed by the p–p stacking interaction between the
benzene rings of TCH and FSMAS, and hydrogen bonding could
be found between amide group (–CONH2) of FSMAS and
hydroxy group (–OH) of TCH, which were also benecial to the
adsorption process at pH = 5.0–7.0.30

As the solution pH exceeded 8.0, the removal rate of FSMAS
further declined and was very close to the removal rate of FSM,
© 2023 The Author(s). Published by the Royal Society of Chemistry
owing to that strong electrostatic repulsion between anionic
FSMAS and anionic TCH weakened electrostatic interaction, p–
p stacking interaction and hydrogen bonding.

3.3.2. Effect of adsorption time and adsorbent dosage.
Adsorption rate reects the application potential of a novel
adsorbent. High adsorption rate can greatly shorten the water
treatment time, thus reducing the water treatment cost. As
shown in Fig. 5a, the removal of TCH by FSMAS was very fast at
the initial stage of adsorption, the removal rate reached 75%
aer only 10 minutes, this was attributed to the strong affinity
provided by exible polymer chains and abundant functional
groups of core–shell structural magnetic nanoadsorbent. Then,
the removal rate increased slowly, owing to the consumption of
both active adsorption sites and pollutant molecules. Finally,
the adsorption process tended to reach equilibrium and
a maximum removal rate of 95% was obtained. Aer adsorp-
tion, the magnetic nanoadsorbent could be separated from
water within 10 seconds under the help of an external magnet,
as shown in the inset of Fig. 5a, which guaranteed the subse-
quent regeneration.

The effect of adsorbent dosage on the adsorption process
also needs to be carefully studied before practical application to
nd a balance between treatment performance and treatment
cost. Fig. 5b showed that with the increase of adsorbent dosage
from 0.25 g L−1 to 0.75 g L−1, the removal rate of TCH by FSMAS
increased sharply from 66% to 94%, but with the further
increase of dosage, the removal rate increased slightly. At an
RSC Adv., 2023, 13, 7413–7424 | 7419
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Fig. 5 Effects of (a) adsorption time and (b) adsorbent dosage on the adsorption process.
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excessive dosage of 2.00 g L−1, a 100% removal rate could be
achieved. On the contrary, the adsorption capacity of TCH by
FSMAS constantly decreased with the increase of adsorbent
dosage. With a higher dosage, the TCH molecules in the solu-
tion were not enough to occupy all the adsorption sites on the
FSMAS surface, causing an unsaturated adsorption and a waste
of adsorbent. With the decrease of dosage, the amount of TCH
molecules became relatively higher than that of adsorption
sites, the increased “molecular pressure” promoted the fully use
of adsorbent, thereby leading to a higher adsorption capacity.

3.3.3. Adsorption kinetics and isotherms. To better
understand adsorption process, the time dependence of TCH
adsorbed onto FSMAS was further analyzed at different TCH
concentrations by two typical adsorption kinetic models (i.e.,
pseudo-rst-order (PFO) model and pseudo-second-order (PSO)
model), as shown in eqn (3) and (4).

PFO model:

qt = qe(1 − e−k1t) (3)

PSO model:

qt ¼ k2qe
2t

1þ k2qet
(4)
Fig. 6 (a) Adsorption kinetics of TCH adsorbed onto FSMAS; (b) adsorpt

7420 | RSC Adv., 2023, 13, 7413–7424
where k1 (min−1) and k2 (g mg−1 min−1) are the PFO and PSO
model rate constants, respectively, qe (mg g−1) and qt (mg g−1)
are the adsorption capacity of FSMAS at equilibrium and
different time interval, respectively.

The non-linear tting curves of PFO and PSO models were
shown in Fig. 6a and the corresponding parameters were
summarized in Table 1. The correlation coefficient (R2) values
calculated with the PSO model (0.98175 and 0.97829) were
higher than that calculated with the PFO model (0.97837 and
0.97802), and the theoretical qe values of the PSO model
(6.34 mg g−1 and 9.33 mg g−1) were very close to experimental qe
values (6.31 mg g−1 and 9.22 mg g−1). Therefore, the PSO model
was more suitable to describe the adsorption process of TCH
onto FSMAS.

In addition, the relationship between equilibrium adsorp-
tion capacity of FSMAS and equilibrium concentration of TCH
was elaborated by two commonly used isotherm models
(Langmuir and Freundlich), as shown in eqn (5) and (6),
respectively.

Langmuir model:

qe ¼ CeqmKL

1þ CeKL

(5)
ion isotherms of TCH adsorbed onto FSMAS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic parameters of TCH adsorbed onto FSMAS

TCH concentration
(mg L−1) qe,exp (mg g−1)

Pseudo rst-order model Pseudo second-order model

qe1,cal (mg g−1) k1 (min−1) R2 qe2,cal (mg g−1) k2 × 10 (g mg−1 min−1) R2

5 6.31 6.03 0.22 0.97837 6.34 0.51 0.98175
10 9.22 8.88 0.23 0.97802 9.33 0.37 0.97829

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:1
7:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Freundlich model:

qe = KFCe
1/n (6)

where qm (mg g−1) is the maximum adsorption capacity of
FSMAS, KL (L mg−1) and KF (mg(1−1/n) L1/n g−1) are the Langmuir
model and Freundlich model constants, n is the Freundlich
model heterogeneity factor.

The non-linear tting curves of Langmuir and Freundlich
models were depicted in Fig. 6b and the corresponding
parameters were listed in Table 2. Fig. 6b showed that the
experimental data tted well with the Langmuir model. Besides,
the R2 value of Langmuir model (0.99072) was higher than that
of Freundlich model (0.96622), also indicating that the
adsorption of TCH onto FSMAS was more suitable to describe
with the Langmuir model.

3.3.4. Adsorption mechanism. Based on the above discus-
sion, the adsorption of TCH by core–shell structural magnetic
nanoadsorbent was described as following: (1) with a negative
surface charge, the polymer chains of FSMAS stretched in
solution by electrostatic repulsion, exposing numerous active
adsorption sites for target pollutant; (2) abundant functional
groups (i.e., sulfonic acid groups, benzene rings and amide
groups) of FSMAS provided strong affinity to target pollutant
Table 2 Isothermal parameters of TCH adsorbed onto FSMAS

Langmuir model

qm (mg g−1) KL (L mg−1) R2

18.51 1.46 0.99072

Fig. 7 Adsorption mechanism of TCH by core–shell structural magnetic

© 2023 The Author(s). Published by the Royal Society of Chemistry
through electrostatic interaction, p–p stacking interaction and
hydrogen bonding; (3) aer fully loading target pollutant, the
magnetic core of FSMAS helped to accelerate solid–liquid
separation under an external magnetic eld. The adsorption
mechanism of TCH by core–shell structural magnetic nano-
adsorbent at different solution pH was depicted in Fig. 7.
3.4. Recycling of TCH-loaded nanoadsorbent

From the point of cost-benet analysis, the regeneration ability
of a novel adsorbent needs to be conrmed to promote its large-
scale application. The lower adsorption performance of FSMAS
at pH = 2.0 (Section 3.3.1) suggested that it could be regen-
erated by acid pickling. Before regeneration, the acid resistance
of FSMAS was evaluated by measuring leaching concentration
of Fe in different pH solutions by ICP-OES. As shown in Fig. 8a,
the leaching of Fe from FSMAS was inhibited even in extremely
acid environment, whereas bare Fe3O4 presented a large Fe loss
of 77% at pH = 0, indicating SiO2 shell and graed polymer
played important roles in strengthening acid resistance of iron-
based materials.

Herein, 1 mol L−1 HCl solution was served as the desorption
agent to regenerate TCH-loaded FSMAS, and the adsorption–
desorption performance in ve cycles was shown in Fig. 8b. The
Freundlich model

n KF (mg(1−1/n) L1/n g−1) R2

1.92 10.25 0.96622

nanoadsorbent at different solution pH.

RSC Adv., 2023, 13, 7413–7424 | 7421
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Fig. 8 (a) Comparison of Fe loss between FSMAS and Fe3O4 in different pH solutions and (b) regeneration rate of FSMAS in five adsorption–
desorption cycles.

Table 3 Comparison of adsorption performance towards TCs between FSMAS and other reported adsorbents

Adsorbent
TC concentration
(mg L−1)

Adsorbent
dosage (g L−1)

Adsorption
time (min)

Removal
rate (%)

Separation
method and time Recycling Reference

Graphene oxide 8.33 0.181 15 83 Centrifugation, 15 min No 37
Highly porous
activated carbon

100 0.1 900 99 Centrifugation, not
available

No 38

Magnetic activated
carbon

50 0.8 300 60 Centrifugation, not
available

No 39

Zeolite 10 0.2 960 44 Filtration, not available No 40
MoS2 10 0.2 120 50 Filtration, not available No 40
MoS2@zeolite-5 10 0.2 240 76 Filtration, not available Yes 40
Polymeric
adsorbent

30 0.75 90 88 Not available Yes 41

Diol-based porous
organic polymers

4 0.5 90 90 Centrifugation,
not available

Yes 42

FSMAS 5 0.75 10 75 Magnetic separation, 10 s Yes This
study

FSMAS 5 0.75 240 95 Magnetic separation, 10 s Yes This
study

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:1
7:

24
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
regeneration rate of FSMAS decreased slightly with the increase
of adsorption–desorption cycle number, probably due to the
incomplete desorption of TCH molecules that adsorbed at the
bottom of polymer chains and the loss of adsorbent during
regeneration process. Nevertheless, aer ve adsorption–
desorption cycles, the remained adsorption ability of FSMAS for
TCH was still higher than 80%, indicating that FSMAS could be
easily and effectively reused in practical application.
3.5. Comparison of adsorption performance

This novel magnetic nanoadsorbent FSMAS was compared with
other adsorbents to further evaluate its application prospect.
Adsorption characteristics such as adsorption efficiency,
removal rate, separation ability and regeneration ability were
compared in Table 3. The removal rate of TCH by FSMAS could
reach 75% aer only 10 minutes, and the TCH-loaded FSMAS
could easily and quickly taken out from solution within 10
seconds by magnetic separation. With high adsorption
7422 | RSC Adv., 2023, 13, 7413–7424
efficiency, fast solid–liquid separation speed, high removal rate
and satisfactory reusability, FSMAS can be used as a promising
TC adsorbent.
4. Conclusions

Novel core–shell structural magnetic nanoadsorbent named
FSMAS was facilely prepared by gra copolymerization of AM
and SSS on the surface of vinyl-modied Fe3O4@SiO2 MNPs.
The gra copolymerization conditions were optimized by single
factor experiments. Results showed that the maximum anionic
quantity of FSMAS was achieved at initiator concentration of
1.2&, reaction pH of 9, and monomer molar ratio of 7 : 3. The
as-prepared FSMAS was fully characterized by SEM, TEM, FTIR,
XPS, XRD and VSM techniques. Adsorption experiments
towards TCH demonstrated that FSMAS exhibited notably
higher adsorption capability than FSM in the whole tested pH
range, owing to the synergistic reaction of exible polymer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chains and abundant functional groups of P(AM-SSS). The pH-
dependent adsorption capability of FSMAS indicated that elec-
trostatic interaction, p–p stacking interaction and hydrogen
bonding were involved in the adsorption process. The removal
rate of TCH by FSMAS could reach 75% aer only 10 minutes,
and the TCH-loaded FSMAS could easily and quickly taken out
from solution within 10 seconds by magnetic separation, thus
signicantly shortened the water treatment time. Furthermore,
exhausted FSMAS was effectively regenerated by acid pickling
and successfully reused in ve adsorption–desorption cycles,
with the remained adsorption ability towards TCH higher than
80%. All of these superior characteristics demonstrate that
FSMAS is a promising adsorbent for tetracycline removal.
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