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Tetrodotoxin (TTX) has been widely used in pharmacology, food poisoning analysis, therapeutic use, and

neurobiology. In the last decades, the isolation and purification of TTX from natural sources (e.g.,

pufferfish) were mostly based on column chromatography. Recently, functional magnetic nanomaterials

have been recognized as promising solid phases for the isolation and purification of bioactive

compounds from aqueous matrices due to their effective adsorptive properties. Thus far, no studies have

been reported on the utilization of magnetic nanomaterials for the purification of TTX from biological

matrices. In this work, an effort has been made to synthesize Fe3O4@SiO2 and Fe3O4@SiO2–NH2

nanocomposites for the adsorption and recovery of TTX derivatives from a crude pufferfish viscera

extract. The experimental data showed that Fe3O4@SiO2–NH2 displayed a higher affinity toward TTX

derivatives than Fe3O4@SiO2, achieving maximal adsorption yields for 4epi-TTX, TTX, and Anh-TTX of

97.9, 99.6, and 93.8%, respectively, under the optimal conditions of contact time of 50 min, pH of 2,

adsorbent dosage of 4 g L−1, initial adsorbate concentration of 1.92 mg L−1 4epi-TTX, 3.36 mg L−1 TTX

and 1.44 mg L−1 Anh-TTX and temperature of 40 °C. Interestingly, desorption of 4epi-TTX, TTX, and

Anh-TTX from Fe3O4@SiO2–NH2-TTX investigated at 50 °C was recorded to achieve the highest

recovery yields of 96.5, 98.2, and 92.7% using 1% AA/ACN for 30 min reaction, respectively. Remarkably,

Fe3O4@SiO2–NH2 can be regenerated up to three cycles with adsorptive performance remaining at

nearly 90%, demonstrating a promising adsorbent for purifying TTX derivatives from pufferfish viscera

extract and a potential replacement for resins used in column chromatography-based techniques.
1 Introduction

Tetrodotoxin (TTX) is a nonprotein neurotoxin, one of the most
toxic natural toxins (LD50 = 8–11 mg kg−1) at lethal doses of 1–
2 mg by the gastrointestinal tract for humans.1–3 This
compound has a strong affinity and specic sodium channel
blocker effect,4 leading to neurotransmission paralysis and TTX
exhibits a very strong central analgesic effect.2,5 More recently,
TTX is being studied as an analgesic treatment for cancers.
Clinical trials in several patients have shown that TTX has
a signicant analgesic effect.6 One of the most recognizable
species containing TTX toxin and its analogs is the puffersh. It
Science and Technology (VAST), 18 Hoang

m. E-mail: tdangthuan@ich.vast.vn

sity of Industry (HaUI), 298 Cau Dien, Bac

y of Science and Technology (VAST), 01

m

logy (GUST), Vietnam Academy of Science

t, Cau Giay, Hanoi 100000, Vietnam

tion (ESI) available. See DOI:

121
has been broadly used in pharmacology,7,8 food poisoning
analysis,9–11 therapeutic use (e.g., anesthetic, epinephrine,
bupivacaine, potential pain killer)5,12 and neurobiology.13

Although TTX has displayed a wide application in relieving
pain (e.g., neuropathic pain, cancer-related pain),14 neurophys-
iological disorders, and therapeutic usage,12,15,16 it owns some
limitations due to high cost of raw TTX-producing source,
extraction, and purication. Methanol, ethanol, and acetic acid
were common organic solvents used for extraction of TTX.17,18

Moreover, solid materials, such as activated carbon, Bio-Rex 70
(H+ form), Bio-Gel P2, and Resin have been conventionally used
as solid phases for purication of TTX.17,18 Despite numerous
successful isolations, there have been no further advancements
in the TTX purication process using column chromatography
over the last decades.19

Nanomaterial is a class of material having one or more
external dimensions in the range of 1–100 nm.20 Due to their
small size, nanostructures exhibit a high specic surface area
with multiple properties such as optical, electronic, magnetic,
catalytic, and adsorptive activities.21 All these novel properties
could potentially revolutionize many application elds.22

Among those properties, the adsorptive characteristic of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials has been applied for adsorption of different
compounds in environmental, biological, and food samples.21

In order to enhance adsorption yield and capacity, nano-
material is usually functionalized with different functional
groups, such as amine, carboxylic, etc., via covalent or non-
covalent approach to enhance its affinity toward targeted
molecules and compounds.23,24 The functionalized surface of
nanomaterial drives various applications.21–23,25–27 Moreover,
nanomaterials with magnetic properties have ease of regener-
ation and recycling, offering a great achievement in the
enhancement of the adsorption of compounds from different
matrices.28 For instance, graing of tris [2-(dimethylamino)
ethyl] amine (Me6TREN) onto the surface of SiO2-coated Fe3O4

nanoparticles demonstrated a high adsorption efficacy with
good selectivity of heavy metals from wastewater, while the
magnetic core Fe3O4 allowed for the repeated recycling of the
material.29 Notably, Fe3O4@Me6TREN NPs can be regenerated
by desorbing heavy metal ions fromNPs with EDTA sodium salt,
which will be of great signicance for cost reduction and further
industrial applications.29 Functional magnetic nano-
composites, including Fe3O4–NH2@MIL-101, Fe3O4–

COOH@MIL-101, and Fe3O4/C@MIL-101, synthesized by
a hydrothermal method have been successfully applied for
enrichment of estrogens (e.g., estrone (E1), 17b-estradiol (E2),
estriol (E3), and bisphenol-A (BPA)) in environmental water
samples.30 Magnetite@silica nanoparticles graed with amino-
terminated supramolecular cucurbit [6] uril pseudorotaxane
complexes are shown to be highly efficient sorbent for salvia-
nolic acids.31 Particularly, extraction and isolation of bioactive
compounds by adsorption phenomena using nanomaterials is
one of the novel reported method due to its simplicity and high
effectiveness.32 A modication of Fe3O4@SiO2 with (3-amino-
propyl)trimethoxysilane (APTMS) and alginate (AA) forming
nanocomposites Fe3O4@SiO2–NH2 and Fe3O4@SiO2–NH2-AA
exhibited a higher adsorption capability of alkaloids (e.g., pal-
matine and berberine) when compared to that of unmodied
Fe3O4@SiO2.33 Magnetic nanoparticles graed with (3-amino-
propyl)triethoxysilane (APTES) were also used to load anticancer
drug of Nintedanib for controlled release as a drug delivery
system.34 Moreover, functional magnetic nanomaterials are also
used for extraction and mycotoxins, pesticides, and pharma-
ceuticals in food commodities28 and adsorption/sensing of
active ingredients in medicine.32

To date, there are no studies on the recovery of tetrodotoxin
from puffersh viscera extract using magnetic nanomaterials.
Sequential adsorption and desorption of TTX derivatives on
functionalized nanomagnetic material is a promising extraction
and purication approach. The TTX derivatives have a greater
tendency with positive ion groups (e.g., –NH2) by strong elec-
trostatic interactions between amine groups of the TTX mole-
cules. Hence, the fabrication of positive ion groups-
functionalized nanoparticles enables the adsorption of TTX
analogues effectively.

Therefore, the objectives of this study are to (i) to synthesize
amine-functionalized nanocomposite material (Fe3O4@SiO2–

NH2) and (ii) to optimize adsorption and desorption conditions
of TTX derivatives from a puffersh viscera extract. In this work,
© 2023 The Author(s). Published by the Royal Society of Chemistry
magnetic core (Fe3O4) was synthesized by co-precipitation of
ferric precursors followed by deposition of a silica shell on its
surface by hydrolysis of tetraethyl orthosilicate (TEOS) to form
nanocomposite Fe3O4@SiO2.33 The composite material Fe3-
O4@SiO2 was then modied with amine-based high molecular
weight molecule of (3-aminopropyl) triethoxylsilane (APTES) via
covalent bonding to form amine-functionalized Fe3O4@SiO2

(Fe3O4@SiO2–NH2).35 Fe3O4@SiO2 and Fe3O4@SiO2–NH2 were
then examined as adsorbents for adsorption of TTX analogues
in a TTX-rich extract of puffersh viscera. The effects of opera-
tional parameters such as adsorption time, pH, adsorbent
dosage, initial adsorbate concentration, and temperature on the
adsorption yield of TTX derivatives were investigated. Moreover,
the effects of solvents on TTX derivatives recovery yield from
desorption of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 bound to TTX
derivatives and regeneration of the adsorbents were also
evaluated.

2. Experimental
2.1. Chemicals and reagents

Iron(II) chloride (FeCl2$4H2O) (99%), iron(III) chloride hexahy-
drate (FeCl3$6H2O) (99%), acetic acid (99.8%), hexane (99.5%),
diethyl ether (99.5%), and ethanol (99.9%) were obtained from
Samchun Chemical Co., Ltd. (Seoul, Republic of Korea).
Ammonia solution (28%), tetraethyl orthosilicate (TEOS) (98%),
(3-aminopropyl)triethoxysilane (APTES) ($98%), and trichloro-
acetic acid (TCA) (99%) were obtained from Sigma Aldrich
(Munich, Germany).

2.2. Puffersh viscera sources and tetrodotoxin extraction

Puffersh viscera sources were obtained from shermen in the
Can Gio coast, Ho Chi Minh City, Viet Nam, in December 2021.
The puffersh viscera were preserved and transferred to the
Department of Technology of Bioactive Compounds, Institute of
Chemistry, Vietnam Academy of Science and Technology. The
viscera parts were frozen and stored below−20 °C until use. For
toxin extraction, TTX derivatives were extracted according to
modied procedures that were described by Brillantes et al.36

and Dao et al.37 Briey, puffersh viscera of 5 kg was thawed at
room temperature, followed by mechanical grinding with 6 L of
1% acetic acid (v/v). The mixture was mechanically stirred
overnight, followed by boiling under heat for 20 min for protein
precipitation. The aqueous phase was separated from the
mixture by pressing with a lter bag (with a pore size of 0.5 mm).
The resulting extract was further processed for extraction of
lipid and protein precipitation by hexane/diethyl ether (2/1, v/v)
and trichloroacetic acid (30%), respectively. The nal lipid- and
protein-eliminated extract was preserved at 2–4 °C in a refrig-
erator for further experiments.

2.3. Preparation of Fe3O4, Fe3O4@SiO2 and Fe4O4@SiO2–

NH2

For Fe3O4, 1.52 g FeCl2$4H2O and 5.4 g FeCl3$6H2O were
mechanically mixed in 200 mL deionized water at room
temperature for 5 min. Then, the mixture was heated up to 85 °
RSC Adv., 2023, 13, 18108–18121 | 18109
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C under mechanical stirring and purged with N2 for 15 min,
followed by the addition of 25 mL NH4OH and proceeding
reaction for 1 h. The brown mixture turned to a black solution
indicating Fe2+ and Fe3+ were converted to Fe3O4. The resultant
material was harvested by a magnetic device and washed with
deionized water and ethanol to neutral pH. The black precipi-
tate was dried under reduced pressure at 40 °C for 5 h to obtain
the dried sample for further experiments. For Fe3O4@SiO2, 1 g
Fe3O4 was dispersed in 160mL absolute ethanol and 40mLH2O
in an ultrasound device for 30 min. The mixture was mechan-
ically mixed at room temperature, followed by the addition of
10 mL NH4OH and stirring was maintained for 5 min. TEOS of
8 mL was dropwise added to the solution for hydrolysis and
deposition reaction of SiO2 on the surface of Fe3O4 for 12 h
under room temperature conditions. The resulting Fe3O4@SiO2

was magnetically harvested and repeatedly washed with
deionized water and ethanol to neutral pH. The wet Fe3O4@SiO2

was dried under reduced pressure at 40 °C for 5 h to obtain dry
Fe3O4@SiO2 for further experiments. For Fe3O4@SiO2–NH2

preparation, 2.5 g Fe3O4@SiO2 was suspended in 150 mL
toluene by ultrasound for 30 min, followed by dropwise addi-
tion of 10 mL APTES and the graing reaction proceeded under
a stirring rate of 150 rpm and temperature of 25 °C for 36 h. The
resulting mixture was magnetically harvested and rinsed with
ethanol ten times to completely remove unbound APTES. The
synthesized Fe3O4@SiO2–NH2 material was dried under
reduced pressure at 40 °C for 5 h to obtain the dried sample for
further experiment.
2.4. Adsorption of TTX derivatives in puffersh viscera
extract by Fe3O4@SiO2 and Fe3O4@SiO2–NH2

The adsorption of TTX from puffersh viscera extract was per-
formed by using the synthesized Fe3O4@SiO2 and Fe3O4@SiO2–

NH2 as adsorbents. Briey, 10 mL of the puffersh viscera
extract (obtained from Section 2.2) containing 1.28 mg L−1 4epi-
TTX, 2.24 mg L−1 TTX, and 0.96 mg L−1 Anh-TTX was loaded
into a 100 mL cylindrical cup at 25 °C under stirring of 150 rpm,
followed by the addition of Fe3O4@SiO2 or Fe3O4@SiO2–NH2 at
a concentration of 4 g L−1 for adsorption of TTX. Various
process parameters, including contact time, pH, dosage of
Fe3O4@SiO2 or Fe3O4@SiO2–NH2, initial concentration of TTX
derivatives, and temperature, were investigated for maximal
adsorption of TTX derivatives. The pH of the puffersh viscera
extract was adjusted from 2 to 10 with 2 M HCl or 2 M NaOH.
Nanomaterial dosages used for investigation were in the range
of 0–10 g L−1. The equilibrium conditions for the adsorption of
TTX derivatives onto Fe3O4@SiO2 or Fe3O4@SiO2–NH2 were
studied at different initial concentrations of TTX derivatives of
0.64 mg L−1 4epi-TTX, 1.12 mg L−1 TTX, and 0.48 mg L−1 Anh-
TTX; 0.96 mg L−1 4epi-TTX, 1.68 mg L−1 TTX, and 0.72 mg L−1

Anh-TTX; 1.28 mg L−1 4epi-TTX, 2.24 mg L−1 TTX, and
0.96 mg L−1 Anh-TTX; 1.92 mg L−1 4epi-TTX, 3.36 mg L−1 TTX,
and 1.44 mg L−1 Anh-TTX; and 2.81 mg L−1 4epi-TTX,
4.72 mg L−1 TTX, and 1.93 mg L−1 Anh-TTX for a contact time
of 0–50 min. The temperature effect was investigated in the
range of 25–80 °C. Samples were regularly taken at 5, 10, 15, 20,
18110 | RSC Adv., 2023, 13, 18108–18121
30, 40, and 50 min for measurement of TTX derivative
concentrations remaining in the suspension solution. Fe3-
O4@SiO2 or Fe3O4@SiO2–NH2 absorbed with TTX derivatives
were designated as Fe3O4@SiO2-TTX and Fe3O4@SiO2–NH2-
TTX, respectively. These materials were recovered from the
experimental solution by an external electromagnet.

For desorption of TTX derivatives from Fe3O4@SiO2-TTX and
Fe3O4@SiO2–NH2-TTX, 50 mL of each solvent including 1%
acetic acid/water (AA, 1% (v/v)), 1% acetic acid/methanol (AA/
MeOH (1%, v/v)), 1% acetic acid/ethanol (AA/EtOH (1%, v/v))
or 1% acetic acid/acetonitrile (AA/ACN (1%, v/v)) was mixed
with Fe3O4@SiO2-TTX or Fe3O4@SiO2–NH2-TTX at a tempera-
ture of 50 °C and stirring rate of 150 rpm for 30 min to desorb
TTX derivatives from the materials. TTX derivatives in the
suspension solvent were analyzed for determination of TTX
derivative recovery. The regenerated Fe3O4@SiO2 and Fe3O4@-
SiO2–NH2 were repeatedly used for several adsorption and
desorption cycles.

2.5. Determination of TTX derivative adsorption
performance of Fe3O4@SiO2 and Fe3O4@SiO2–NH2

The TTX derivative adsorption capacity (q), TTX derivative
adsorption yield (E), and TTX derivative adsorption rate (R) of
Fe3O4@SiO2 and Fe3O4@SiO2–NH2 were calculated according to
the following equations:

q ¼ ðC0 � CtÞV
m

(1)

E ¼ ðC0 � CtÞ
C0

� 100 (2)

R ¼ ðC0 � CtÞ
t

(3)

where q is TTX derivative adsorption capacity (mg g−1), E is TTX
derivative adsorption yield (%), R is TTX derivative adsorption
rate (mg L−1 min−1), C0 is the initial concentration of TTX
derivatives in puffersh viscera extract (mg L−1), Ct is the
concentration of TTX derivatives in puffersh viscera extract
measured at time slot t (mg L−1), V is the volume of solution (L),
and m is the mass of adsorbent material (g).

2.6. Analysis

To determine TTX derivatives in puffersh viscera extract, the
extract obtained from Section 2.2 was priorly treated using an
ENVI-carb SPE cartridge 250 mg (Sigma Aldrich Japan, Tokyo,
Japan), diluted by four-fold diluted acetonitrile.37 TTX derivatives
were quantied by using a protocol and hydrophilic interaction
liquid chromatography-mass spectrometer (HILIC/MS-MS)
coupled with Shimadzu system triple-quadrupole mass spec-
trometer (LCMS-8040; Shimadzu Corporation, Kyoto, Japan) that
were described by Dao et al.38 The HILIC separation was per-
formed using a Waters Xbrige (HILIC) Amide column (4.6 mm
I.D × 150 mm, 3.5 mm) at 60 °C with 5 ml sample volume
injected. Mobile phases were water/formic acid/ammonium
hydroxide (500 : 0.075 : 0.3 v/v/v) (A); acetonitrile/water/formic
acid (700 : 300 : 0.1 v/v/v) (B) with a ow rate of 0.6 mL min−1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The chromatographic conditions consisted of initial condi-
tions 100% B, held for 20 min, followed by a linear gradient 50 :
50 A and B within 15 min, held for 9.90 min. Ion source
parameters of MS spectrometer were as follows: Entrance
Potential (EP): 10 V; Curtain gas (CUR): 30 psi; Ion Spray Voltage
(IS): 4500 V; source desolvation temperature (TEM): 250 °C;
source ion block temperature: 400 °C; desolvation gas ow:
1000 L h−1, Nebulizer gas ow: 2 L min−1; collision gas ow
rate: 0.15 mL min−1. Multiple reaction monitoring (MRM) was
performed in positive electrospray ionization (ESI+). A
minimum of two transitions were used for each STX analogue.
For each target ion, MRM ion channels were selected for specic
product ions generated from the selected precursor ion.36 To
conrm TTX derivatives in the extract of puffersh viscera, MS/
MS spectra were obtained at −25 eV of collision energy withm/z
320.1 > 302.1 for TTX and 4epi-TTX, m/z 302.0 > 284.1 for Anh-
TTX in the 1st transition; and −40 eV with m/z 320.1 > 162.1 for
TTX and 4epi-TTX, m/z 302.0 > 162.0 for Anh-TTX in the 2nd
transition. TTX derivative contents were calculated from HILIC-
MS/MS data using standard curves and expressed in mg L−1.39

Validation of the accuracy of the HILIC-MS/MS methodology for
quantication of TTX derivatives in puffersh viscera extract
was described in detail in the electronic ESI (ESI†).

Morphological characteristics of Fe3O4, Fe3O4@SiO2,
Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX
were analyzed by scanning electron microscopy (FE-SEM S-4800,
Hitachi, Tokyo, Japan). The composition and distribution of
surface elements of the nanomaterial samples were measured by
energy-dispersive X-ray spectroscopy (EDS, 7593-H, HORIBA, UK)
coupled to SEM. Crystal structures of Fe3O4, Fe3O4@SiO2, Fe3-
O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX
were analyzed by X-ray diffraction (XRD, D8- Advance, Bruker,
Germany) at theta from 10 to 80°. Thermal properties of Fe3O4,
Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@-
SiO2–NH2-TTX were assayed by thermo gravimetric analysis
(TGA, Labsys TGA1600, SETARAM, France) from room tempera-
ture to 900 °C at a heating rate of 10 °Cmin−1 under nitrogen gas
ow condition. Functional groups on Fe3O4, Fe3O4@SiO2, Fe3-
O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX
were characterized with an FT-IR analysis (Spectrum Two FT-IR
Spectrometer, PerkinElmer, UK) for the scan range of 4000–
400 cm−1 at a resolution of 4 cm−1.
2.7. Statistical analysis

Experiments were conducted in triplicate, and data were reported
as mean ± standard deviation (SD). Statistical analysis was done
using one-way ANOVA followed by post hoc Tukey's test (Graph
pad V7) and a p-value of <0.05 was declared as signicant. The
statistical analysis was conducted using the soware package
MiniTab18 (Minitab Pty Ltd., Sydney, Australia).
3 Results and discussions
3.1. Characterization of materials

3.1.1 Crystal structure of materials. X-ray diffraction anal-
ysis results of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX samples are pre-
sented in Fig. 1A. The results show that diffraction peaks appear
at the 2theta angles of 30.09°, 35.42°, 43.05°, 53.39°, 56.94°, and
62.51°, corresponding to the planes (200), (311), (400), (422),
(511), and (440), respectively, which are characteristic of the
center-cubic phase of Fe3O4 found in magnetic nanomaterials
(JCPDS card, le no. 19-0629). This result is also consistent with
data reported by Kumar et al.40 and Cheng et al.41 Because the
experiments were performed in an inert gas environment, the
formation of Fe2O3 was not observed in the XRD spectrum. This
is an outstanding advantage of the co-precipitation method,
which aims to obtain a single-phase Fe3O4 material. The X-ray
diffraction spectra shown in Fig. 1A also reveal that Fe3O4@-
SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@SiO2–

NH2-TTX materials still retain the same crystal structure as the
Fe3O4 material. It is noteworthy that Fe3O4@SiO2, Fe3O4@SiO2–

NH2, Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX materials
did not display the appearance of SiO2 crystals in the XRD
pattern. However, the chemical composition data of these
materials measured by EDS detected Si with a mass content of
15.69–25.79% (Table 1 and Fig. 2B–E). This is logical because
XRD only detects crystals of materials, whereas the SiO2 layer
coated over the Fe3O4 surface is an amorphous non-crystalline
form. The materials Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and
Fe3O4@SiO2–NH2-TTX were surface modied and/or adsorbed
with TTX derivatives, so organic elements, including N and C,
are presented in their chemical compositions. Therefore, the
EDS pattern of Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3-
O4@SiO2–NH2-TTXmeasured both organic elements of C and N
with mass proportions of 4.13–4.66 and 6.77–6.91%, respec-
tively (Table 1 and Fig. 2C–E).

3.1.2 Morphology of materials. Fig. 2F–J shows the repre-
sentative SEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2,
Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX. It is observed
that Fe3O4 particles are agglomerated and made ball-shaped
particles and are relatively uniform (Fig. 2F).42 The Fe3O4@-
SiO2 particles contrast darkly due to the crystal eld nature of
Fe3O4 cores, which are distributed in SiO2 with light contrast.
The morphology of Fe3O4@SiO2 is spherical shape and
uniform.

The silica layer not only helps the magnetic core to be stable,
avoiding corrosion, but also keeps the core Fe3O4 from leaching
during the entire course of the reaction. Surface modication of
–NH2 functional groups and/or adsorption of TTX derivatives
onto the surface of nanomaterials did not alter the shape and
structure of the nanoparticles, as shown in Fig. 2H–J.

3.1.3 Magnetic characteristics of the materials. The curves
of magnetization versus magnetic eld (M-H loop) of Fe3O4,
Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3-
O4@SiO2–NH2-TTX are displayed in Fig. 1B. The data shows that
the Fe3O4 material owns a magnetization of up to 54 emu g−1

saturated in the external magnetic eld region of −15000–15
000 Oe. This value is lower than the magnetization of bare
Fe3O4 (68.78 emu g−1) synthesized by Kumar et al. (2022)40 and
super-paramagnetic cubic Fe3O4 materials (92 emu g−1) re-
ported by Liu et al. (2019).43 Aer coating of SiO2 layer,
Fe3O4@SiO2 material achieved a reduced magnetization of 22
RSC Adv., 2023, 13, 18108–18121 | 18111
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Fig. 1 Characteristics of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, Fe3O4@SiO2–NH2-TTX. XRD (A), VSM (B), TGA (C), and FT-IR
(D).

Table 1 Chemical composition analysis of materials by SEM-EDSa

Element (%) Fe3O4 Fe3O4@SiO2 Fe3O4@SiO2–NH2 Fe3O4@SiO2-TTX Fe3O4@SiO2–NH2-TTX

C ND ND 4.13 � 0.38 4.66 � 0.71 4.22 � 0.64
N ND ND 6.77 � 0.54 6.88 � 1.03 6.91 � 1.07
O 39.46 � 2.45 46.52 � 5.83 43.26 � 1.01 43.88 � 10.58 44.00 � 5.49
Si ND 25.69 � 1.75 16.92 � 0.33 15.66 � 0.33 15.81 � 0.63
Fe 60.54 � 2.45 27.79 � 4.72 28.93 � 1.41 28.91 � 10.43 29.05 � 6.62

a ND: not detected. TTX: tetrodotoxin.
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emu g−1. Moreover, graing of –NH2 groups and adsorption of
TTX derivatives on Fe3O4@SiO2 forming Fe3O4@SiO2–NH2,
Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX materials with
magnetization strength further decreased to 19–20 emu g−1

(Fig. 1B). Despite the reduction of magnetization, the
Fe3O4@SiO2-TTX and Fe3O4@SiO2–NH2-TTX materials still own
a highmagnetic strength that is fairly sufficient for recovery and
separation by favorable electromagnets for regeneration.

3.1.4 Thermal properties of materials. The thermal
decomposition process of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2,
Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX recorded from
room temperature to 900 °C is shown in Fig. 1C. The results show
18112 | RSC Adv., 2023, 13, 18108–18121
that the Fe3O4 material lost 6% of its mass aer increasing the
heat to 400 °C and maintained a constant mass of 96% of its
initial mass until 900 °C. The Fe3O4@SiO2 was degraded up to
10% when the temperature increased to 150 °C and remained at
about 90% initial mass until 900 °C. The proportion of decom-
posed matter of Fe3O4@SiO2–NH2 increased to more than 12%
when the heat level increased to 200 °C and only maintained the
mass below 89%when the temperature further increased to 900 °
C. The Fe3O4@SiO2-TTX and Fe3O4@SiO2–NH2-TTX materials
resulted from the adsorption processes of Fe3O4@SiO2 and Fe3-
O4@SiO2–NH2 and TTX derivatives, which are well-known as
heat-stable compounds.44 Thus, a strong decomposition of these
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDS spectra of Fe3O4 (A), Fe3O4@SiO2 (B), Fe3O4@SiO2–NH2

(C), Fe3O4@SiO2-TTX (D), Fe3O4@SiO2–NH2-TTX (E) and SEM image of
Fe3O4 (F), Fe3O4@SiO2 (G), Fe3O4@SiO2–NH2 (H), Fe3O4@SiO2-TTX (I),
Fe3O4@SiO2–NH2-TTX (J).
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materials was recorded from temperatures of up to 700 °C
(Fig. 1C).

3.1.5 Fourier transform infrared spectroscopy (FI-IR).
Fig. 1D shows the Fourier transform infrared spectra of samples
Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and
Fe3O4@SiO2–NH2-TTX. Bare Fe3O4 nanoparticles show a strong
peak at 582 cm−1, belonging to the stretching vibration of the
Fe–O bond, which is characteristic of Fe3O4 nanomaterials.40 In
addition, there are apparent weak peaks at 634 cm−1 for Fe3-
O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and Fe3O4@-
SiO2–NH2-TTX, demonstrating that formation of a small
amount of maghemite Fe2O3 (g-Fe2O3) during SiO2 deposition,
NH2 graing, and TTX derivative adsorption processes,
respectively.42 The absorption bands at 3410 cm−1 are associ-
ated with O–H stretching vibrations. Peaks appearing at
1621 cm−1 are related to the deformed vibration of O–H.35,45

These bands indicate the existence of hydroxyl groups con-
nected to the surfaces of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fe3O4@SiO2-TTX, and Fe3O4@SiO2–NH2-TTX nanoparticles.
The adsorption peaks appearing at 956 and 466 cm−1 are
assigned for the bending vibrations of Si–OH and Si–O–Si
bonds, respectively.40 The appearance of strong peaks at
a wavelength of 1093 cm−1 is characteristic of asymmetric and
symmetric linear stretching vibrations of Si–O–Si bonds
on Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX, and
Fe3O4@SiO2–NH2-TTX.40 The presence of Si–O–Si and Si–OH
bonds is proof that SiO2 is successfully coated onto Fe3O4

nanoparticles by chemical bonds. In addition, the adsorption
band centered at 800 cm−1 is the vibration of the C–C bond that
is generated from organic compounds such as APTES graed
onto Fe3O4@SiO2 (Fe3O4@SiO2–NH2) and TTX adsorbed onto
Fe3O4@SiO2 (Fe3O4@SiO2-TTX) and Fe3O4@SiO2–NH2 nano-
particles (Fe3O4@SiO2–NH2-TTX). Apparently, the FT-IR anal-
ysis of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–NH2, Fe3O4@SiO2-TTX,
and Fe3O4@SiO2–NH2-TTX samples further conrmed that
Fe3O4 synthesis, SiO2 coating on Fe3O4, NH2 graing on
Fe3O4@SiO2, and TTX derivative adsorption on Fe3O4@SiO2

and Fe3O4@SiO2–NH2 were successful.

3.2. TTX derivative contents in puffersh viscera extract

Based on HPLC chromatograms of TTX standards (Fig. 3A) and
TTX-rich puffersh viscera extract (Fig. 3B), it is determined
that the puffersh viscera extract contains three basic deriva-
tives of the TTX group, which are 4epi-TTX, TTX, and Anh-TTX.
The content of 4epi-TTX, TTX, and Anh-TTX were determined as
2.81 ± 0.07, 4.72 ± 0.05, and 1.93 ± 0.03 mg L−1 (Table 2),
respectively. A high concentration of TTX derivatives indicates
that puffersh viscera extract is a promising source for TTX
derivative purication using functional nanomaterials via
adsorption–desorption protocol.

3.3. Adsorption characteristics of TTX derivatives on
Fe3O4@SiO2 and Fe3O4@SiO2–NH2

3.3.1 Inuence of contact time. The adsorption of TTX
derivatives by Fe3O4@SiO2 and Fe3O4@SiO2–NH2 was investi-
gated at different time intervals, and the results are presented in
Fig. 4. It is shown that the concentrations of 4epi-TTX, TTX, and
Anh-TTX decreased rapidly aer exposure to Fe3O4@SiO2 nano-
particles for the rst 5–10 min. Thereaer, the concentrations of
4epi-TTX, TTX, and Anh-TTX decreased slowly to 0.60, 1.13, and
0.46 mg L−1 for the prolonged time of 10–30 min, respectively.
From 30 min onward, the concentrations of 4epi-TTX, TTX, and
Anh-TTX tended to reach equilibrium levels of 0.58, 1.03, and
0.45 mg L−1, respectively (Fig. 4A). Fe3O4@SiO2–NH2 nano-
particles demonstrated a greater affinity than Fe3O4@SiO2

particles in adsorption of TTX compounds. The concentrations of
4epi-TTX, TTX, and Anh-TTX decreased from 1.28, 2.24, and
0.96 mg L−1 to 0.47, 0.81, and 0.40 mg L−1 for the rst 20 min of
reaction, followed by a gradual decrease to equilibrium levels of
0.42, 0.67, and 0.35 mg L−1, respectively, when the reaction time
reached 50 min (Fig. 4B). This data agrees well with adsorption
trend of prodigiosin on amine-functionalized iron oxides, which
also displayed reaching equilibrium at 50 min reaction using
initial prodigiosin concentration of 1–10 g L−1 at iron oxides
RSC Adv., 2023, 13, 18108–18121 | 18113
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Fig. 3 HPLC spectra of TTXs standards (A) and pufferfish viscera extract (B).

Table 2 Content of TTX derivatives in the pufferfish viscera extracta

Derivative 4epi-TTX TTX Anh-TTX
Content (mg L−1) 2.81 � 0.07 4.72 � 0.05 1.93 � 0.03

a Puffersh viscera was collected from shermen in the Can Gio coast,
Ho Chi Minh City, Vietnam.
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dosage of 20 g L−1.46 The adsorption yields of 4epi-TTX, TTX and
Anh-TTX by Fe3O4@SiO2 were determined as 53.3–54.9%, which
were signicantly lower than 63.3–70% measured for Fe3O4@-
SiO2–NH2 (p < 0.05, Fig. 4C). The 4epi-TTX adsorption capacity of
Fe3O4@SiO2 and Fe3O4@SiO2–NH2 materials reached 0.18 and
0.22 mg g−1, of which the maximum value of 0.22 mg g−1

was determined for Fe3O4@SiO2–NH2 particles (Fig. 4D).
Similarly, the TTX adsorption capacity of Fe3O4@SiO2 and
Fe3O4@SiO2–NH2 materials were 0.30 and 0.39 mg g−1, respec-
tively. Moreover, the Anh-TTX adsorption capacity of Fe3O4@SiO2

and Fe3O4@SiO2–NH2 materials were 0.13 and 0.15 mg g−1,
respectively (Fig. 4D). The adsorption rate of TTX derivatives of
Fe3O4@SiO2–NH2 reached 12.2–31.4 mg L−1 min−1, notably
higher than 10.22–24.30 mg L−1 min−1 measured for Fe3O4@SiO2

nanoparticles (Fig. 4E). Thus, it can be seen that Fe3O4@SiO2

nanoparticles modied with amine (–NH2) functional groups
obviously shows higher affinity than Fe3O4@SiO2 particles having
only hydroxyl groups (–OH) on the surface. The achieved results
are consistent with enhancement of adsorption efficiency and
adsorption capacity of amine-graed Fe3O4 for prodigiosin,46

amino-terminated supramolecular cucurbit [6] uril pseudor-
otaxane complexes immobilized on magnetite@silica nano-
particles for salvianolic acids,31 and amine-graed Fe3O4@SiO2

and amine-alginate-graed Fe3O4@SiO2 for alkaloids in
comparison with ungraed materials.33 This is attributed to
a principle that graing more functional groups (e.g., amine,
18114 | RSC Adv., 2023, 13, 18108–18121
carboxylic, etc.) on surfaces of the adsorbents creates intensively
attractive forces from electrostatic interaction, van der Waals
interaction, hydrophilic interaction, and hydrogen bonding
between these groups and functional groups of targeted
compounds.32,47 Thus surface-modied nanomaterials usually
display higher tendencies in the attachment of the targeted
compounds when compared to that of unmodied counter-
parts.48,49 It was noted that the equilibrium state of the adsorption
of TTX derivatives by Fe3O4@SiO2 and Fe3O4@SiO2–NH2 was
about 50 min contacting time. Therefore, a reaction time of
50 min was chosen for further experiments.

3.3.2 Inuence of pH. The pH value is an important factor
that changes the surface charge of the absorbent materials in the
solution, resulting in the adsorbents having different affinities
for adsorbates under different pH conditions. The data shown in
Fig. 5 illustrates that Fe3O4@SiO2 and Fe3O4@SiO2–NH2 achieve
maximum adsorption yield of TTX derivatives in acidic media
with a pH level of 2. Increasing the pH value from 2 to 10 reduced
the adsorption yield of TTX compounds.

Specically, the adsorption yield of TTX compounds on
Fe3O4@SiO2 and Fe3O4@SiO2–NH2 at pH 2–3 reached 79–84
(Fig. 5A) and 89–99% (Fig. 5B), respectively. When solution pH
increased to levels of 4–10, the adsorption yields of Fe3O4@SiO2

and Fe3O4@SiO2–NH2 for TTX derivatives were signicantly
decreased to 34–71% (p < 0.05, Fig. 5A) and 45–85% (p < 0.05,
Fig. 5B), respectively. This data is reasonable because TTX
derivatives were successfully puried by most column chro-
matography packed with cation resins such as Bio-Rex 70 (H+

form), Bio-Gel P217, and carboxylic acid form of HEMA.50 This
demonstrates that TTX derivatives exhibit a high affinity to
cationic surface materials. From the data obtained, pH 2.0 was
chosen for further experiments.

3.3.3 Inuence of adsorbent dosage. When the dosage of
adsorbent material increases, the adsorption yield increases
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Variation of 4epi-TTX, TTX, and Anh-TTX concentrations over adsorption time by Fe3O4@SiO2 (A) and Fe3O4@SiO2–NH2 (B), adsorption
yield (C), adsorption capacity (D) and adsorption rate of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 (E). Adsorption conditions: temperature, 25 °C; pH,
7.0; stirring rate, 150 rpm; adsorbent dosage, 4 g L−1; initial adsorbate concentrations, 1.28 mg L−1 4epi-TTX, 2.24 mg L−1 TTX, and 0.96 mg L−1

Anh-TTX.
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due to an increase in the active surface area of the adsorbents in
aqueous solution. However, for a dened concentration of
adsorbate, the adsorption yield tends to reach a saturated level
even if the adsorbent dosage increases further. On the other
hand, the adsorption yield also depends on the natural char-
acteristics of the adsorbent.

The data shown in Fig. 6 reveals that the adsorption yield for
4epi-TTX, TTX and Anh-TTX increases sharply from 0 to 80–83%
as the dosage of Fe3O4@SiO2 increases from 0 to 4 g L−1
© 2023 The Author(s). Published by the Royal Society of Chemistry
(p < 0.05, Fig. 6A). Further increase in Fe3O4@SiO2 dosage to
higher than 4 g L−1 resulted in a gradual enhancement of
adsorption yield, which reached saturated levels of 90, 91, and
92% for 4epi-TTX, TTX, and Anh-TTX at the adsorbent dosage
used, 10 g L−1, respectively (p > 0.05, Fig. 6A). Similarly, a strong
upward trend in adsorption yield was observed when Fe3O4@-
SiO2–NH2 dosage increased from 0 to 4 g L−1 of, achieving 97,
97, and 98% for 4epi-TTX, TTX and Anh-TTX, respectively
(p < 0.05, Fig. 6B). When Fe3O4@SiO2–NH2 dosage increased to
RSC Adv., 2023, 13, 18108–18121 | 18115
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Fig. 5 Adsorption yield of Fe3O4@SiO2 (A) and Fe3O4@SiO2–NH2 (B) for 4epi-TTX, TTX, and Anh-TTX under different pH. Adsorption conditions:
temperature, 25 °C; stirring rate, 150 rpm; adsorbent dosage, 4 g L−1; initial adsorbate concentrations, 1.28mg L−1 4epi-TTX, 2.24mg L−1 TTX and
0.96 mg L−1 Anh-TTX; contact time, 50 min.

Fig. 6 Adsorption yield of Fe3O4@SiO2 (A) and Fe3O4@SiO2–NH2 (B) for 4epi-TTX, TTX and Anh-TTX under different Fe3O4@SiO2 and Fe3-
O4@SiO2–NH2 dosages. Adsorption conditions: temperature, 25 °C; pH, 2.0; stirring rate, 150 rpm; initial adsorbate concentrations, 1.28 mg L−1

4epi-TTX, 2.24 mg L−1 TTX and 0.96 mg L−1 Anh-TTX; contact time, 50 min.
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10 g L−1, the adsorption yield for 4epi-TTX, TTX and Anh-TTX
reached saturation levels of 97.4, 98, and 98.5%, respectively
(p > 0.05, Fig. 6B). The adsorption data measured for
Fe3O4@SiO2–NH2 demonstrated that graing the –NH2 func-
tional group on Fe3O4@SiO2 surface signicantly improved the
adsorption yield for TTX derivatives by 7% compared to that
of Fe3O4@SiO2 at the same adsorbent dosage used, which is
4 g L−1 (Fig. 6B). The achieved results recommended the
adsorbent dosage of 4 g L−1 for further experiments.

3.3.4 Effect of initial TTX derivatives concentration. The
increase in the concentration of adsorbates enhances the
interaction possibility of adsorbates with active surfaces of
adsorbent materials as the improvement of driving force for
adsorbates to overcome the resistance of the mass transfer
between the aqueous solution and the solid phase. At low
concentrations, adsorption sites on adsorbents take up the
available adsorbates quickly. Nevertheless, the adsorption
capacity of adsorbent materials tends to reach a saturation limit
18116 | RSC Adv., 2023, 13, 18108–18121
at high concentrations of adsorbates due to the increase of the
resistance in aqueous solution and the reduction of available
active sites on the surface of adsorbents.

Data shown in Fig. 7 reveals that when the concentration of
4epi-TTX increases from 0 to 1.28 mg L−1, the adsorption
capacity of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 increases line-
arly from 0 to levels of 0.296 and 0.312 mg g−1, respectively.
Increasing 4epi-TTX concentration to 1.92 mg L−1 enhanced the
4epi-TTX adsorption capacity of Fe3O4@SiO2 and Fe3O4@SiO2–

NH2 by 0.374 and 0.451 mg g−1, which gradually increased to
0.388 and 0.470 mg g−1, respectively, as 4epi-TTX further
increased to 2.81 mg L−1 (Fig. 7A). For TTX and Anh-TTX, the
studied concentrations were 0–4.72 and 0–1.93 mg L−1,
respectively. However, the linear trend of adsorption capacity of
Fe3O4@SiO2 and Fe3O4@SiO2–NH2 for TTX was observed at TTX
concentration of 0–2.24 mg L−1, followed by the second-order
polynomial trend when initial TTX concentration further
increased from 2.24 to 4.72 mg L−1. The adsorption capacities
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption capacity of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 for
4epi-TTX (A), TTX (B) and Anh-TTX (C) under different initial concen-
trations of 4epi-TTX, TTX, and Anh-TTX. Adsorption conditions:
temperature, 25 °C; pH, 2.0; stirring rate, 150 rpm; adsorbent dosage,
4 g L−1; contact time, 50 min.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:0

1:
27

 A
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
of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 for TTX derivatives were
measured as 0–0.670 and 0–0.751 mg g−1 (Fig. 7B), respectively.
The linear trend of adsorption capacity of Fe3O4@SiO2 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fe3O4@SiO2–NH2 for Anh-TTX was observed at Anh-TTX
concentration of 0–0.96 mg L−1, followed by the second-order
polynomial trend when initial Anh-TTX concentration further
increased from 0.96 to 1.93 mg L−1. The adsorption capacities
of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 for Anh-TTX were 0–0.298
and 0–0.331 mg g−1 (Fig. 7C), respectively. The obtained data
recommend the initial adsorbate concentrations of 1.92 mg L−1

4epi-TTX, 3.36 mg L−1 TTX, and 1.44 mg L−1 Anh-TTX for
further experiments.

3.3.5 Inuence of temperature. Temperature is a critical
factor affecting the adsorption capacity of adsorbents for mole-
cules from aqueous solutions. Theoretically, adsorption
decreases with an increase in temperature and molecules
adsorbed earlier on a surface tend to desorb from the surface
when temperature rises to elevated levels. However, the data
shown in Fig. 8A shows that the adsorption yield of 4epi-TTX,
TTX, and Anh-TTX on the Fe3O4@SiO2 material increased from
87.9 to 93.6% when the temperature increased from 25 to 40 °C,
then signicantly decreased to 52.6–62.9% when the tempera-
ture further increased to 80 °C. This data demonstrated that
a temperature of 40 °C was the best thermal condition to achieve
a high adsorption yield of TTX derivatives on Fe3O4@SiO2. This
trend was also observed for Fe3O4@SiO2–NH2. In particular, the
optimal adsorption temperature of Fe3O4@SiO2–NH2 for 4epi-
TTX, TTX, and Anh-TTX was 40 °C, at which the TTX deriva-
tives adsorption yields reached 93.8–99.6% (Fig. 8B). This data is
in agreement with results reported for activated carbon, which
exhibitedmaximal adsorption capacity of 52.63 and 59.02mg g−1

for Pb2+ and Cd2+, respectively, at a temperature of 40 °C.
Temperatures lower or higher than 40 °C resulted in a decrease
in adsorption capacity.51 Similarity, activated carbon also
exhibited an enhancement of adsorption for reactive dyes (e.g.,
C.I. Reactive Blue 2, C.I. Reactive Red 4, and C.I. Reactive Yellow
2) when temperature increased from 25 to 50 °C.52 This is
attributed to the principle that the increasing temperature
simultaneously decreases the viscosity of the aqueous solution
and increases molecular motion, allowing the uptake of mole-
cules into the porous surface more easily, leading to increased
adsorption as temperature increases. Nevertheless, further
increase in temperature to over the optimal level causes
desorption of molecules from the surface of materials. Hence, it
was pointed out that the temperature of 40 °C was preferable for
further adsorption experiments.
3.4. Regeneration of Fe3O4@SiO2 and Fe3O4@SiO2–NH2 and
recovery of TTX derivatives

Desorption of 4epi-TTX, TTX, and Anh-TTX from Fe3O4@SiO2-TTX
and Fe3O4@SiO2–NH2-TTX materials is necessary to recover TTX
derivatives being utilized for various purposes as well as to
regenerate Fe3O4@SiO2 and Fe3O4@SiO2–NH2 for recycling. The
desorption performance of 4epi-TTX, TTX, and Anh-TTX depends
on the extraction solvents. As TTX derivatives are polar molecules,
weakly polar desorption solvents, including acetonitrile (ACN),
ethanol (EtOH), methanol (MeOH), and acetic acid (AA) were
evaluated. The data shown in Fig. 9A illustrates that 1% AA/ACN
solvent gives TTX derivative recovery yield of 91.7–93.6%,
RSC Adv., 2023, 13, 18108–18121 | 18117
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Fig. 8 Adsorption yield of Fe3O4@SiO2 (A) and Fe3O4@SiO2–NH2 (B) for 4epi-TTX, TTX, and Anh-TTX at different temperatures. Adsorption
conditions: pH, 2.0; stirring rate, 150 rpm; adsorbent dosage, 4 g L−1; initial adsorbate concentrations, 1.92 mg L−1 4epi-TTX, 3.36 mg L−1 TTX,
and 1.44 mg L−1 Anh-TTX; contact time, 50 min.

Fig. 9 Recovery yield of 4epi-TTX, TTX, and Anh-TTX from Fe3O4@SiO2-TTX (A) and Fe3O4@SiO2–NH2-TTX (B) using different solvents.
Adsorption conditions: temperature, 40 °C; pH, 2.0; stirring rate, 150 rpm; adsorbent dosage, 4 g L−1; initial adsorbate concentrations,
1.92 mg L−1 4epi-TTX, 3.36 mg L−1 TTX, and 1.44 mg L−1 Anh-TTX; contact time, 50 min. Desorption conditions: temperature: 50 °C, extraction
time 30 min.
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whereas 1% AA/MeOH, 1% AA/EtOH, and 1% AA only achieve 80–
81.6, 65–66.6, and 52–53.6% from Fe3O4@SiO2-TTX, respectively.
The recovery yields of 4epi-TTX, TTX, and Anh-TTX from Fe3-
O4@SiO2–NH2-TTX by 1% AA/ACN, 1% AA/MeOH, 1% AA/EtOH,
and 1% AA were determined as 92.7–98.2%, 88.8–94.6, 84.8–
88.9, and 77.8–81.9%, respectively (Fig. 9B). Remarkably, TTX
derivatives recovered from Fe3O4@SiO2-TTX and Fe3O4@SiO2–

NH2-TTX using 1% AA/ACN solvent displayed high purity (Fig. 10A
and B) when compared to that of the original crude extract
(Fig. 3B), demonstrating that the synthesized nanocomposites,
particularly Fe3O4@SiO2–NH2, were highly efficient adsorbents for
recovery of TTX derivatives from puffersh viscera extract without
further chromatography-based purication.

The reuse of adsorbents is extremely important for economic
optimization. The process of using adsorbent materials to
isolate active ingredients many times causes deactivation of the
supercial activity of thematerials and leads to a decrease in the
adsorption yield. The data presented in Fig. 11A shows that the
18118 | RSC Adv., 2023, 13, 18108–18121
adsorption yields of Fe3O4@SiO2 for 4epi-TTX, TTX, and Anh-
TTX decrease sharply with the number of cycles, reducing
from 80 to 10% when repeated cycles increase from 2nd to 7th,
respectively. Notably, the Fe3O4@SiO2–NH2 material exhibited
a dominant strength as it achieved an adsorption yield of nearly
90% aer three cycles and considerably decreased to about 45%
aer 7 cycles (Fig. 11B).

Overall, optimal conditions for adsorption of TTX derivatives
by Fe3O4@SiO2 and Fe3O4@SiO2–NH2 from the puffersh
viscera extract were contact time of 50 min, pH 2, adsorbent
dosage of 4 g L−1, initial adsorbate concentration of 1.92 mg L−1

4epi-TTX, 3.36 mg L−1 TTX and 1.44 mg L−1 Anh-TTX, and
temperature of 40 °C. For desorption of 4epi-TTX, TTX and
Anh-TTX, the best solvent was 1% AA/ACN with the maximal
recovery yield obtained under 50 °C for a 30 min reaction. The
material Fe3O4@SiO2–NH2 was demonstrated to be a better
adsorbent in the recovery of TTX derivatives from the crude
puffersh viscera extract when compared to Fe3O4@SiO2.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 HPLC spectra of 4epi-TTX, TTX, and Anh-TTX recovered from Fe3O4@SiO2-TTX (A) and Fe3O4@SiO2–NH2-TTX (B) using 1% AA/ACN
solvent.

Fig. 11 Adsorptive performance of Fe3O4@SiO2 (A) and Fe3O4@SiO2–NH2 (B) for sequential adsorption and desorption of 4epi-TTX, TTX, and
Anh-TTX. Adsorption conditions: temperature, 40 °C; pH, 2.0; stirring rate, 150 rpm; adsorbent dosage, 4 g L−1; initial adsorbate concentrations,
1.92 mg L−1 4epi-TTX, 3.36 mg L−1 TTX, and 1.44 mg L−1 Anh-TTX; contact time, 50 min. Desorption conditions: solvent, 1% AA/CAN;
temperature, 50 °C; extraction time 30 min.
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4 Conclusions

We have successfully synthesized Fe3O4@SiO2 and Fe3O4@-
SiO2–NH2 and utilized them as adsorbents for the adsorption of
TTX derivatives from crude puffersh viscera extract. Among
the materials, Fe3O4@SiO2–NH2 exhibited a higher affinity
toward TTX derivatives during adsorption. The optimal condi-
tions for adsorption of TTX derivatives onto Fe3O4@SiO2–NH2

were contact time of 50 min, pH 2, adsorbent dosage of 4 g L−1,
initial adsorbate concentrations of 1.92 mg L−1 4epi-TTX,
3.36 mg L−1 TTX, and 1.44 mg L−1 Anh-TTX, and temperature
of 40 °C. Under the optimal conditions, Fe3O4@SiO2–NH2

achieved adsorption yields for 4epi-TTX, TTX, and Anh-TTX
© 2023 The Author(s). Published by the Royal Society of Chemistry
were 93.8–99.6%. The highest recovery of 92.7–98.2% of 4epi-
TTX, TTX, and Anh-TTX from Fe3O4@SiO2–NH2-TTX was
recorded with 1% AA/ACN as the extracting solvent under 50 °C
for a 30 min reaction. Remarkably, Fe3O4@SiO2–NH2 can be
regenerated and reused to up to three cycles without signicant
loss of its original activity. The synthesized Fe3O4@SiO2–NH2

was demonstrated as a promising adsorbent for the isolation
and purication of TTX derivatives from the puffersh viscera
extract without the use of column chromatography. Our future
works are aimed at the synthesis of large amounts of
Fe3O4@SiO2–NH2 for up-scale purication of TTX derivatives
from the puffersh viscera extract.
RSC Adv., 2023, 13, 18108–18121 | 18119
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