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Abstract: Flexible shape-memory polymers were synthesized by Pickering high internal phase emulsion (HIPE) polymerization
and used to adsorb and separate tetrodotoxin (TTX) from an aqueous solution. SiO2 nanoparticles were used to stabilize the
Pickering oil-in-water (O/W) HIPEs. We introduced imidazolium-modified bromobutyl rubber (IBR) with excellent mechanical
properties and high viscosity into the emulsion system as the shape-memory monomer. The properties, such as shape memory and
morphology, were characterized by various methods, and batches of static adsorption experiments were conducted to analyze the
adsorption performance of SiO2@IBR on TTX. The characterization revealed that the SiO2@IBR had a porous structure and good
shape memory. Thus, the combination of SiO2 particles and IBR prevented shedding of SiO2 and enhanced the mechanical and
adsorption properties of SiO2@IBR. The results of the adsorption experiments indicated that the SiO2@IBR had good adsorption
of TTX. Both the Langmuir and Freundlich models fitted the isothermal adsorption experiment process. The TTX adsorption
capacity of SiO2@IBR was about 290.44 mg/g at 308 K. The fitting results of the pseudo-first-order and pseudosecond-order kinetic models showed that the adsorption process involved both chemical bonding and physical adsorption. After 10
adsorption and desorption experiments, the adsorption capacity of SiO2@IBR decreased less than 0.03%, indicating that it had
good adsorption and regeneration performance.
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1 Introduction
Tetrodotoxin (TTX) is an alkaloid existing in
puffer fish and other organisms. It is an amino
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perhydroquinazoline compound with a complex
structure (Ohyabu et al., 2003; Pichierri, 2016; Deniz
Akbora et al., 2020). A large number of studies have
shown that a small amount of TTX has pharmacological effects of sedation, analgesia, and local anesthesia, and it has a major role in the treatment of epilepsy, arrhythmia, renal failure, and drug addiction
(Song et al., 2011; Hagen et al., 2017; Hong et al.,
2019). Because of its unique physiologically active
functions and extraordinary pharmacological effects,
TTX has great medical development value. However,
in the production processing of puffer fish, their
highly toxic parts are often treated as waste, which not
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only wastes resources, but also brings certain potential hazards (Yang et al., 2019; Zhang et al., 2019).
Therefore, the development of simple and efficient
TTX separation and purification methods has great
scientific, social, and economic value.
There have been some reports on the extraction
and purification methods for TTX. The raw materials
are first roughly extracted by the water bath method
and ultrasonic-assisted method. Then, the crude extract is separated and purified to obtain relatively pure
TTX (Huang et al., 2011; Chen et al., 2014). However, most of the TTX production methods currently
employed stop at the rough extraction stage because
the purification and refining process is quite complicated, which limits the large-scale production and
application of high-purity TTX. The adsorption
method is an alternative that is widely applied to
separation and purification with the advantages of
simple operation and low cost (Das et al., 2018; Peng
et al., 2019; Fan et al., 2020). Novel adsorption materials with better adsorption capacity are of great
significance for TTX purification and its application
in clinical medicine.
SiO2 nanoparticles are often used for adsorption
and separation due to large specific surface area, and
strong surface adsorption capacity (Tanzifi et al.,
2018a; Chen et al., 2019). However, since SiO2 nanoparticles are only tens of nanometers in size, the
recycling and reprocessing of the powdered material
is not easy, making it difficult to separate and reuse.
Pickering high internal phase emulsion (HIPE)
polymerization is a simple and environmentally
friendly method for preparing macroporous adsorbent
materials (Azhar et al., 2019; Lu et al., 2019). Using
this technique and applying SiO2 nanoparticles as the
stabilizer for the emulsions, the SiO2 nanoparticles
can be successfully connected, which makes it convenient to collect them after adsorption. However, the
flexibility of silica-based adsorbents prepared by
Pickering HIPE polymerization is generally poor, and
they are easily damaged during operations such as
adsorption and desorption. Furthermore, their service
lifetime is also reduced by use.
Common flexible materials which can be used
for adsorption and separation include polyurethane
foam, polypropylene fiber, and gel (Dupont et al.,
2020; Li et al., 2020). They have the advantages of

simple separation and adsorption operation, sturdiness, and ease of recycling. Yi et al. (2016) used
HIPEs to prepare polypropylene gels for adsorption
and recovery of Cu2+. Wang QZ et al. (2020) prepared
porous gelatin-based aerogels to adsorb and separate
oils or organic solvents from water. However, these
materials still have shortcomings, such as tunnels that
collapse easily, and the structure is easily destroyed
by external force. These problems hinder their repeated use in practical applications. Meanwhile,
rubber has good mechanical properties and elasticity,
can produce large deformation under a small external
force, and can return to its original state after the
external force is removed (Rattanasom et al., 2009;
Segiet et al., 2020). Das et al. (2015) produced an
imidazolium-modified bromobutyl rubber (IBR) that
formed a cross-linked network by ionic association;
the rubber matrix became highly viscoelastic. The
properties of this ionically modified bromobutyl
rubber were superior to those of conventionally
cross-linked rubber and tensile strength up to 9 MPa
at a fracture elongation of 1000% was obtained. If a
modified rubber like this is appropriately added to an
adsorption material to form a protective network, it
gives the material a more stable structure and better
mechanical properties.
Inspired by the above research, in this study, we
fabricated SiO2@IBR by Pickering oil-in-water
(O/W) HIPE polymerization with SiO2 nanoparticles
as the stabilizer, and used it to adsorb and separate
TTX from aqueous solutions. It is worth noting that
the highly viscoelastic IBR was dispersed in the oil
phase, and was uniformly distributed on the gap and
surface of the polymers after polymerization, which
resulted in polymers with good mechanical properties
and shape-memory function.
Our expectation was that the polymers would
swell like a sponge after absorbing the target from the
solution. In addition, we predicted that the swollen
polymers would be deformed when squeezed by an
external force, so that the eluent in the channel would
be squeezed out, and that the polymers would quickly
return to their original state after removing the external force. This reversible “shape-memory” effect is
very important for the adsorption and release of the
captured target, and can simplify the adsorption regeneration process. We studied several aspects of
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adsorption performance including isotherm data,
kinetics, and adsorption regeneration. The polymers
were characterized by methods such as scanning
electron microscopy (SEM) and attenuated total
reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR).

2 Experimental
2.1 Materials and methods
Bromobutyl rubber (BIIR, Bromine content
1.91% (in weight, the same below in this subsection))
was purchased from Sinopec Yanshan Petrochemical
Company
(Beijing,
China).
1-butylimidazole
(C7H12N2,
98%),
N,N’-methylenebisacrylamide
(MBAA) (C7H10N2O2, 97%), acetic acid (CH3COOH),
and tetrodotoxin (TTX, C11H17N3O8, ≥99%) were
purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Acrylic acid
(AA) (C3H4O2, 98%), potassium persulfate (KPS)
(K2S2O8, 99.5%), and sodium hydroxide (NaOH,
≥96%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Monodispersed
silica microspheres (SiO2, 99.9%, 30 nm-sized) were
purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Petroleum ether (boiling point:
363–393 K) was purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd. (Shanghai, China). Acetic
acid and petroleum ether were of analytical grade.
Deionized water was used in all experiments. All the
reagents were used without any purification.
2.2 Preparation of SiO2@IBR
2.2.1 Preparation of IBR
The preparation of IBR was based on Das et al.
(2015). At a high temperature of 423 K, 50 g of BIIR
and 1.89 g (2 mL) of 1-butylimidazole were added to
an internal mixer (XM-1 L, Thermo fisher, USA) for
curing experiments. The curing time was 10 min and
the rotor speed was 60 r/min. In this way, the IBR was
obtained.
2.2.2 Preparation of SiO2@IBR
The processes for preparing the Pickering HIPEs
and SiO2@IBR are illustrated in Fig. 1.
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First, 1.5 g of IBR was added to 50 mL of petroleum ether and left to stand for 10 d. On the 7th and
8th days, it was heated once for 5 h each time. Then,
7 mL of swelling liquid (without lumpy adhesion)
was taken out and mixed with 5 mL of petroleum
ether to obtain the oil phase. Second, 1 mL of AA,
0.0027 g of KPS, 0.0283 g of MBAA, and 0.28 g of
SiO2 nanoparticles were sequentially added to 3 mL
of deionized water, and each material was uniformly
dispersed in deionized water after 15 min of ultrasound. The IBR and petroleum ether mixture (12 mL)
was gradually added dropwise into the water phase,
and stirred with a glass rod for 20 min to form stable
Pickering O/W HIPEs. Then, the emulsions were
placed in an oven (101-2B, Hangzhou Hengyi Instrument Technology Co., Ltd., China) and polymerized at 85 °C for 12 h (the sample bottle was
sealed to prevent evaporation). Finally, the samples
were collected, washed with deionized water, and
dried at 60 °C. In this way, SiO2/imidazoliummodified bromobutyl rubber flexible shape-memory
polymers (SiO2@IBR) were obtained.
2.3 Characterization
2.3.1 Viscoelasticity and mechanical property tests of
IBR
First, the IBR sample was cut into two pieces.
Then, the two pieces were reassembled and the sample was allowed to sit. After 24 h of healing time, the
sample was stretched to fracture.
2.3.2 Morphological characterization
The morphology of the Pickering O/W HIPEs
was observed under an electron microscope (EM)
(XSP-35-1600X, Phenix, China). The microstructure
of SiO2@IBR samples was inspected under a scanning electron microscope (SEM) (JSM-6360, JEOL,
Japan) at 20 kV. Before the SEM test, the samples
were coated with platinum (Pt).
2.3.3 FTIR analysis
FTIR spectroscopy of the samples was analyzed
by an infrared spectrometer with a universal ATR
accessory (ATR-FTIR) (Nicolet IS-50, Thermo fisher, USA). After subtracting the background, infrared
spectra of the samples were recorded in the region of
4000 cm−1 to 400 cm−1.

808

Ou et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(10):805-818

Oil phase

IBR

Pore

Stir

Water phase

Polymerization

Internal phase

SiO2

After
adsorption
or elution

External phase

Remove

Apply

external force

external force

TTX solutions and eluent are squeezed out

IBR

TTX solutions and eluent in pores

Fig. 1 Formation of SiO2@IBR with macroporous structure and good flexibility derived from Pickering O/W HIPEs and
shape-memory schematic

where m0 (mg) is the original weight of the samples,
and mt (mg) is the weight of the samples at time t.

2.3.4 “Shape-memory” property test
The mechanical properties of the SiO2@IBR
sample were tested by a universal material testing
machine (WDT-10, Kai Qiang Li, China). The
YSM001-general compression test method was
adopted, the test speed was set to 4 mm/min, and different maximum compression deformations (7.50,
13.50, 16.10 mm) were set to test the same sample
three times.
2.3.5 Swelling property test
The swelling property of SiO2@IBR was determined by calculating its water absorption rate. The
samples (6 mg) were immersed in deionized water
after drying to a constant weight, and left to sit at
room temperature. At 5, 15, 30, 60, 120, 180, 360,
540, 720, and 1080 min, the samples were removed
from the deionized water; their weights mt (mg) were
recorded immediately. The weight swelling rate (WS)
of the SiO2@IBR samples at time t (mg/mg) was
calculated by (Cheng et al., 2019)

2.4 Adsorption experiments
2.4.1 Adsorption kinetics
SiO2@IBR polymers (3 mg) were added to 3 mL
of TTX solution with initial concentration of 8 mg/L.
Then the testing solution was shaken in a shaker
(ZD-85A, Jintan Chengdong Xinrui Instrument Factory, China) at 308 K. At 5, 15, 30, 60, 120, 180, 360,
and 720 min, the adsorbents were collected from the
testing solution with tweezers, and squeezed until no
solution could be expressed. After the testing solution
was hydrolyzed with an alkaline treatment, the concentration of TTX at different times was measured by
ultraviolet spectrophotometer (UV/VIS) (UV1901,
Shanghai Xipu Instrument Co., Ltd., China) at a detection wavelength of 231 nm (Chen and Cheng,
1984; Kan and Guo, 2008). The adsorption capacity
Qt (mg/g) was calculated by (Wang B et al., 2020):

Qt =
WS 

mt  m0
,
m0

(1)

(C0  Ct )  V
,
W

(2)

where Qt (mg/g) is the adsorption capacity of
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SiO2@IBR polymers on TTX at time t; C0 (mg/L) is
the initial concentration of TTX; Ct (mg/L) is the
equilibrium adsorption concentration at time t; V
(mL) is the volume of the TTX solution; W (mg) is the
weight of the adsorbent.
2.4.2 Adsorption isotherms
SiO2@IBR polymers (3 mg) were added to
3 mL TTX solution with initial concentrations of 6,
8, 10, 14, and 18 mg/L; the testing solution was
placed in a shaker at 308 and 318 K. After being
shaken for 720 min, the adsorbents were collected
from the testing solution with tweezers, and
squeezed until no solution could be expressed. Then
the residual concentrations of TTX in solution were
measured as shown in Section 2.4.1. The equilibrium
adsorption capacity Qe (mg/g) was calculated by
(Xia et al., 2020)
Qe =

(C0  Ce )  V
,
W

(3)

where Qe (mg/g) is the equilibrium adsorption capacity; Ce (mg/L) is the equilibrium concentration of
TTX.
2.4.3 Adsorption regeneration
SiO2@IBR polymers (3 mg) were added to 3 mL
of TTX solution with initial concentration of
10 mg/L. After being shaken for 720 min at 308 K,
the adsorbents in the solution were collected with
tweezers and squeezed until no solution could be
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expressed. Then the adsorbents were eluted with 0.1%
(in volume) acetic acid solution (Su et al., 2010).
During the elution process, the adsorbents could
also be squeezed to better elute the TTX. The above
steps were repeated 10 times. Then, the residual
concentrations of TTX in solution were measured as
shown in Section 2.4.1.

3 Results and discussion
3.1 Characterization
3.1.1 Viscoelasticity and mechanical properties of
IBR
The testing process and results for the viscoelasticity and other mechanical properties of IBR are
illustrated in Fig. 2. The IBR was cut into two pieces;
after reassembly and 24-h healing time, the pieces
were firmly reconnected. We were able to stretch it to
more than three times its original length before it
broke again. After the pulling force was removed, the
IBR completely returned to its original shape. The test
results indicated that the bromine groups in BIIR
reacted with primary and secondary amines through
an N-alkylation reaction and successfully formed
ionic imidazolium bromide groups, which significantly increased the viscosity of BIIR. The modified
IBR had excellent viscoelasticity and mechanical
properties, and was suitable for application in emulsions systems to prepare flexible materials with
“shape-memory” functions.

Fig. 2 Steps of the viscoelasticity and mechanical property tests
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3.1.2 Morphology of Pickering O/W HIPEs
The illustration and experimental examples of
SiO2@IBR flexible shape-memory polymers prepared by Pickering O/W HIPEs polymerization are
displayed in Fig. 3. As shown in Fig. 3a, when the
outer (water) phase was combined with the inner (oil)
phase, only a separation system was formed before
stirring, and the SiO2 nanoparticles were at the bottom
of the sample bottle. The oil phase was added in small
batches, and after the system was quickly stirred, the
internal and external phases combined to form stable
pale yellow Pickering O/W HIPEs. After 4 h, the
emulsions were stable and no delamination occurred
(Fig. 3c). An image of the emulsions under an optical
microscope is shown in Fig. 3d. The prepared Pickering HIPEs had many large droplets, and the droplets
were closely arranged. After the polymerization was
initiated under high-temperature conditions, the
polymers were observed to be pale yellow with many
macroporous structures visible to the naked eye
(Fig. 3e). The resultant polymers were pale yellow

because there was a thin layer of rubber dispersed on
the outer surface and pores, which connected the SiO2
particles tightly.
The SEM images of SiO2@IBR are shown in
Fig. 4. The prepared SiO2@IBR polymers were rich
in pores and the macropores were above 200 μm in
size. This kind of polymer material has interconnected macropores (Tan et al., 2018). An enlarged
view of the inside of the aperture is shown in Fig. 4b,
where regular and beautiful honeycomb structure can
be seen. The honeycomb structure was like a fishing
net, connecting SiO2 particles in the mesh to protect
them from falling off. At the same time, the honeycomb structure enhanced the mechanical properties,
which was conducive to the adsorption and regeneration of the SiO2@IBR (Chen et al., 2018; Lin et al.,
2019).
3.1.3 FTIR
In this work, we applied ATR-FTIR spectra to
determine the chemical composition of SiO2@IBR
before and after adsorption. As shown in Fig. 5, for

Fig. 3 Preparation of Pickering O/W HIPEs and SiO2@IBR
(a) Phase-separated system; (b) Pickering emulsions formed after a small amount of oil phase was added for the first time; (c)
Pickering O/W HIPEs; (d) Micrograph of the Pickering O/W HIPEs; (e) SiO2@IBR flexible polymers; (f) Close-up of the
SiO2@IBR surface
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the absorption curve of IBR, an absorption peak at
2950 cm−1 was attributed to the stretching vibration of
–CH3; absorption peaks near 2916 cm−1 and
2893 cm−1 were caused by the stretching vibration of
–CH2, and weaker double peaks located near 950 cm−1
and 923 cm−1 were caused by the shear vibration of
C═CH2 (Kotal et al., 2016). In the pre-adsorption
SiO2@IBR spectrum, a strong broad peak at
1085 cm−1 was associated with the stretching vibration of Si-O and an absorption peak at 1700 cm−1 was
caused by the stretching vibration of C═O in –COOH
in AA (Belgibayeva and Taniguchi, 2019; Lerma et
al., 2020). The peaks corresponding to the IBR

spectra appeared near 2950, 2916, 2893, 950, and
923 cm−1, which showed that the SiO2 and IBR were
well combined and that the SiO2@IBR polymer materials had been successfully prepared.
3.1.4 Shape-memory property
The SiO2@IBR was nearly a cylinder, with a
diameter of 19 mm and a height of 18 mm (Fig. 6).
The compression test of SiO2@IBR is shown in
Fig. 7, and the relevant mechanical properties data are
listed in Table 1. As shown in Fig. 7b, when the

SiO2@IBR after adsorption

Transmittance (%)

(a)
SiO2@IBR before adsorption

1700 1085

IBR

950 923
2893
2950
2916
4000

3500

3000 2500 2000 1500
Wavenumber (cm-1)

1000

500

Fig. 5 FTIR spectra of IBR, SiO2@IBR before adsorption,
and SiO2@IBR after adsorption

(b)

(a)

Fig. 4 SEM images of SiO2@IBR at 200 μm (a) and 20 μm
(b)

(b)

Fig. 6 SiO2@IBR after drying: (a) diameter; (b) height

(b)

(a)

Apply
external
force

(c)

Remove
external
force

Fig. 7 Compression testing of SiO2@IBR
(a) Before applying external force; (b) After applying external force; (c) After removing external force
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maximum compression deformation was 16.10 mm,
the deformation of the sample reached approximately
90%. When the pressure was removed, we observed
that the sample was damaged to some extent, but it
could still be restored to about 89% of the original
height (Fig. 7c). The first two sets of data listed in
Table 1 show that when the maximum compression
deformation were 7.50 and 13.50 mm, the sample
could basically be restored to its original height and
no breakage was observed. This test proved that
SiO2@IBR had good shape memory. During the adsorption experiments, SiO2@IBR could be continuously squeezed to remove the adsorbed TTX solution
and eluent, allowing better adsorption and regeneration (Liu et al., 2016; Li et al., 2018).
3.1.5 Swelling property
The swelling test results are shown in Fig. 8. The
water absorption rate of the samples increased rapidly
at the beginning, slowed down after 60 min, and
reached swelling equilibrium after 540 min. When the
swelling equilibrium was reached, the water absorption rate was approximately 17.33 mg/mg. At that
point, the weight of the samples was more than 18
times the original weight, and the volume was visibly
larger.
Table 1 Basic parameters for numerical simulation
Order
1

Maximum Compressive Maximum compression
load (N) strength (MPa)
deformation (mm)
6.80
0.024
7.50

2

99.35

0.350

13.50

3

2953.80

10.418

16.10

Water absorption rate (mg/mg)

20
18
16
14
12
10
8
6

Fig. 1S (can be found in the electronic supplementary materials) shows that during the swelling
process, morphology changes in the samples corresponded to the water absorption rate. At the beginning, the samples swelled significantly, but they
changed more slowly after 60 min, and almost
stopped increasing in size around 540 min. When the
swelling equilibrium was reached, the length of the
samples had more than doubled. Thus, SiO2@IBR
had excellent water storage capacity and a relatively
uniform water absorption rate; it could maintain a
stable state after 18 h of soaking and still returned to
the original state after drying. Therefore, it was evident that the pore structure of SiO2@IBR was relatively uniform and firm, and that the pores were interconnected. Good pore connectivity and stable
structure are important conditions for the application
of macroporous materials in the field of adsorption
(Qi et al., 2019, 2021). Consequently, we expect
SiO2@IBR to become a useful adsorbent material.
3.2 Adsorption experiments
3.2.1 Adsorption kinetics
Usually, adsorption kinetics and isotherms are
used to study the adsorption performance of adsorbents. The adsorption kinetics data are particularly
important for judging the equilibrium time and the
binding mechanism (Zheng et al., 2016; Yao et al.,
2019). We tested the kinetic performance of
SiO2@IBR when absorbing TTX at 308 K by kinetic
experiments with different time intervals. The results
are displayed in Fig. 9a. During the first 0–100 min,
the adsorption capacity of SiO2@IBR increased rapidly, but with time, it increased more slowly. After
200 min, the adsorption curve gradually became flat.
The adsorption capacity Qt of SiO2@IBR at different
times was calculated by Eq. (2). The specific nonlinear fitting equations were Eqs. (4) and (5). The
initial adsorption rate h (mg/(g·min)) and halfequilibrium time t1/2 (min) of SiO2@IBR were calculated by Eqs. (6) and (7).

4

Qt  Qe  Qe  e k1t ,

2
0
0

200

400

600
t (min)

800

1000

1200

Fig. 8 Water absorption rate of SiO2@IBR

Qt =

2
e

k2 Q t
,
1+k2Qe t

h=k2Qe2 ,

(4)
(5)
(6)

Ou et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(10):805-818

t1/2 =

1
,
k2Qe

(7)

where k1 (L/min) and k2 (g/(mg·min)) are the respective rate constants associated with the pseudofirst-order and pseudo-second-order kinetics.
The fitting results of the two kinetic equations
are shown in Table 2. Comparing the R2 values, we
found that both the quasi-first-order and quasisecond-order kinetic equations fitted the adsorption
kinetic data well. The R2 values were similar, and the
fitting correlation of the quasi-second-order equation
was slightly higher, indicating that the adsorption
process involved chemical bonding accompanied by
physical adsorption.
6

(a)
5

Qt (mg/g)

4
3
2

Pseudo-first-order model
Pseudo-second-order model

1
0

0

100
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700
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t (min)

(b)
5

Qt (mg/g)

4
3
2

y=-0.4424+0.3936x
y=1.3075+0.2147x
y=5.2168-0.00257x

1

0

At the same time, the kinetic data were fitted
with an intra-particle diffusion model to clarify the
diffusion mechanism in the process of TTX adsorption. The dynamic model formula proposed by Weber
Jr and Morris (1963) is shown as

Qt =Kid  t 0.5 +C ,

(8)

where Kid (mg/(g·min0.5)) is the intra-particle diffusion rate constant, and C is the constant representing
the thickness of the boundary layer.
The fitting results of the intra-particle diffusion
model are shown in Fig. 9b. The adsorption process
can be divided into three stages. All three stages
tended to be linear, but did not pass through the
origin, which indicated that the adsorption process
was jointly determined by multiple adsorption
mechanisms (Karimi et al., 2019). The first stage was
external surface adsorption. TTX molecules diffused
into the macropores of SiO2@IBR, and the adsorption
capacity increased rapidly. Subsequently, in the second stage, TTX molecules diffused into the micropores of SiO2@IBR and gradually reached an
adsorption equilibrium state. The curve in the third
stage was basically a straight horizontal line, indicating that the adsorption had reached equilibrium.
3.2.2 Adsorption isotherms
In addition, we studied the adsorption isotherm
of SiO2@IBR. The experimental results were fitted
using Langmuir and Freundlich equivalent equations.
The nonlinear fitting equations of the two models are
Eqs. (9) and (10), respectively (Meng et al., 2013; Liu
et al., 2011). The corresponding fitting data are illustrated in Table 3.

6

0

813

5
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t0.5 (min0.5)

20
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Qe =
30

Fig. 9 Kinetic data and modeling for adsorption of TTX
onto SiO2@IBR (a) and intra-particle diffusion modeling
for adsorption of TTX onto SiO2@IBR (b)

Qm K L Ce
,
1+K L Ce

Qm =K FCe1/n ,

(9)
(10)

where Qm (mg/g) is the maximum adsorption capacity
of SiO2@IBR; KL (L/mg) is the affinity constant of

Table 2 Kinetic model parameters obtained from adsorption of TTX onto SiO2@IBR
Pseudo-first-order equation
Pseudo-second-order equation
Temperature
(K)
Qe (mg/g)
k1 (L/min)
k2 (g/(mg·min))
Qe (mg/g)
R2
R2
308
5.15
0.0120
0.988
6.04
0.0022
0.991
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the Langmuir isotherm; KF (mg/g) is the adsorption
equilibrium constant of the Freundlich isotherm; 1/n
is a measure of exchange intensity or surface heterogeneity, with a value of 1/n less than 1.0, describing
a favorable removal condition.
The separation factor RL was used to analyze the
advantages of adsorption, which can be given by

RL =

1
,
1+Cm K L

(11)

where Cm (mg/L) is the maximum initial concentration of TTX.
According to the curves shown in Fig. 10, the
isotherm of SiO2@IBR always has a rapid growth
trend, which is probably because the TTX concentrations in the experiment were relatively low.
As can be seen from Table 3, the data were fitted
well by the Langmuir and Freundlich isotherm models. The R2 values were very similar. At 308 and
318 K, the values for 1/n were 0.986 and 0.980, respectively; the fact that these were both less than 1
indicates that the adsorption conditions were beneficial to controlling the adsorption of TTX onto the
adsorbent, and the adsorption of TTX was monolayer.

12

Qe (mg/g)

10

The adsorption process of SiO2@IBR to TTX
was chemical adsorption accompanied by physical
adsorption, and the adsorption mechanism was complicated. For the physical adsorption process, the
possible forms are hydrogen bonding, a π-π effect, an
electrostatic effect, and van der Waals forces. The
main interaction between SiO2 nanoparticles and
TTX was electrostatic, and the negative surface had a
great affinity for compounds with positive charges
(Liu et al., 2020). In the spectrum of SiO2@IBR after
adsorption, the intensity of the 1085 cm−1 broad peak
was obviously weakened, which may have been
caused by this electrostatic effect (Fig. 6). The peak
intensity of –COOH at 1700 cm−1 was also significantly weakened, due to the participation of –COOH
in chemical adsorption. The adsorption mechanism is
shown in Fig. 11. Under neutral conditions, TTX may
appear as C11H16O8N2NH2+. Essentially, –COOH
ionized H+ in the water and exchanged with
C11H16O8N2NH2+, which was abundant in the solution, so that TTX was adsorbed on SiO2@IBR (Zhao
et al., 2019).
3.2.3 Adsorption regeneration
In order to test regeneration capacity, we performed 10 consecutive adsorption-regeneration cycle
experiments on SiO2@IBR. As shown in Fig. 12,
compared with the first test, the adsorption capacity in
the second test did not decrease but increased. The
possible reason is that after an adsorption-desorption
experiment on the SiO2@IBR adsorbent, some
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Fig. 10 Equilibrium data and modeling for adsorption of
TTX onto SiO2@IBR

Acrylic acid (AA)

Tetrodotoxin (TTX)

Fig. 11 Schematic diagram of the chemical adsorption
mechanism of TTX

Table 3 Fitting parameters of the Langmuir and Freundlich equations for TTX adsorption onto SiO2@IBR
T (K)
308
318

Qm (mg/g)
290.44
338.12

Langmuir isotherm equation
KL (L/min)
RL
0.0059
0.90
0.0055
0.91

2

R
0.9888
0.9989

Freundlich isotherm equation
KF (mg/g)
1/n
R2
1.70
0.986
0.9881
1.88
0.980
0.9987
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blockage in its pores was opened, providing more
adsorption sites. After 10 cycles of regeneration experiments, the adsorption capacity decreased less than
0.03%. The results suggested that the SiO2@IBR
flexible polymers introduced with IBR rubber as
adsorbent materials are suitable to be recycled repeatedly; they had excellent regeneration ability, and
their adsorption performance was resilient to operations such as desorption, washing, and drying.
Even after SiO2@IBR was adsorbed, swelled,
desorbed, and washed, the SiO2 particles were closely
pulled together under the combined action of
cross-linking polymerization and IBR. After drying,
the SiO2 particles were still tightly linked, preventing
the material from being lost. In general, due to its
good mechanical tensile properties and macroporous
properties, SiO2@IBR has excellent regeneration
cycle capabilities. Table 4 summarizes the adsorption
regeneration performance of various adsorbents reported in the literature. Compared with the three
nanocomposites reported by Tanzifi et al. (2018a) and
Tanzifi et al. (2018b) (within five cycles), the adsorption capacity reduction rate of SiO2@IBR is
7
6

6.322 6.384 6.359 6.327 6.323 6.286 6.255 6.214 6.172 6.134

Qe (mg/g)

5
4
3
2
1
0

1
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6
7
Regeneration times
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9

10

Fig. 12 Regeneration of SiO2@IBR for 10 cycles

much smaller, proving that making nanoparticles into
polymers is beneficial to the recycling of adsorbents.
Compared with the two polymers prepared by Safi et
al. (2019) and Sun et al. (2020) (within seven cycles),
after seven adsorption regeneration experiments, the
regeneration efficiency of SiO2@IBR was higher at
98.9%, confirming that the introduction of IBR had a
positive effect on the regeneration efficiency of the
adsorbent.

4 Conclusions
We prepared flexible shape-memory polymers
(SiO2@IBR) by Pickering HIPE polymerization, and
applied them for the adsorption and separation of
TTX. The successful formation of the SiO2@IBR
polymers was characterized with various methods
which showed that the polymers had well-defined
macroporous structure and good flexibility. The particular shape memory of SiO2@IBR is beneficial to
the adsorption and regeneration process. Batches of
adsorption experiments proved that SiO2@IBR is an
effective and promising adsorbent with good adsorption capacity for TTX. Both the Langmuir and
Freundlich models accurately describe the isothermal
adsorption data. The results of the pseudo-first-order
and pseudo-second-order kinetic models indicated
that there was chemical bonding accompanied by
physical adsorption. The regeneration experiments
results demonstrated that SiO2@IBR has good adsorption regeneration performance. After 10 regeneration experiments, the adsorption capacity decreased less than 0.03%. Therefore, SiO2@IBR
polymers have potential for adsorption and separation, and will be valuable for the development of new
separation and extraction methods.

Table 4 Adsorption regeneration properties of some adsorbents reported in the literature
Adsorbent
Polyaniline/SiO2 nanocomposite
Polyaniline/carboxymethyl
cellulose/TiO2 nanocomposites
Polypyrrole/CMC composite
nanoparticles
Gel composite
SiO2@ZIF-67/CNTs
SiO2@IBR

Target

Reduction of adsorption capacity

Reference

Amido Black 10B
Dye

99%→84.5%
98.82%→95.86%

Tanzifi et al., 2018a
Tanzifi et al., 2018b

Reactive dyes

RR56: 93.46%→84.8%;
RB160: 94.05%→85.4%
Regeneration efficiency 87.6%
Regeneration efficiency 90.0%
Regeneration efficiency 97.0%

Tanzifi et al., 2020

Arsenic
Methyl orange
TTX

CMC: carboxymethyl cellulose; ZIF: zeoliticimidazolate frameworks; CNTs: carbon nanotubes

Safi et al., 2019
Sun et al., 2020
This work
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