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a b s t r a c t
A novel porous magnetic adsorbent with sufficient interconnected pore structure of chi-
tosan-g-poly(2-acrylamide-2-methylpropane sulfonic acid) (CTS-g-AMPS) was prepared by grafting 
AMPS onto CTS via Pickering high internal phase emulsions (Pickering-HIPEs) polymerization, which 
stabilized with the modified Fe3O4 nanoparticles, and used for the removal of the cationic dyes meth-
ylene blue (MB), brilliant green (BG), and methyl green (MG) from aqueous solution. The effects of 
initial pH, contact time, and initial concentration on the adsorption properties of the porous adsorbent 
were studied systematically. It was revealed that the porous magnetic adsorbent can rapidly adsorb 
MB, BG, and MG with high adsorption capacities within a wide pH range from 6.0 to 12.0. The maxi-
mum adsorption capacities can be reached to 1,044.56, 1,625.94, and 908.01 mg/g for MB, BG, and MG, 
respectively, within 20 min. After adsorption of MB, BG, and MG, the porous magnetic adsorbent can 
be recycled easily from the solution by a magnet, and regenerated for reuse. The adsorption capacities 
of the adsorbent still reached 1,010.02, 1,578.73, and 889.01 mg/g for MB, BG, and MG, respectively, 
after five adsorption–desorption cycles. The recyclable magnetic adsorbent showed high adsorption 
capacity, fast adsorption rate, and excellent reusability, and can be used as a potential adsorbent for 
the decontamination of dye-polluted water.
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1. Introduction

Dyes have been extensively used in many industrial 
areas such as cosmetic, leather, printing, paper, food, textile, 
and others. It has been reported that about 7 × 105 tons and 
10,000 types of dyes have been produced annually over the 
world, and approximately 10%–15% of the dyes were released 
into the environment [1–3], which caused serious harm to 
aquatic organism and human health because these dyes are 
toxic and non-biodegradable [4–7]. Over the years, great 
progress has been made in the removal of dye contaminants 

in water, and especially various adsorbent materials such as 
activated carbon [8], graphene oxide/chitin nanofibril com-
posite foams [9], silica–polymer hybrid materials [10], metal–
organic framework composite [11], hydrogels [12], and 
porous materials [13,14] have been developed and used suc-
cessively. Among them, activated carbon is the most widely 
used adsorbent for organic pollutants due to its rich pores 
and excellent adsorption performance [15,16]. However, the 
practical applications of activated carbon remain limited 
because it can only adsorb organic matters by physical pore 
adsorption, and so the adsorption capacity and rate are 
limited, and further regeneration is difficult [17]. As a con-
sequence, it still remains a challenge to design and develop 
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high-efficient adsorbent with high adsorption capacity, fast 
adsorption rate, and better regeneration performance.

Recently, porous polymer adsorbents have gained 
increasing attention due to their high porosity, tunable pore 
size, interconnected pore structure, and sufficient functional 
groups [18–20]. Especially, the porous adsorbents from the 
particle-stabilized Pickering high internal phase emulsions 
(Pickering-HIPEs) have lower toxicity, tailored functional 
groups, ease of operation, and control advantages [21–23]. 
Moreover, the stabilized particles can not only stabilize the 
HIPEs by irreversibly anchoring on droplet surfaces, but also 
initiate polymerization, crosslink the polymer, and/or func-
tionalize the void surfaces [24,25]. For example, Liu et al. 
[11] synthesized polymer microspheres stabilized by titania 
nanoparticles from Pickering emulsion template, which can 
form continuous films with potential applications for pho-
to-catalyst, water and air purification. And Mert et al. [26] 
prepared the magnetic poly-HIPEs based on styrene-co-di-
vinylbenzene with open cellular architecture of large pores 
and interconnected small pores and it was easy for sepa-
ration from the solution. Even if the porous materials pre-
pared from Pickering-HIPEs template has been used in the 
oil–water separation, CO2 adsorption, heavy metal removal, 
and so on, but the related study in the dye removal is rare.

In order to get the new adsorbents with excellent 
adsorptive property such as high adsorption capacity, 
fast adsorption rate, and good recyclability for treatment 
of dyes, a series of the magnetic porous adsorbents of 
chitosan-g-poly(2-acrylamide-2-methylpropane sulfonic acid) 
(CTS-g-AMPS) were prepared by the polymerization reac-
tion from Pickering-HIPEs stabilized with modified Fe3O4 
and then used for removal of three typical dyes of methy-
lene blue (MB), brilliant green (BG), and methyl green (MG) 
in aqueous solution. The effects of adsorption parameters 
including pH, initial concentration, and contact time on the 
adsorption properties, as well as the reusable performance of 
the adsorbent were investigated systematically.

2. Experimental

2.1. Materials

2-Acrylamide-2-methylpropane sulfonic acid (AMPS, 
C.R. grade) was purchased from Adamas Reagent Co., Ltd. 
(Beijing, China). Chitosan (CTS, the degree of deacetyla-
tion is 0.85, and the average molecular weight is 600 kDa) 
was purchased from Zhejiang Yuhuan Ocean Biology 
Co., Ltd. (Zhejiang, China). Pluronic F68 (B.R. grade) was 
obtained from Wuhan Kangbaotai Fine-Chemical Co., Ltd. 
(Wuhan, China). N, N′-methylenebisacrylamide (MBA, 
C.R. grade), ammonium persulfate (APS, A.R. grade), N, N, 
N, N-tetramethyl ethylenediamine (TMEDA, A.R. grade), 
FeCl3∙6H2O (A.R. grade), sodium citrate (A.R. grade), sodium 
acetate (A.R. grade), P-xylene (PX, A.R. grade), and ethyl 
alcohol (A.R. grade) were purchased from Kemiou Chemical 
Reagent Co., Ltd. (Tianjin, China). The silicone of tetraethyl 
orthosilicate (TEOS, C.P. grade) and 3-aminopropyltrime-
thoxysilane (APTMS, C.P. grade) were purchased from 
Union Silicon Chemical Co., Ltd. (Nanjing, China). MB, BG 
and MG were all analytical grade and all solutions were 
prepared with deionized water.

2.2. Preparation of the CTS-g-AMPS porous magnetic adsorbents

The CTS-g-AMPS porous magnetic adsorbents were 
prepared from O/W Pickering-HIPEs stabilized with the 
modified Fe3O4 nanoparticles (denoted as Fe3O4-MNPs-M) 
by the method of our group reported previously [27]. 0.1 g 
CTS, 0.72 g MBA, 4.14 g AMPS and an appropriate amount 
of Fe3O4-MNPs-M and cosurfactant Pluronic F68 were added 
into a three-neck round-bottomed flask equipped with a 
mechanical stirrer, and the mixtures were stirred at 700 rpm 
for 1 h. Subsequently, PX was added into the aqueous phase 
dropwise and stirred at 900 rpm for another 2 h. After that, 
0.15 g of APS and 50 μL of TMEDA were added under the 
moderate agitation and the resultant Pickering-HIPEs was 
transferred into the mold tubes and cured at 45°C for 4 h. 
The resulting bulk polymers were washed with alcohol via 
Soxhlet extraction and then immersed in the solution of 
NaOH in water/alcohol mixture (Vwater/Vethanol = 3/7) for 24 h. 
The final products were subsequently dried in an oven at 
40°C for 24 h. The detailed information about the feeding 
compositions is summarized in Table S1.

2.3. Batch adsorption studies

The adsorption performance of the porous magnetic 
adsorbents for three cationic dyes (MB, BG, and MG) was 
evaluated by the following procedure. Typically, 25 mg of 
the adsorbent was added to 25 mL of dye solutions, and 
the resultant mixtures were shaken in a thermostatic orbital 
shaker (THZ-98A) at 30°C and 150 rpm for a given time. After 
the adsorption, the adsorbent was separated by a magnet and 
the concentration of cationic dyes in the solution was ana-
lyzed using a UV–vis spectrophotometer (TU-1900) (the max-
imum absorption wavelengths are 665, 624, and 630 nm for 
MB, BG, and MG, respectively). The equilibrium adsorption 
capacity (qe, mg/g) for cationic dyes was calculated according 
to Eq. (1) as follows:

q
C C V
me

e=
−( )0  (1)

where qe is the adsorption capacity (mg/g), C0 and Ce are 
the initial and equilibrium concentrations of cationic dyes 
(mg/L), V is the volume of solution of cationic dyes (mL), and 
m is the mass of adsorbent used (mg).

In order to prove the porous adsorbent has high adsorp-
tion capacity and fast adsorption rate, herein, the adsorption 
kinetics was studied by varying the contact time from 0 to 
120 min, and the pseudo-first-order and pseudo-second- 
order equations were used to analyze the dynamic adsorption 
process. The adsorption isotherms were studied by increas-
ing the initial dye concentrations from 100 to 2,000 mg/L, and 
the Langmuir and Freundlich isotherm models were used 
to fit the experimental data and analyze the thermodynamic 
adsorption process. The influence of pH on the adsorption of 
MB, BG, and MG was studied in the pH ranges of 1.0–12.0. 
The cationic dye solutions at pH = 1.0 or pH = 12.0 were pre-
pared by using the 0.5 mol/L of HCl or NaOH, and the other 
pH values of solutions were adjusted with 0.1 mol/L HCl or 
NaOH solutions. The reusability of the adsorbent was stud-
ied by evaluating the adsorption capacity of the adsorbent 
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after regenerating by adsorption–desorption process for 
five cycles. In this process, the dye-loaded adsorbent was 
immersed in 25 mL of 0.1 mol/L HCl solution for 4 h, and 
then activated by soaking in 25 mL of 0.1 mol/L NaOH solu-
tion for 30 min. The regenerated adsorbent was washed fully 
with deionized water and then used for the next adsorption 
cycles. To assure the accuracy of data, all adsorption exper-
iments were carried out for three times under the same con-
ditions, and the averages of three experiments were reported 
with the standard deviation less than 5%.

2.4. Characterizations

The surface morphology was observed on a Field Emission 
Scanning Electron Microscope (JSM-6701F, JEOL, Japan). 
The magnetic porous adsorbents before and after adsorption 
were characterized by the fourier transform infrared (FTIR) 
spectra recorded on the Nicolet NEXUS FTIR spectrometer 
(USA) in the wavenumber range of 4,000–400 cm−1. Magnetic 
properties of the magnetic porous adsorbents were detected 
by a vibrating sample magnetometer (VSM, Lakeshore 7304). 
The morphologies of the Fe3O4 and Fe3O4-MNPs-M were 
characterized with a JEM-1200EX/S transmission electron 
microscopy (TEM, JEOL, Tokyo, Japan). The X-ray diffrac-
tion (XRD) analysis of Fe3O4-MNPs-M was obtained using 
an X’Pert PRO diffractometer (X’Pert PRO, PAN analytical 
Co., Netherlands) equipped with a Cu-Kα radiation source 
from 3° to 80° (2θ). The zeta potentials of adsorbent were 
measured on a Malvern Zetasizer Nano system with irradi-
ation from a 633 nm He-Ne laser (Malvern Zeta voltmeter, 
ZEN3600, Britain). The pore size distribution was estimated 
by counting 200 pores using Image-Pro Plus as a software 
tool providing the number distribution of pores.

3. Results and discussion

3.1. The magnetic porous adsorbent

The diameter of regular spherical Fe3O4-MNPs was about 
110 nm, and increased to about 150 nm after modification 
with organosilane (Fig. S1). The characterization results of 
FTIR  (Fig. S2) and XRD (Fig. S1) analysis confirmed that 
the Fe3O4-MNPs-M was successfully prepared by coating 

the organosilane on Fe3O4-MNPs. After the polymerization 
reaction, the FTIR spectra of CTS-g-AMPS (Fig. S3) showed 
that the characteristic bands assigning to –NH2 (1,655 and 
1,589 cm−1) and –OH (3,420 cm–1) of CTS decreased or even 
disappeared [28], and the characteristic absorption bands, 
attributing to the asymmetric stretching vibration of two 
–S=O and S–O– [29], were appeared at 1,191, 1,045 and 
629 cm–1. These results indicated that the NH2 and OH of CTS 
had taken part in the polymerization reaction and the CTS-g-
AMPS adsorbent was successfully prepared. In addition, Fe 
and Si-element derived from Fe3O4-MNPs-M were uniformly 
distributed in the element mapping images and energy dis-
persive X-ray spectroscopy (EDX) curve of the porous adsor-
bent (Fig. S4), which suggested that the Fe3O4-MNPs-M was 
involved in stabilizing the oil droplets and distributed homo-
geneously at the interface acting as a barrier against oil drop-
let coalescence, and finally they fixed within the network of 
the porous adsorbent after the polymerization reaction. We 
prepared a series of porous adsorbent by varying the vol-
ume of the disperse phase, the amount of the cosurfactant 
and Fe3O4-MNPs-M. All of the samples had sufficient inter-
connected pore structure (Fig. S5) and the CTS-g-AMPS-2 
had the narrowest pore size distribution (Fig. 1). The average 
pore size and the windows size of the CTS-g-AMPS-2 were 
4.19 and 0.62 μm, respectively. The specific surface area was 
calculated with the total drop surface area of the magnetic 
porous adsorbent according to the equation as follows [30]:

S R
V
R

V
Rd = × =4

3
4

32
3π

π
oil oil  (2)

where Voil is the volume of oil included in the emulsion and 
R is the Sauter mean radius of the droplets by estimation. 
According to the equation, the CTS-g-AMPS-2 has the larger 
total drop surface area (Sd) of about 17.18 m2. The results 
of VSM (Fig. S6) of Fe3O4-MNPs, Fe3O4-MNPs-M, and the 
magnetic porous adsorbent showed that the saturation mag-
netizations were about 60.48, 33.07 and 0.74 emu/g, respec-
tively, and no reduced remanence and coercivity being zero 
were detected, indicating that they were superparamagnetic 
with negligible remanence of magnetization. Although the 
magnetic porous adsorbent had a weaker magnetism, it also 
can be separated easily from the adsorbed solution.

Fig. 1. SEM images (a) and (b), and the pore size distribution (c) of the CTS-g-AMPS-2 magnetic porous adsorbent.
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3.2. Effect of pH on cationic dyes adsorption

The porous adsorbent of CTS-g-AMPS-2 with narrowest 
pore size distribution and the maximal total drop surface 
area was used in the adsorption of dyes. And the adsorp-
tion experiments were carried out at different pH values 
from 1.0 to 12.0 to study the effects of pH on the adsorption 
capacity. As shown in Fig. 2, the adsorption capacities of the 
CTS-g-AMPS-2 adsorbent for MB, BG, and MG dyes exhibit 
similar change trend with altering the pH from 1.0 to 12.0. 
The adsorption capacity obviously increased with increas-
ing the pH from 1.0 to 6.0 and remained a constant in the 
range of 6.0–12.0. Because of the sulfonic group can com-
pletely deprotonate in the solution, the increased adsorption 
capacity in the range of 1.0–6.0 was due to the deprotona-
tion reaction of the imine originated from the AMPS and the 

competitive adsorption between the H+ and MB, BG, and 
MG. The deprotonation process of the imine can be proven 
by the more and more negative of zeta potentials in the pH 
of 1.0–8.0 (Fig. S7). When all the imine were deprotonated, 
the saturation adsorption has reached. The competitive 
adsorption behavior between the H+ and MB, BG, and MG 
was stronger in the lower pH value. When the pH increased 
upon 6.0, the competitive adsorption disappeared, and the 
corresponding adsorption capacity reached the flatform. 
It is worth noticing that the adsorbent shows high adsorp-
tion capacity in a wide pH range, indicating that the adsorbent 
can be applied in a wide pH range as a promising adsorbent 
material for removal of cationic dyes.

3.3. Effect of contact time on cationic dyes adsorption

Fig. 3(a) shows the variation of adsorption capacity 
versus contact time. It can be seen that the adsorption capaci-
ties of CTS-g-AMPS-2 for MB, BG, and MG rapidly increased 
with increasing the contact time, and the adsorption equilib-
rium can be achieved rapidly within 20 min (for MB), 10 min 
(for BG), and 20 min (for MG), respectively.

In order to understand the dynamic adsorption pro-
cess, the pseudo-first-order (Eq. (3)) [31] and the pseudo- 
second-order kinetic models (Eq. (4)) [32] were used to fit the 
adsorption data:

log log
.

q q q
k

te t e−( ) = −
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2 303
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q k q
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qt e e

= +
1

2
2
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where qe and qt are the amount of dyes adsorbed (mg/g) at 
equilibrium state and at time t, respectively. k1 and k2 are the 
rate constant calculated by fitting with pseudo-first-order 
and pseudo-second-order kinetic equations, respectively. 

Fig. 2. Effect of pH on the adsorption of CTS-g-AMPS-2 for MB, 
BG, and MG. Adsorption conditions: C0: MB: 1,200 mg/L, BG: 
1,800 mg/L, and MG: 1,000 mg/L; pH range: 1.0–12.0; equilib-
rium time: 120 min; 25 mg/25 mL; temperature: 30°C.

Fig. 3. Effect of contact time (a) and initial concentration (b) on the adsorption of MB, BG, and MG. Experimental conditions for 
adsorption kinetics: C0: MB: 1,200 mg/L, BG: 1,800 mg/L, and MG: 1,000 mg/L; pH 6.0; equilibrium time: 120 min; experimental 
conditions for adsorption isotherms: 25 mg/25 mL; pH: 6.0; temperature: 30°C.
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The estimated model parameters with the linear correlation 
coefficient (R2) are listed in Table 1 and the corresponding 
curves are shown in Fig. 4. The higher R2 values (>0.99) were 
obtained by fitting with pseudo-second-order kinetic model, 
and theoretical adsorption capacity was also close to the 
experimental value, indicating that the adsorption process can 
be described well by pseudo-second-order kinetic model, and 
the adsorption rate mainly contributed by the chemical inter-
action between the dye molecular and the adsorption sites.

3.4. Effect of initial concentration on cationic dyes adsorption

As shown in Fig. 3(b), the adsorption capacities increased 
with increasing the concentration of MB, BG, and MG solu-
tion until the adsorption saturation was reached. The higher 
concentration of MB, BG, and MG provided stronger driv-
ing force for adsorption, which was helpful to accelerating 
the diffusion of cationic dye molecules onto the surface of 
adsorbent, so that the adsorption capacity increased with 

Table 1
Estimated adsorption kinetic parameters for MB, BG, and MG by pseudo-first-order and pseudo-second-order models

Adsorbate C0 (mg/L) qe,exp (mg/g) Pseudo-first-order model Pseudo-second-order model

qe,cal (mg/g) k1 (min–1) R2 qe,cal (mg/g) k2 × 10–4 ((g/mg)/min) R2

MB 1,200 1,028.10 364.70 0.1367 0.8616 1,040.66 9.51 0.9996
BG 1,800 1,611.19 68.95 0.1169 0.6153 1,632.29 6.09 0.9986
MG 1,000 894.46 133.27 0.0913 0.6219 909.09 7.51 0.9990

Fig. 4. Adsorption kinetic curves of MB, BG, and MG on CTS-g-AMPS-2 by pseudo-first-order kinetic model (a) and 
pseudo-second-order kinetic model (b); Langmuir adsorption isotherms (c) and Freundlich adsorption isotherms (d) of MB, BG, and 
MG on CTS-g-AMPS-2.
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increasing the initial concentration. The maximum adsorp-
tion capacities of CTS-g-AMPS-2 reached 1,044.56 mg/g 
(3.26 mmol/g), 1,625.94 mg/g (3.36 mmol/g), and 908.01 mg/g 
(1.39 mmol/g) for MB, BG, and MG, respectively, which 
were higher than most of the other reported adsorbents 
(Table 2). It also can be seen that the porous adsorbent CTS-
g-AMPS-2 showed both high adsorption capacities for MB, 
BG, and MG and stronger adsorption interactions with MB 
and BG. Due to the supermacroporous and interconnected 
structure, the porous adsorbent CTS-g-AMPS-2 can effec-
tively remove the cationic dyes MB, BG, and MG, regardless 
of the size of the dye molecules. Although the structure of 
MG was similar to that of BG, the differences in adsorption 
were caused mainly by the positive charges of dye mole-
cules. Namely, because MG owned two positive charges, it 
was needed more adsorption sites (SO3

–) for adsorption the 
same amount of MG than that of MB and BG by electrostatic 
force [33,34]. Hence, when the adsorbent dosage was the 
same, the adsorption capacity of MG was lower than those 
of MB and BG.

Langmuir and Freundlich isotherm models are the 
commonly used models to study the adsorption isotherm, so 
that the adsorption data were fitted with Langmuir (Eq. (5)) 
[47] and Freundlich [48] (Eq. (6)) isotherm models to under-
stand the adsorption process.

C
q q b

C
q

e

e m

e

m

= +
1  (5)

log log logq
n

C Ke e( ) = ( ) +1
 (6)

where Ce is the equilibrium concentration (mg/L), qm and 
qe are the adsorption capacities at equilibrium and at any 

time t (mg/g), respectively. b (L/mg) is the Langmuir con-
stant related to the affinity of binding sites, K and n are 
the Freundlich constants related to the adsorption capacity 
and the adsorption intensity, respectively. The adsorption 
parameters calculated by fitting with the two isotherm equa-
tions are listed in Table 3 and the corresponding curves are 
shown in Fig. 4(c) and (d). The linear correlation coefficient 
(R2 > 0.994) was obtained by fitting with Langmuir isotherm 
model, instead of Freundlich isotherm model, indicating that 
the adsorption data were well fitted with Langmuir isotherm 
and the cationic dyes were adsorbed onto the adsorbent 
surface with a monolayer coverage.

3.5. Regeneration and reusability

The recyclability of the adsorbent is very important for 
the practical application. In this study, the CTS-g-AMPS-2 
adsorbent after adsorption of the cationic dyes (MB, BG, and 
MG) was desorbed with 0.1 mol/L HCl solution and then 
regenerated with 0.1 mol/L NaOH solution. After adsorption 
of MB, BG, and MG, the adsorbent can be separated conve-
niently from the solution by a magnet. Fig. 5 shows the effect 
of regeneration times of CTS-g-AMPS-2 on the adsorption 
efficiency. Obviously, the adsorption properties of CTS-g-
AMPS-2 for MB, BG, and MG did not decrease obviously 
after five recycling tests, and the adsorption capacity of CTS-
g-AMPS-2 for MB, BG, and MG still reached up to 1,010.02, 
1,578.73, and 889.01 mg/g, respectively, revealing that the 
magnetic porous adsorbent had excellent recyclability.

3.6. Adsorption mechanism

The zeta potentials (Table S2) and the FTIR spectra 
changes of the porous adsorbents before and after adsorption 

Table 2
Comparison of adsorption capacities (mg/g) of different adsorbents for MB, BG, and MG and the time required for reaching the ad-
sorption equilibrium (min)

Adsorbents Adsorbate Adsorption capacity (mg/g) Time (min)

Oak acorn peel [35] MB 109.43 180
The wheat straw [36] MB 205.40 50
Modified zeolite adsorbent [37] MB 86.70 60
Mesoporous bioactive glasses [38] MB 157.30 400
This study MB 1,044.56 20
Polyurethane foam [39] BG 134.95 200
Surfactant doped polyaniline/multiwalled carbon 
nanotubes (MWCNTs) composite [40]

BG 476.19 240

Cactus fruit peel [41] BG 166.66 60
Mesoporous aluminosilicate [42] BG 232.60 15
This study BG 1,625.94 10
Waste tire activated carbon [43] MG 29.23 80
Reduced graphene oxide [44] MG 729.40 60

Pinus brutia cones [45] Alkaline treatment MG 214.00 60
Acidic treatment 57.00 80

MWCNTs [46] MG 119.05 100
This study MG 908.01 20
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(Fig. 6) were discussed to investigate the adsorption mecha-
nism. The porous adsorbents CTS-g-AMPS-2 showed a neg-
ative zeta potential with the average of −23.5 mV. However, 
the obvious changes of zeta potential occurred after adsorp-
tion of MB, BG, and MG, with reduction from an average of 
−23.5 to −1.26, −1.37, and −1.34 mV, respectively. Besides, the 
obvious bands shift also can be observed in the FTIR spectra. 
The absorption bands of CTS-g-AMPS-2 at 1,191, 1,045, and 
629 cm−1 were assigned to the asymmetric stretching vibra-
tion of two –S=O and –S–O, respectively. After adsorption of 
MB, the new absorption bands appeared at 1,601, 1,395, and 
1,340 cm–1, which are ascribed to the stretching vibrations of 
the C=N (or C=C) groups, the C–N groups in the heterocycle, 
and the C–N groups connected to benzene ring (and N–CH3), 
respectively. The overlapping of the stretching vibration 
bands of C=S at 1,177 cm–1, C–S at 1,141 cm–1 between the peak 
of –S=O deformation vibration, causes the increase of the 
intensity of the final peak at 1,178 cm–1 [49]. After adsorption 
of BG, the new band at 1,582 cm–1 was assigned to the C=N 
bond contained in the quinoid structure of BG, which over-
lapped with the –N–H absorption band of CTS-g-AMPS-2. In 
addition, the two bands at 2,977 and 2,931 cm–1 were assigned 
to the asymmetric and symmetric vibrations of the aliphatic 

Fig. 5. The reusability of the as-prepared CTS-g-AMPS-2 for 
adsorption of MB, BG, and MG. Adsorption conditions: pH: 6.0; 
temperature: 30°C.

Table 3
The constant parameters and correlation coefficients of Langmuir model and Freundlich model for MB, BG, and MG adsorption onto 
the adsorbent CTS-g-AMPS-2

Adsorbates qe,exp (mg/g) Langmuir model Freundlich model

qe,cal (mg/g) b (L/mg) R2 K n R2

MB 1,044.56 1,065.04 0.0652 0.9993 124.8 2.85 0.4696
BG 1,625.94 1,660.45 0.1105 0.9941 334.7 3.51 0.5162
MG 908.01 925.92 0.0521 0.9984 205.2 5.12 0.1028

Fig. 6. FTIR spectra of CTS-g-AMPS-2 before (a) and after MB (b), BG (c) and MG (d) adsorption.
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C–H bonds in CH3 and CH2 groups, which increased after 
the adsorption of BG [50]. While adsorbed MG, the bands 
at 1,586 cm−1 corresponding to =N+ immonium ion appeared 
[44]. Moreover, after the adsorption of MB, BG, and MG, 
the absorption bands of CTS-g-AMPS-2 at 3,462 cm–1 (–OH 
or N–H groups), 1,191 and 1,045 cm–1 (–S=O groups), and 
629 cm–1 (S–O– groups) shift to low wavenumbers region, 
respectively. All these changes revealed that the MB, BG, and 
MG molecules adsorbed onto the CTS-g-AMPS-2 through 
electrostatic attraction.

4. Conclusions

The open-cellular and recyclable CTS-g-AMPS porous 
magnetic adsorbents were successfully prepared by the 
in-situ polymerization from Pickering-HIPEs. The structure 
characterization results suggested the obtained porous mag-
netic adsorbent had sufficient interconnected pore structure, 
and abundant functional groups. The adsorption results 
showed that the porous magnetic adsorbent CTS-g-AMPS-2 
had excellent adsorption property on cationic dyes of MB, 
BG, and MG, and the adsorption capacities for MB, BG, and 
MG reached up to 1,044.56, 1,625.94, and 908.01 mg/g, respec-
tively, within a short time and in a wide pH range from 6.0 to 
12.0. The five adsorption–desorption studies showed that the 
prepared adsorbent could be easily separated from polluted 
water and the adsorption capacity still reached 1,010.02, 
1,578.73, and 889.01 mg/g for MB, BG, and MG, respectively. 
Consequently, this porous magnetic adsorbent has the 
potential to remove the cationic dyes from wastewater.
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Supplementary information

The Fe3O4-MNPs prepared by hydrothermal method had 
the regular spherical structure and the diameter was about 
110 nm (Fig. S1(a)), and it increased to 150 nm and had many 
protuberances in the surface after modification with organos-
ilane (Fig. S2(a)). Additionally, the XRD patterns (Fig. S2(b)) 
of Fe3O4-MNPs-M suggested that the characteristic peaks of 
Fe3O4-MNPs had no significant changes but become shorter 
and wider, indicating that the crystalline structure of Fe3O4 
did not change after surface modification.

The Fe3O4-MNPs and the Fe3O4-MNPs-M showed a 
broad band around 582 and 568 cm–1, corresponding to 
the Fe–O vibration related to the magnetite phase. For the 
Fe3O4-MNPs-M, the absorption bands at 1,095 and 951 cm−1 

Fig. S1. TEM images of Fe3O4-MNPs (a) and Fe3O4-MNPs-M (b); 
XRD patterns of Fe3O4-MNPs and Fe3O4-MNPs-M.
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corresponded to the asymmetric stretching and bending 
of silanol groups (Si–OH) on the Fe3O4-MNPs-M surface, 
respectively. A band at about 3,416 cm−1 corresponded to the 
overlapping of N–H and C–H vibration with siloxane and 
silanol groups, which was overlapped by the O–H stretching 

vibration. And the characteristic band appeared at 799 cm–1 
was attributed to the symmetric stretching vibration of Si–O–
Si. These results provide the evidences that the Fe3O4-MNPs 
have been modified successfully with APTMS.

Fig. S2. FTIR spectra of Fe3O4-MNPs, APTMS, and Fe3O4-MNPs-M.

Fig. S3. The FTIR spectra of CTS (a), AMPS (b), and CTS-g-AMPS-2 (c).
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Fig. S4. EDX elemental mappings of S, O, C, Fe, Si, N, Na and EDX spectrum of magnetic porous adsorbent.

Fig. S5. SEM images and size distributions of the porous adsorbents prepared with different amounts of Fe3O4-MNPs-M (a) 0.5%, 
(b) 1.5%, and (c) 2%; Pluronic F68 (d) 1%, (e) 3%, and (f) 4%; and internal phase volume (g) 80%, (h) 85.7%, and (i) 88.9%. (a)–(h): 
macropore: 4.79, 3.65, 4.60, 5.42, 4.14, 3.97, 3.88, and 5.57 μm; window: 0.55, 0.95, 0.42, 1.35, 0.82, 1.11, 0.93, and 1.18 μm; the total drop 
surface area of adsorbents (Sd): 15.03, 19.72, 15.65, 13.28, 16.36, 18.13, 18.55, and 12.92 m2. When the volume fractions of dispersed 
phase reached 88.9%, the pore size and total drop surface area of magnetic adsorbent could not be obtained, due to the pore shrinkage 
and collapse during drying.
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Fig. S6. The magnetic hysteresis loops of the Fe3O4-MNP, Fe3O4-
MNPs-M, and CTS-g-AMPS-2 adsorbent.

Fig. S7. The zeta potentials of the CTS-g-AMPS-2 in the pH range 
of 1.0–12.0.

Table S1
Composition of the Pickering-HIPEs

Adsorbents Fe3O4-MNPs-M 
(%)

Pluronic 
F68 (%)

Internal phase 
volume (PX, %)

CTS-g-AMPS-1 0.5 2 75
CTS-g-AMPS-2 1 2 75

CTS-g-AMPS-3 1.5 2 75

CTS-g-AMPS-4 2 2 75

CTS-g-AMPS-5 1 1 75

CTS-g-AMPS-6 1 3 75

CTS-g-AMPS-7 1 4 75

CTS-g-AMPS-8 1 2 80

CTS-g-AMPS-9 1 2 85.7

CTS-g-AMPS-10 1 2 88.9

Table S2
The zeta potentials of the magnetic porous adsorbent

Before the 
adsorption

After the adsorption

MB BG MG

Zeta (mV) −23.5 mV −1.26 −1.37 −1.34
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