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which was stabilized by the natural sepiolite (Sep) and pine pollen, and utilized for the re-
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moval of antibiotic from aqueous solution. The stabilizing mechanism of Pickering aqueous
foam of that the Sep was modified with the leaching substance from pine pollen and ar-
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ranged orderly around the bubble to form a dense “shell” structure was revealed. The adsor-

Porous adsorbent

bents possessed the hierarchical porous structure and excellent adsorption performance for

Adsorption

antibiotic of chlorotetracycline hydrochloride (CTC) and tetracycline hydrochloride (TC). The

Antibiotic

equilibrium adsorption capacities of CTC and TC were achieved with 465.59 and 330.59 mg/g

Pickering aqueous foams

within 60 min at 25°C, respectively. The adsorption process obeyed Langmuir model and

Pollen

pseudo-second-order adsorption kinetic model. This work provided eco-friendly approach

Sepiolite

for fabricate porous adsorbents for wastewater treatment.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The emulsion used as templates for fabricating porous adsorbents has attracted much attention recently, arise from the asprepared porous material has high porosity and tuned pore
structure. However, the fabrication of porous adsorbents via
the high internal phase emulsions (HIPEs), especially the oilin-water emulsion, requiring a large amount of organic solvent, which was not only great increasing the preparation
cost, but also making it difficult to realize the green synthe∗
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sis (Shi et al., 2013; Tebboth et al., 2015). Many efforts have
been applied to simplify and greenify the preparation process of emulsion template, such as replacement of the surfactant with the stabilized particle, named Pickering emulsion.
But the tremendous consumption of organic solvent is still a
nightmare for the practical application (Andrieux et al., 2018;
Han et al, 2020).
Foam is a gas-liquid dispersed and thermodynamically unstable systems, which can be formed without any organic solvent (Stubenrauch et al., 2018). However, the common foam
stabilized with surfactant possesses the poor stability at indoor temperature and heating condition, which caused it difficult to use as template for fabrication of the porous materials
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(Wang and Nguyen, 2016). Moreover, the introduction of surfactants will also cause certain pollution to the environment
(Olkowska et al, 2011; Appah et al, 2020). Nevertheless, the
foam stabilized with particles, named Pickering foam, has outstanding stability at room temperature even at heating state
(Guan and Zhong, 2019) and can be as the best candidate to tailor polymer foams. The researchers recently have found that
the solid particles stabilized foam, named Pickering aqueous
foam has the favorable stability and the longer standing time
(Hill and Eastoe, 2017). The solid particles including the silica particle (Tan et al., 2018b; Zhu et al., 2015) and polymers
(Nakayama et al., 2015), can irreversibly adsorbs at the airwater interface through solid particles, and form a dense layer
at the surface of bubble. Nonetheless, the preparation process of fully synthetic particles is tedious and high cost, and
many naturally derived particles such as chitin (Huang et al.,
2018; Tan et al, 2019), protein (Li et al., 2020b) and cellulose
nanocrystals (Mougel et al., 2019), also need to treat with the
chemical agents (Hu et al., 2016). Therefore, the eco-friendly
preparation process of porous adsorbents are the key issues
for practical application.
The natural nano-material of clay mineral is the potential
ideal stabilized particle for the Pickering emulsion or aqueous
foam (Awad et al., 2019; Li et al., 2019). However, the inherent
strong hydrophilicity of clay minerals particles caused it difficult to immobilize at the air-water interface (Zhu et al., 2019).
So, the surfactants or others organic small molecular were
usually used to modify clay minerals to control its wettability
(Cai et al., 2019; Nallamilli and Basavaraj, 2017). Pollen grain is
a fascinating biological microparticle and plays a crucial role
in the life of plants. Pollen particles exhibit both hydrophobic and hydrophilic properties, with a high degree of particle
uniformity and monodispersity, most importantly, have rich
renewable characteristics (Lam et al., 2014; Prabhakar et al.,
2018). Based on the above advantages, some researchers have
used the pollen grain to stabilize emulsion (Tan et al., 2018a;
Park and Doyle, 2018).
In order to combine the advantages of clay minerals and
pollen grain, in this study, a novel surfactant-free Pickering
aqueous foam was prepared using the sepiolite (Sep) and pine
pollen as co-stabilizer, and then porous adsorbent was fabricated via thermal-initiated polymerization of Pickering aqueous foams. The porous adsorbents were used to remove the
antibiotic of chlorotetracycline hydrochloride (CTC) and tetracycline hydrochloride (TC), and the influences of adsorption
parameters including pH value, contact time and initial concentration were investigation in detail.

1.

Materials and methods

1.1.

Materials

Sepiolite (Sep) was purchased from Sigma-Aldrich LLC; Acrylamide (AM, chemical pure (CP) grade), N,N’-methylene-bisacrylamide (MBA, analytical reagent (AR) grade) and ammonium persulfate (APS, AR grade) were obtained from Kemel
Chemical Reagent Co., Ltd. (Tianjin, China); Trimethylallylammonium chloride (TAAC, CP grade) was accepted from Shandong Luyue Chemical Reagent Co., Ltd. (Jinan, China); Sodium
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hydrogen sulfite (NaHSO3 , AR grade) was accepted from Xilong
Chemical Factory (Chengdu, China); Tetracycline hydrochloride (TC, 80%) and chlorotetracycline hydrochloride (CTC, 80%)
was supplied from Aladdin Industrial Corporation (Shanghai,
China); Pine pollen was purchased from Xi’an Yangsen Biological Technology Company Limited (Xi’an, China) and sieved
through 200 mesh before used; The 3A molecular sieve was
obtained from Molsion Molecular Sieve Co., Ltd. (Shanghai,
China); And all the chemical reagents were used as obtained
without further purification.

1.2.

Preparation of aqueous foams and porous materials

The Pickering aqueous foam was prepared by dispersing the
solution of containing Sep and pollen with high speed. In
brief, a different dosage of Sep (0.00, 0.60, 0.80, 1.00, 1.20, and
1.40 g, respectively) and different dosage of pollen (0.00, 0.04,
0.08, 0.12, 0.16 and 0.20 g, respectively) was added into the
10 mL of aqueous solution at 50 mL plastic beaker and vigorously stirred for 20 min at 4000 r/min in room temperature to form Pickering aqueous foam. Later, the monomer of
2.0 g AM and 0.50 g TAAC and the redox initiator of APS and
NaHSO3 were added successively and stirred for 1 min each
at 4000 r/min, respectively. The resulting aqueous foam was
sealed and placed in a 40°C water bath for 24 hr and the
obtained polymerization product was removed the residual
monomer via Soxhlet extraction with ethanol for 24 hr, and
then transformed amide groups into carboxyl groups by immersing into the water/alcohol (Vwater /Vethanol = 3/7) mixture
solvents containing 1 mol/L NaOH for 24 hr. At last, the polymer was dehydrated with absolute ethanol and 3A molecular
sieve, and then dried under vacuum at 65°C for 6 hr.

1.3.

Characterizations

The Zeta potentials of samples were carried out by a Malvern
Zetasizer Nano system with the irradiation from a 633 nm
He-Ne laser (ZEN3600, Malvern Instruments Co. LTD, UK). The
Pickering foam was analyzed via a Leica DM1000 digital biological microscope equipped with a built-in camera and confocal
laser scanning microscope (CLSM, FV1200, Olympus Corporation, Japan) by exciting the safranine T at 488 and 546 nm. Contact angles and surface tension were carried out with a contact angle system (DSA100S, Kruss, Germany) at room temperature. The structure of pine pollen, AM, Sep and porous adsorbent were studied with Fourier transform infrared (FTIR) spectra by a spectrometer (Nicolet Is50, Thermo Scientific, USA)
in a wavenumber region of 4000–400 cm−1 . The morphologies
of the polymer foams and the bubble interface were scanned
with a JSM-6701F field emission scanning electron microscope
(SEM, JEOL, Japan) after coating the freezing dried Pickering
foam with gold film. The pore size distribution was calculated
using Image-Pro Plus 6.0 software (100 pores were counted statistically).

1.4.

Adsorption experiments

All the adsorption experiments were performed by 25 mg
adsorbent and 25 mL aqueous solutions containing CTC or
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TC in a thermostatic orbital shaker (THZ-98A, Shanghai Yiheng Technology Co., LTD, China) at 25°C. The residual concentration of CTC or TC was analyzed by TU-1900 UV–visible
spectrophotometer (Pgeneral, China) by the standard curve
method. The adsorption capacity (Qe ) of the porous adsorbent for antibiotic molecule was calculated from the following
equation:
Qe = (C0 − Ce ) × V/m

(1)

where, Qe (mg/g) was the adsorption capacity of porous adsorbent, C0 and Ce (mg/L) were the initial and equilibrium concentrations of CTC or TC solutions before and after adsorption,
respectively, m (mg) was the mass of the porous adsorbent,
and V (mL) was the volume of antibiotic solutions adopted for
adsorption test.
The influence of pH, contact time, and initial concentration on adsorption for CTC and TC were studied consistently.
The pH of antibiotic solutions was studied at pH 2–11 (initial
concentration, 500 mg/L) by adjusting with 0.5 mol/L HCl and
NaOH solutions. The contact time of adsorption for CTC and
TC was investigated intervals from 3 to 120 min. The initial
concentration on adsorption for CTC and TC were investigated
in different antibiotic concentrations from 100 to 2000 mg/L.

2.

Results and discussion

2.1.
foam

Sep and pine pollen stabilized Pickering aqueous

In order to increase the dispersity and hydrophilicity, the
pollen was executed with ultrasonic treatment via a SCIENTZⅡD cell breaker (Scientz, China) before using. It can be seen
from Appendix A Fig. S1, the pollen exine was broken and presented an irregular sheet structure and high dispersity in water. Besides, the surface tension of dispersion liquid of broken pine pollen at different times decreased from 59.40 to
43.09 mN/m as the dispersion time increased (Appendix A
Fig. S2), but only had a slight decrease for the natural pine
pollen (71.15–64.61 mN/m), suggested that the leaching substance has the ability for reducing the interface energy likes
the surfactant. The Pickering aqueous foam was failed to form
when Sep or pollen were used alone. While, the stable Pickering aqueous foam could be obtained instantly as the Sep
and broken pine pollen simultaneously added (Appendix A
Fig. S3). The laser confocal photograph was observed that the
Sep nano-particles were fixed at the interface, but the broken
pine pollen still placed in the disperse solution (Fig. 1a and b).
That was indicated the Pickering aqueous foam was stabilized
with the Sep and not the broken pine pollen itself. We further measured the surface wettability of Sep, which was dispersed into the leach liquor of broken pine pollen with different time (Fig. 1c), and found that the three-phase contact angle
increased from 20.8 ± 3.9 to 60.3 ± 3.1 with increasing the disperse time, revealed the hydrophobicity of the Sep was gradually enhanced. It can be concluded that the Sep was modified with the leach substance of pine pollen. In addition, the
result of FTIR and high-resolution mass spectrogram of indirectly confirmed that the Sep was modified with organic matter (Appendix A Figs. S4 and S5). Based on above experiment

result, it could draw a conclusion that the Pickering aqueous
foam was stabilized by the modified Sep.
The effect of the dosage of Sep (Fig. 1d–i) and pine pollen
(Appendix A Fig. S6) on the Pickering aqueous foam were investigated further. The Pickering aqueous foam can’t form
and stabilize with Sep or pine pollen alone. As the concentrations of Sep increased from 6.0 to 14.0 wt.%, the stabilities
of Pickering aqueous foam were enhanced, but the foaming
efficiency were all reduced gradually. The Pickering aqueous
foam prepared with 6.0 wt.% of Sep has the maximum foam
efficiency, while reduced to the minimum value as 14.0 wt.%
of Sep used. Even so, all of Pickering aqueous foam still had
excellent foam stability after 7 days standing (Appendix A Fig.
S7). The droplets size population (DSP) of the Pickering aqueous foam was applied to evaluate quantitatively the foam stability (Akartuna et al., 2008), following a log-normal distribution that can be described by the equation (Appendix A Eq.
(S1)), and the effect of Sep particle concentration on the DSP
of Pickering aqueous foam was analyzed (Appendix A Fig. S8).
Obviously, the bubble size distribution of the Pickering aqueous foam was wide at the low or excessive particle concentration, but is narrowest as 10.0 wt.% of Sep adding. The bubble
size results agree well with the Pickering aqueous foam stability results.
In order to analyze deeply the distribution of Sep at the airliquid interface, the Pickering aqueous foam stabilized with
Sep and the pollen eluate was directly performed with freeze
drying and observed with SEM (Fig. 2a). The sufficient foam
structures were derived from the bubble (Fig. 2a1 –a3 ), and the
foam size was consistent with the bubble size. At the bubble wall, the Sep regularly arranged and formed a thin and
dense “shell”, implying that the irreversible adsorption and
self-aggregation of modified Sep nano-particles occurred at
the air-water interface during the formation of Pickering aqueous foam. Besides, the elements of Si, Mg, S and P were uniformly dispersed around the pore structure, demonstrating
the homogeneous distribution of Sep (Si and Mg) and pollen
(S and P) in the formation of Pickering aqueous foam (Fig. 2b
and c).
Based on the above characterization result, it could be concluded the mechanism of Sep and pollen synergistically stabilizing the Pickering aqueous foam was not that the pollen immobilized onto the water-air interface, but was the surfactantlike substance released from the breaking pollen was adsorbed onto the Sep and then changed the hydrophobicity of
the Sep and thus stabilizing the bubble. Because of the surface
of the Pickering aqueous foam was densely packed with Sep,
the effect of Sep on the stability of the Pickering aqueous foam
was more noteworthy. In addition, the rod-like structure of Sep
was also beneficial to increase the viscosity of the dispersion,
thereby improving the stability of the Pickering aqueous foam.
Fig. 3 shows the stabilizing mechanism of Pickering aqueous
foam by pine pollen and Sep particle.

2.2.

Structure features of porous adsorbent

The porous absorbent was obtained from the Pickering aqueous foam via the free radical polymerization of the AM and
TAAC. The FTIR characterization result of porous adsorbent
was certified that the polymerization reaction was success-
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Fig. 1 – (a and b) Confocal laser scanning microscopy (CLSM) image of pine pollen and sepiolite (Sep) in the Pickering
aqueous foam, (c) typical three-phase contact angles (θ) of Sep modified by pine pollen dissolution solution at different time
(15, 30, 45 and 60 min), and optical microscopic images of Pickering foam stabilized by different dosage of Sep (fixed 0.12 g
pollen): (d) 0.0 wt.%, (e) 6.0 wt.%, (f) 8.0 wt.%, (g) 10.0 wt.%, (h) 12.0 wt.%, and (i) 14.0 wt.%.

ful, and the amide groups had been transformed into carboxy
groups after the alkalization treatment (Appendix A Fig. S9).
The SEM of porous materials with different Sep and pollen
dosage were shown in Fig. 4 and Appendix A Fig. S10, and the
pore size distribution was shown in the Fig. 5 and Appendix
A Fig. S11. It was clear that the porous adsorbent had hierarchical porous structure, which was containing super microporous with aperture of 50.0–200.0 μm and macropore with
aperture of 0.5–3.0 μm. With the increase of Sep from 6.0 to
14.0 wt.%, the average size of super macropore and macropore were gradually decrease (134.8, 132.5, 123.5 and 120.3 μm,
respectively) and (1.5, 1.0, 0.7 and 0.5 μm, respectively) respectively. This phenomenon was corresponding to the result of bubble size decreased as increasing the Sep. The hierarchical porous structure provided the necessary conditions
for fast mass transfer and high adsorption capacity for adsorbate. Considering the characteristics of the pore structure, the
porous adsorbent by preparation under 10.0 wt.% Sep to carry
out the subsequent adsorption experiment.

2.3.

Evaluation of adsorption properties

2.3.1.

Influence of pH value on adsorption

Owing to the pH value not only have an effect on the surface
charge of the adsorbent, but also control the adsorbate speciation (Aydin et al., 2019; Li et al., 2020a), the influence of pH
on the porous adsorbent for CTC and TC was studied at pH
2.0–11.0. With the increase of pH, the QCTC and QTC (adsorption capacity of CTC and TC, respectively) was raised firstly
in the pH range of 2.0–4.0 and reduced in 9.0–11.0 (Fig. 6a).
The interaction between CTC, TC with COO− at different pH
values and the variation of main existing species was the
main reasons to manage the adsorption capacity. The CTC
molecule present three different species at different pH, including cationic ions (pH < 3.3), zwitter anions (3.3 < pH <
7.44) and negative ions (pH > 7.44) (Qiang and Adams, 2004;
Zhang et al., 2011). And the TC molecule had four forms at
different pH, containing TCH3+ (pH < 3.3), TCH2± (3.3 < pH <
7.7), TCH− and TC2− (pH > 7.7) (Li et al., 2010). At pH ≤ 3.0, zeta
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Fig. 2 – (a) Scanning electron microscope (SEM) of Pickering aqueous foam after freeze drying, and elemental mapping
analysis of Pickering aqueous foam at (b) a2 and (c) a3 , respectively.

Fig. 3 – Schematic of Pickering aqueous foam stabilized by pine pollen and Sep particle. CTC: chlorotetracycline
hydrochloride; TC: tetracycline hydrochloride.

potentials of the porous adsorbent was greater zero, which indicated the carboxyl groups of porous adsorbent were not or a
partially protonated (Fig. 6b). As a consequence, most of binding sites in adsorbent were inhibited, and H+ ions in solution
could compete with antibiotics molecule. At pH > 3.0, the surface of porous material had increased negative charges, which
means the carboxyl groups were converted gradually into COO− groups. As the pH raise to 8.0, negative charge of the
antibiotic molecule could reject the -COO− groups, and pre-

sented as the decreased adsorption capacity at alkaline condition. Therefore, the adsorption capacity of porous adsorbent
for CTC and TC was gradually decrease at basic condition.

2.3.2.

Kinetic adsorption behaviors

The influence of contact time on adsorption capacity for CTC
and TC was also investigated (Fig. 7a). Clearly, the QCTC and QTC
had similar change tendency with altering the contact time,
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Fig. 4 – SEM images of Pickering foam stabilized by different dosage of Sep (fixed 0.12 g pollen): (a1 , a2 , a3 ) 6.0 wt.%, (b1 , b2 ,
b3 ) 8.0 wt.%, (c1 , c2 , c3 ) 10.0 wt.%, and (d1 , d2 , d3 ) 12.0 wt.%.

and the adsorption equilibrium time was reached within 60
min for CTC and TC at 25°C. The abundant functional groups
(COO− ) and hierarchical porous structure of porous adsorbent could be beneficial to facilitate the diffusion of antibiotic
molecule and fully expose the available adsorption sites. Initially, because of the relatively steeper concentration gradient
between porous adsorbent to the solution, most of antibiotic
molecules could be dispersed onto the surface of porous adsorbent. With the increased of contact time, the adsorption
rate was slower due to the small concentration gradients and
reduced driving forces for adsorption (Wang et al., 2019). Fi-

nally, after all the adsorption sites are occupied, the adsorption reached saturation.
The experimental results were analyzed by the pseudofirst-order (Appendix A Eq. (S2)) (Yuh-Shan, 2004) and pseudosecond-order kinetic models (Appendix A Eq. (S3)) (Ho and
McKay, 1998). The adsorption kinetic curves of CTC and TC on
porous adsorbent were shown in Fig. 7b, and the calculated
adsorption kinetic parameters shown in Table 1. As a consequence, the linear correlation coefficients (R2 ) of the pseudosecond-order kinetic (R2 was 0.9990 for CTC and TC) were
higher than the pseudo-first-order model (R2 was 0.9627 for
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Fig. 5 – Size distributions of the porous adsorbent prepared by different dosage of Sep (a) 6 wt.%, (b) 8 wt.%, (c) 10 wt.%, and
(d) 12 wt.%. Insets: size distributions in the size range of 0–5 μm.

Table 1 – Adsorption kinetic parameters for CTC and TC onto the porous adsorbent.
Pseudo-first-order equation
Antibiotics
CTC
TC

qe,exp (mg/g)
448.42
308.20

qe,cal (mg/g)
340.25
414.79

Pseudo-second-order equation
−1

K1 (min )
5.5272 × 10−2
7.8993 × 10−2

2

R
0.9627
0.9068

qe,exp (mg/g)
448.42
308.20

qe,cal (mg/g)
490.20
337.84

K2 (g/(mgmin))
6.2112 × 10−4
1.3077 × 10−3

R2
0.9990
0.9990

qe,exp : the dosage of adsorption at equilibrium; qe,cal : the dosage of adsorption fitted; K1 : the rate constant of pseudo-first-order equation; K2 :
the rate constant of pseudo-second-order equation.

CTC and 0.9068 for TC). In addition, the adsorption capacities calculated of the pseudo-second-order kinetic (qe,cal ) were
much closer to the experimental values (qe,exp ), indicating that
the pseudo-second-order kinetic model were more suitable for
describing experimental data. Therefore, it could be confirmed
that the chemisorption was the rate determining steps of CTC
and TC adsorption process (Ferrero, 2010; Zhou et al., 2014).

2.3.3.

Adsorption isotherms

The influence of initial concentration of CTC and TC on the
adsorption was studied by varying the initial concentrations
(0–2000 mg/L) (Fig. 7c). Obviously, QCTC and QTC were increased
firstly and then gradually reached the maximum adsorption
capacities of 465.59 and 330.59 mg/g for CTC and TC, respectively. In the initial stage, the concentration gradient of

the antibiotic solution between the blank solution and the
porous material was the main driving force for adsorption
(Cheng et al., 2017). After that, the adsorption sites of the
porous material gradually become saturated, and the adsorption amount reached a maximum as the solution concentration increased.
The equilibrium isotherm is important to provide basic information about the adsorption mechanism and surface properties. So, Langmuir (Langmuir, 1916) and Freundlich
(Freundlich, 1906) models were utilized to describe the equilibrium state of CTC and TC adsorption (Appendix A Eqs. (S4)
and (S5)) in this work. The linear correlation coefficients of
Langmuir isotherm model (0.9996 for CTC and TC) were better
than Freundlich isotherm model (0.6617 for CTC and 0.9059
for TC) for describing the adsorption process (Table 2 and
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Fig. 6 – (a) Effect of initial pH on the adsorption of porous adsorbent for CTC and TC and (b) zeta potentials of the porous
adsorbent in pH range of 2.0–11.0. Adsorption conditions: sample dose 25 mg/25 mL, contact time 120 min, initial
concentration 500 mg/mL and temperature 25°C. Q: adsorption capacity.

Fig. 7 – (a) Effect of contact time on the adsorption of porous adsorbent for CTC and TC, (b) adsorption kinetic curves of CTC
and TC on porous adsorbent, (c) effect of initial concentration on the adsorption of porous adsorbent for CTC and TC, and
(d) Langmuir and Freundlich adsorption isotherms of CTC and TC on porous adsorbent. Adsorption conditions: sample dose
25 mg/25 mL, pH range 2.0–11.0, and temperature 25°C. qe : the dosage of antibiotic molecule adsorbed at equilibrium; qt : the
dosage of antibiotic molecule adsorbed at time t; Ce : equilibrium concentrations; t: adsorption time.
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Table 2 – Adsorption isotherm constants for the adsorption of CTC and TC onto porous adsorbent.
Antibiotics

qe,exp (mg/g)

Langmuir model

CTC

465.59

TC

330.59

qe,cal (mg/g)
b (L/mg)
RL 2
qe,cal (mg/g)
b (L/mg)
RL 2

Freundlich model
476.19
0.0436
0.9996
344.83
0.0493
0.9996

K (L/g)
n
RL 2
K (L/g)
n
RL 2

14.09
2.8137
0.8626
14.45
3.4818
0.9059

b: the adsorption intensity or Langmuir coefficient related to the affinity of the binding site; RL 2 : the linear correlation coefficients of Langmuir
isotherm model; K and 1/n: the constants that were related to the adsorption capacity and the adsorption intensity, respectively.

Table 3 – Comparison of adsorption capacities for CTC and TC using different adsorbents.
Adsorption capacity (mg/g)
Adsorbents

Adsorption conditions

Porous hexagonal boron nitride

Dosage: 160 mg/L, pH: natural, adsorption
time: 60 min
Dosage: 60 mg/L, pH: 6, adsorption time: 15 hr
Dosage: 1000 mg/L, pH: 5, adsorption time:
4 hr
Dosage: 600 mg/L, pH: 6, adsorption time: 400
min
Dosage: 600 mg/L, pH: 6, adsorption time: 400
min
Dosage: 46 mg/L, pH: 5.9, adsorption time:
60 min
Dosage: 1000 mg/L, pH: 5.5, adsorption time:
24 hr
Dosage: 500 g/L, pH: natural, adsorption time:
60 min

GO/CA composite fibers
Amino-Fe (III) mesoporous silica
Silicate CHA-0
Silicate CHA-0.1
Core-shell photocatalytic adsorbent
Sediment S-4
Porous adsorbent

References

CTC

TC

—

322.16

Song et al., 2017

—
33.11

131.6
69.98

Zhu et al., 2018
Zhang et al., 2015

275.92

75.24

Tian et al., 2016

329.84

207.47

Tian et al., 2018b

—

157.20

Wang et al., 2016

290.13

—

Al-Wabel et al., 2020

460.59

330.59

This work

GO/CA: graphene oxide/calcium alginate; CHA-0: the hybrid silicate adsorbents; CHA-0.1: the hybrid silicate adsorbents; Sediment S-4: kaolinite
come from Summan; —: no data.

Fig. 7d). Moreover, the adsorption capacities calculated by the
Langmuir isotherm model (qe,cal was 476.19 mg/g for CTC and
344.83 mg/g for TC) were closer to the experimental values
(qe,cal was 465.59 mg/g for CTC and 330.59 mg/g for TC). This
comprehensive in formation implied that the adsorption process was fit to be described by Langmuir model, and the CTC
and TC were adsorbed onto the homogeneous surface of absorbent by single layer adsorption (Wang et al., 2013). The comparison of the adsorption capacities in this study and reported
materials was listed in Table 3. It was noteworthy that this
porous adsorbent showed considerable the adsorption capacity for CTC and TC, indicating its great potential for practical
application in CTC and TC removal.

2.4.

Fig. 8 – Fourier Transform Infrared (FTIR) spectra of (a)
porous adsorbent, (b) hydrolytic porous adsorbent, and the
porous adsorbent after adsorption of (c) CTC and (d) TC,
respectively.

Adsorption mechanism

The FTIR and X-ray photoelectron spectroscopy (XPS) spectra
of the porous adsorbent before and after adsorption of TC and
CTC were analyzed to investigate the adsorption mechanism
(Lu et al., 2018). It can be seen from Fig. 8, the characteristic absorption peaks at 3400 cm−1 nearby attributed reflected
the stretching vibration of the O–H or N–H groups. In addition, the new peaks appeared at 1409 and 1563 cm−1 were as-
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cribed to the symmetric and asymmetric stretching vibrations
of -COOH, indicating most of AM was converted to carboxylate groups (Ghorai et al., 2014). After adsorption of CTC and
TC, the characteristic absorption peaks of the porous adsorbents changed significantly (Fig. 8c and d). The O-H and N-H
(3385 cm−1 ), -COO− groups (1563 cm−1 ), the C=O (1189 cm−1 )
were shifted to the higher wavenumber region and strengthened after adsorption CTC and TC, implying that complexation occurred between -COO− and CTC or TC. Moreover, the
new peak appeared (1204 and 1332 cm−1 for CTC, 1236 and
1330 cm−1 for TC), indicating from the C–N and C–O stretching vibration. All these results revealed that the adsorption of
antibiotic was mainly contributed to the electrostatic attractions and hydrogen bonding between the functional groups in
the adsorbent and CTC or TC molecules.

3.

Conclusions

In this work, a novel and eco-friendly surfactant-free Pickering aqueous foam was prepared by natural Sep and pine
pollen particles, which was as templated to fabricate porous
adsorbent for the removal of antibiotic from aqueous solution.
The Sep was modified with the surfactant-like substance released from the broken pine pollen and then immobilized at
the water-air interface. The porous adsorbent has excellent
adsorption capacity for CTC and TC (465.59 and 330.59 mg/g
within 60 min at 25°C, respectively), and the adsorption process obeyed Langmuir model and pseudo-second-order adsorption kinetic model, indicating that the antibiotic molecular were adsorbed onto the homogeneous surface of absorbent by single layer adsorption. In a word, this work provided a novel and eco-friendly approach to fabricate porous
absorbents for adsorption and separation application.
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