Engineering 7 (2021) 636-646

journal homepage: www.elsevier.com/locate/eng

Contents lists available at ScienceDirect

Engineering

Research

Green Chemical Engineering: Soft Matter—Article

Functional Capsules Encapsulating Molecular-Recognizable Nanogels for = M)

Check for

Facile Removal of Organic Micro-Pollutants from Water

Wen-Ying Liu?, Xiao-Jie Ju®"*, Xing-Qun Pu?, Quan-Wei Cai ?, Yu-Qiong Liu?, Zhuang Liu *", Wei Wang *°,

Rui Xie *", Liang-Yin Chu**

2School of Chemical Engineering & State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University, Chengdu 610065, China
bState Key Laboratory of Polymer Materials Engineering, Sichuan University, Chengdu 610065, China

ARTICLE INFO

Article history:

Received 11 August 2020
Revised 5 November 2020
Accepted 8 February 2021
Available online 2 April 2021

Keywords:

Functional capsules
Molecular-recognizable nanogels
Organic micro-pollutants
Host-guest complexation
Separations

ABSTRACT

A novel method has been successfully developed for the facile and efficient removal of organic micro-
pollutants (OMP) from water based on novel functional capsules encapsulating molecular-recognizable
nanogels. The functional capsules are composed of ultrathin calcium alginate (Ca-Alg) hydrogel shells
as semipermeable membranes and encapsulated poly(N-isopropylacrylamide-co-acrylic acid-g-mono-
(6-ethanediamine-6-deoxy)-B-cyclodextrin) (PNCD) nanogels with B-cyclodextrin (CD) moieties as
OMP capturers. The semipermeable membranes of the capsules enable the free transfer of OMP and water
molecules across the capsule shells, but confine the encapsulated PNCD nanogels within the capsules.
Bisphenol A (BPA), an endocrine-disrupting chemical that is released from many plastic water containers,
was chosen as a model OMP molecule in this study. Based on the host-guest recognition complexation,
the CD moieties in the PNCD nanogels can efficiently capture BPA molecules. Thus, the facile and efficient
removal of BPA from water can be achieved by immersing the proposed functional capsules into BPA-
containing aqueous solutions and then simply removing them, which is easily done due to the capsules’
characteristically large size of up to several millimeters. The kinetics of adsorption of BPA molecules by
the capsules is well described by a pseudo-second-order kinetic model, and the isothermal adsorption
thermodynamics align well with the Freundlich and Langmuir isothermal adsorption models. The regen-
eration of capsules can be achieved simply by washing them with water at temperatures above the vol-
ume phase transition temperature of the PNCD nanogels. Thus, the proposed functional capsules
encapsulating molecular-recognizable nanogels provide a novel strategy for the facile and efficient
removal of OMP from water.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

hormones, harming humans and other animals [5-8]. Therefore,
the efficient removal of OMP from aquatic systems is of vital signifi-

The global occurrence of organic micro-pollutants (OMP) such as
pesticides, pharmaceuticals, and endocrine-disrupting chemicals
(EDCs) in water resources results in adverse effects on aquatic
ecosystems and human health due to the long-term toxic stimula-
tion of exposed organisms [ 1-4]. For example, the existence of EDCs
throughout the human body can break down the central nervous
and endocrine systems by mimicking the biological activity of
natural hormones and occupying hormone receptors, which can
interfere in the transport and metabolic processes of natural
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cance for the protection of the environment and human health.
Based on interaction mechanisms, chemical reactions [9-12],
rejections [13-16], and adsorptions [5,17,18] have been proposed
for the removal of OMP from water. As an example of a chemical
reaction mechanism, photocatalytic degradation [19-22] can con-
vert OMP into non-toxic inorganic small molecules. In such reac-
tions, the radiation energy absorbed by the photocatalysts
induces electron-hole pairs to initiate subsequent redox reactions;
however, the reactions are usually limited by the chemical struc-
tures of the contaminants and the demand for activating catalysts.
Based on rejection mechanisms, reverse osmosis membranes and
nano-filtration membranes [13-16] can realize the removal of
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OMP from water with a high retention rate; however, they are
limited to a certain extent by the drawbacks of high operating
pressures and low permeability [23]. By contrast, due to their sim-
ple operation processes, methods based on the mechanisms of
chemical or physical adsorption between adsorbents and OMP
are widely used for the removal of OMP from water. Affinity
membranes for adsorptions and separations, which are generally
synthesized by blending [24] or grafting [25,26] functional materi-
als onto substrate membranes, can specifically associate with OMP
via the functional materials. Typically, cyclodextrins (CDs) and
their derivatives, which contain large ring cavity structures with
hydrophilic rims and hydrophobic interiors, can effectively capture
typical OMP molecules from water by forming stable host-guest
complexes between CDs and OMP molecules [27-29]. Based on
such host-guest complexations, porous CD-based polymers have
been developed for the rapid removal of OMP from water [30].
By controllably designing the pore structures and increasing the
number of effective adsorption sites in the fabricated materials,
the removal efficiency of OMP can be increased effectively. How-
ever, the separation of the OMP-adsorbed functional polymers
from the continuous phase still requires membrane filtration
technology, such as the use of microfiltration or ultrafiltration
membranes. Unfortunately, membrane filtration processes require
membrane modules and usually need frequent membrane-
washing procedures, which are time-consuming and troublesome.
Therefore, the removal of OMP is still not as facile as desired. High-
silica zeolites [31] and carbon materials [32-34], such as activated
carbon [33], biochar [32], and mesoporous carbon [34], can also
remove OMP based on adsorption mechanisms as a result of their
large specific surface areas and unique surface characteristics.
However, for the removal of OMP, these methods are non-
specific and exhibit performance decay during adsorbent
regeneration. Thus far, the facile and efficient removal of OMP from
water is still challenging.

Herein, novel functional capsules encapsulating molecular-
recognizable nanogels are developed for the facile and efficient
removal of OMP from water. The functional capsules are composed
of ultrathin calcium alginate (Ca-Alg) hydrogel shells as semiperme-
able membranes and encapsulated poly(N-isopropylacrylamide
-co-acrylic acid-g-mono-(6-ethanediamine-6-deoxy)-p-cyclodextrin)
(PNCD) nanogels with B-CD moieties as OMP capturers (Fig. 1(a)).
The Ca-Alg hydrogel capsules are controllably fabricated by
means of a co-extrusion mini-fluidic technique [35-37]. The
molecular-recognizable PNCD nanogels are synthesized by grafting
functional mono-(6-ethanediamine-6-deoxy)-B-CD onto poly
(N-isopropylacrylamide-co-acrylic acid) (PNA) nanogels prepared
via precipitation polymerization. The semipermeable membranes
enable the free transfer of OMP and water molecules across the
capsule shells, but confine the encapsulated nanogels within the
capsules. Bisphenol A (BPA), an EDC released from plastic water con-
tainers [35], was chosen as a model OMP molecule due to its toxicity
and widespread existence in water. When the proposed capsules
encapsulating nanogels are added to an environmental aqueous
solution containing BPA molecules (Fig. 1(b)), the isothermal
adsorption of BPA molecules (Figs. 1(a-I) and (b-I)) is achieved by
the BPA-recognizable complexation of CD moieties in the encapsu-
lated nanogels. The nanogels inside the capsule exhibit a BPA-
induced complexation (Figs. 1(a-II) and (b-II)) due to the formation
of host-guest complexes between the CD moieties and BPA mole-
cules (Figs. 1(a-IIl) and (b-III)). Thus, the facile and efficient removal
of BPA from water can be achieved by immersing the proposed
functional capsules in BPA-containing aqueous solutions and then
simply removing them using sieves with large pores, as the capsules
are characterized by a very large size of up to several millimeters.
Thus, the proposed method provides a novel strategy for the facile
and efficient removal of OMP from water.
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Fig. 1. Schematic illustration of the proposed concept of functional capsules for the
facile removal of OMP from water. (a) The capsule is composed of (I) a
semipermeable membrane and (II) encapsulated molecular-recognizable nanogels
with (III) CD moieties for specifically recognizing bisphenol A (BPA). (b) When the
proposed capsules are added to an environmental aqueous solution containing BPA
molecules, the isothermal adsorption of (I) BPA molecules is achieved by the BPA-
recognizable complexation of CD moieties in the encapsulated nanogels. (a-II, b-II)
The nanogels inside the capsule exhibit (a-III, b-IIl) a BPA-induced complexation
due to the formation of host-guest complexes between the CD moieties and BPA.
Thus, the removal of BPA from water can be easily achieved.

2. Experimental section
2.1. Materials

Chemical reagents, including ammonium persulfate (APS),
N,N'-methylene-bisacrylamide (MBA), sodium dodecyl sulfate
(SDS), acrylic acid (AAc), sodium alginate (Na-Alg), sodium
carboxymethylcellulose (CMC), and calcium nitrate (Ca(NOs),),
were purchased from Chengdu Kelong Chemical Reagent Factory
(China). Mono-(6-ethanediamine-6-deoxy)-p-CD was purchased
from Shandong Binzhou Zhiyuan Biotechnology Co., Ltd. (China).
A solvent mixture of hexane/acetone (50/50, v/v) was used to
recrystallize N-isopropylacrylamide (NIPAM) (98%; Tokyo Chemi-
cal Industry, Japan). 1-(3-(Dimethylamino) propyl)-3-ethyl-
carbodiimide  hydrochloride (EDC) was purchased from
Sigma-Aldrich (USA). All other chemicals were of analytical grade
and were used as received. Deionized water (18.2 MQ, 25 °C)
purified from a Milli-Q Plus water purification system (Millipore,
USA) was used throughout this work.

2.2. Synthesis and characterization of molecular-recognizable PNCD
nanogels

The PNCD nanogels with CD moieties as OMP capturers were
synthesized with the monomers AAc and NIPAM by means of
precipitation copolymerization followed by the grafting of CD
moieties onto the copolymer networks [36]. In brief, for the
synthesis of the PNA nanogels, AAc (0.4324 g) and NIPAM
(2.7158 g) monomers, along with the initiator APS (0.0685 g), the
cross-linker MBA (0.1203 g), and the surfactant SDS (0.0091 g),
were put into a 300 mL flask with deionized water as the solvent.
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The flask was purged with nitrogen gas for 30 min to remove the
dissolved oxygen in the solution. After that, the reaction was car-
ried out for 4 h at 70 °C under a nitrogen atmosphere. The solution
was then cooled to room temperature using an ice bath. Next, fil-
tration and dialysis against deionized water were carried out to
achieve the separation and purification of the PNA nanogels.
Finally, to synthesize PNCD nanogels, modification of the PNA
nanogels was performed by grafting CD onto the PNA nanogels
via a condensation reaction with EDC as the catalyst at 6 °C for
16 h (Figs. S1(a) and (b) in Appendix A).

To confirm the successful synthesis of PNCD nanogels, Fourier-
transform infrared spectroscopy (FT-IR; NICOLET iS50; Thermo Sci-
entific, USA) was used for a chemical composition characterization
of the CD, PNA nanogels, and PNCD nanogels. The morphology of
the PNA and PNCD nanogels was observed using a field- emission
scanning electron microscope (FESEM; JSM-7500F; JEOL, Japan).
The samples of PNA and PNCD nanogels for the FESEM characteriza-
tion were sputter-coated with gold after being dried at room
temperature.

To demonstrate the complexation of the CD moieties in the PNCD
nanogels with the BPA molecules, the temperature-dependent
hydrodynamic diameter changes of the PNCD nanogels in pure
water and in 0.25 mmol-L~! BPA solution were measured by means
of dynamic light scattering (DLS; Zetasizer Nano ZEN3690; Malvern
Panalytical Ltd., UK) in aqueous solutions with the temperature
changing from 20 to 65 °C. The PNCD nanogel-containing dispersion
was highly diluted with deionized water and equilibrated for at least
180 s at each predetermined temperature.

2.3. Fabrication of Ca-Alg functional capsules encapsulating PNCD
nanogels

For the fabrication of the Ca-Alg functional capsules, water-in-
water (W/W) droplets acting as templates were prepared using a
co-extrusion mini-fluidic capillary device, as described in our
previous works [37-39] (Figs. S1(c) and (d)). This technology can
realize accurate and independent control of the inner and outer
phase fluids, enabling accurate control of the size of the droplet
templates for fabricating capsule membranes with good monodis-
persity. The device was fabricated by sleeving a cylindrical capil-
lary tube on a square capillary tube to form a coaxial geometry.
The inner diameter of the cylindrical tube was 2.0 mm, and the
inner and outer dimensions of the square tube were respectively
1.0 and 1.4 mm. W/W droplets were formed at the outlet of the
device by simultaneously injecting the inner fluid into the square
tube and the outer fluid through the space between the cylindrical
and square tubes via two separate injection pumps (Fig. S1(c)); the
volume flow rates of the inner fluid and outer fluid were respec-
tively 40 and 10 mL-h~'. The inner aqueous fluid contained PNCD
nanogels and CMC (0.75% w/v), and the outer aqueous fluid con-
tained Na-Alg (2% w/v) and SDS (1% w/v). To make the droplets
stable, CMC was added to the inner fluid to increase the viscosity,
while SDS was added to the outer fluid as an emulsifier to reduce
the interfacial tension between the inner and outer fluids [40].
Nanogel-encapsulated Ca-Alg hydrogel capsules were prepared
by continuously dripping the W/W droplets into a Ca(NOs),
solution (15% w/v) (Fig. S1(d)). The shell thickness of the Ca-Alg
capsules was controlled by tuning the flowrate ratio of the inner
fluid to the outer fluid. When the volume flowrate of the outer fluid
is constant, the membrane thickness of the Ca-Alg capsules
decreases with the increase of the volume flowrate of the inner
fluid within a certain range. In contrast, when the volume flowrate
of the inner fluid is constant, the membrane thickness of the Ca-Alg
capsules increases with the increase of the volume flowrate of the
outer fluid. The membrane thickness of the capsules can affect the
trans-membrane permeation of the substance. Therefore, the
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thinner the capsule membrane is, the lower the trans-membrane
permeation resistance for BPA will be. To investigate the effect of
PNCD content on the BPA adsorption performance, capsules encap-
sulating different concentrations of PNCD nanogels ([PNCD], w/v)
were fabricated by varying the [PNCD] in the inner fluids from 0
to 5, 10, 15, 20, and 30 mg-mL~". The as-prepared capsules were
washed with pure water, and then stored in pure water for subse-
quent experiments. Optical micrographs were taken with a digital
camera for morphology observation, and the monodispersity of the
Ca-Alg capsules was characterized with the coefficient of variation
(CV) values of the capsule diameters [37,38].

2.4. Determination of the optimal composition of capsules for the
removal of BPA from water

To determine the optimum composition of the functional
capsules for the removal of BPA from water, the effect of [PNCD]
on the BPA adsorption performance of the capsules was investi-
gated. Capsules prepared with 5, 10, 15, 20, and 30 mg-mL™' of
PNCD nanogels were respectively placed into a series of glass
containers with 2 mL of 0.5 mmol-L"! BPA solution at 25 °C. The
number of each type of capsule in a single container varied from
5 to 10, 20, 30, and 40 capsules. The glass containers were placed
in a shaker with a thermostatic water bath. To confirm the BPA
adsorption effects of the PNCD nanogels, a control group of
capsules without encapsulated PNCD nanogels was also tested.
The time-dependent concentration change of the BPA solution
was monitored by measuring the ultraviolet absorbance of the bulk
solution using a micro ultraviolet spectrophotometer (NanoDrop
One; Thermo Scientific, USA). A maximum absorption wavelength
of Zmax = 276 nm was chosen, and a calibration curve correlating
the ultraviolet absorbance of the BPA solution and the concentra-
tion was established. The removal efficiency of BPA from water
(R) by the capsules was determined by the following equation [30]:

Co—-Ce
c 1)

where Co (mmol-L™!) and C, (mmol-L™!) respectively denote the BPA
concentrations ([BPA]) in the bulk solution initially and at time ¢t
(min).

The mass of BPA adsorbed by the capsules was determined by
the following equations [30]:

Q; = (G — )MV

R= x 100%

(2)
_&

m

3)
where Q; (mg) denotes the total mass of BPA adsorbed by the
capsules at time t (min), g. (mg-g~!) denotes the amount of BPA
adsorbed per gram of PNCD nanogels (dry weight) encapsulated
within the capsules at time t (min), M (g-mol~!) is the molar mass
of BPA, V (L) denotes the volume of the BPA solution used in the
adsorption experiments, and m (g) denotes the total mass of PNCD
nanogels used in this study, calculated using the following
equation:

a;

m= m1V1N1

4)
where m; (mg-mL~!) denotes the [PNCD] within the capsules, V; (L)
denotes the inner volume of each capsule, and N; denotes the
number of capsules used for the adsorption test.

To study the adsorption kinetics, the removal rate of BPA by the
capsules can be described by a pseudo-second-order adsorption
model, as expressed by the following equation [41,42]:

t t 1

—=—
q; qe Kobsqg

(5)
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where g. (mg-g~!) denotes the mass of BPA adsorbed per gram of
PNCD nanogels within the capsules at an equilibrium state, and Kop
denotes the apparent second-order rate constant (g-mg~'-min~1).

2.5. Thermodynamics of adsorption of BPA by the capsules

To understand the thermodynamics of the isothermal
adsorption of BPA by the capsules, the effect of [BPA] on the BPA
adsorption performance of the capsules was investigated. A total
of 20 capsules encapsulating 15 mg-mL~! of PNCD nanogels per
capsule were placed into each 2 mL BPA solution at 25 °C with
the value of [BPA] being respectively 0.025, 0.05, 0.1, 0.3, 0.5, 0.7,
and 0.9 mmol-L~!'. The time-dependent adsorption mass and
removal efficiency of BPA can be determined based on Egs. (1)
and (3). The thermodynamic adsorption mechanism between the
Ca-Alg capsules containing functional PNCD nanogels and the
BPA molecules was studied using the Langmuir, Freundlich, and
Redlich-Peterson adsorption isotherm models, respectively. Three
adsorption isotherm models were used to quantitatively analyze
the thermodynamic adsorption mechanism. The Langmuir
adsorption isotherm can be generated by plotting 1/qg. versus 1/Ce,
as follows [25,30]:

1_1 ., 1 1
KLQmax‘cal Ce

qe qmax‘cal

(6)

where qmaxca (mg-g~!) is the theoretical maximum adsorption
capacity of the capsules at an equilibrium state, C. (mmol-L™!)
denotes the [BPA] in the bulk solution at the equilibrium state,
and K is the equilibrium constant.

The Freundlich adsorption isotherm can be generated by plot-
ting Ing. versus InC,, as follows [25]:

Ing, = K¢ + %lnCe (7)

where Kr and n are the Freundlich constants.

The Redlich-Peterson adsorption isotherm can be generated by
plotting C./qe versus C, as follows [43]:
C_1.8
g A A
where A and B are the Redlich-Peterson constants, and f is a coef-
ficient between 0 and 1.

+ocf (8)

2.6. Thermodynamic behaviors and regeneration tests of capsules

To further study the thermodynamics of BPA adsorption into
the functional capsules, the effect of temperature on BPA adsorp-
tion performance was investigated. A total of 20 capsules encapsu-
lating 15 mg-mL~' of PNCD nanogels in each capsule were placed
into each 2 mL BPA solution at 25, 50, and 60 °C, respectively.
These three temperature points were chosen based on the
thermo-responsive behavior of PNCD nanogels in BPA-containing
solutions, due to the effect of temperature on the interaction
between PNCD and BPA. When the PNCD nanogels were immersed
in 0.25 mmol-L~! BPA solution, the hydrodynamic diameter of the
PNCD nanogels showed nearly no change when the temperature
was increased from 20 to 32 °C, indicating that BPA recognition
is temperature independent within this temperature range. How-
ever, the PNCD nanogels exhibited obvious thermo-responsive vol-
ume shrinkage from 32 to 60 °C. When the temperature was
increased further, to above 60 °C, the hydrodynamic diameter of
the PNCD nanogels remained nearly unchanged. Therefore, 25,
50, and 60 °C were selected as typical temperature points in the
experiments. The change in [BPA] in the external solution with
time was measured until equilibrium was reached at a predeter-
mined temperature. After that, the Gibbs free energy change
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(AG), enthalpy change (AH), and entropy change (AS) for the
adsorption process were used for the evaluation of thermodynamic
behaviors. These parameters can be calculated by the Van’t Hoff
equations [5,17,44,45]:

AS AH
Ink, = R ORI 9)
AG = AH — TAS (10)

where Ry is the gas constant (8.314 Jmol '.K™'), T (K) is the
temperature of the BPA solution in the adsorption experiments, and
AH is obtained by calculating the slope of a plot of Ink; versus T~

To confirm the regeneration characteristics of the capsules, the
BPA adsorption-desorption performances of the capsules were
investigated. A total of 20 capsules encapsulating 15 mg-mL™!
PNCD nanogels in each capsule were placed into each 2 mL BPA
solution at 25 °C. The change in [BPA] with time was measured
until equilibrium was reached. After that, the BPA solution was
substituted over and over with 2 mL of pure water at 50 °C, until
the [BPA] in the external solution remained invariant upon the
further substitution of pure water. The adsorption of BPA by the
capsules and the desorption of BPA from the capsules into pure
water were operated for several cycles to investigate the regener-
ation performance of the capsules. After desorption, the capsules
were easily separated from the continuous phase of the BPA
solution by means of a simple filter. The desorption efficiency, Ry,
was calculated using the following equation:

_Qq

Q.
where Qg (mg) denotes the total mass of BPA desorbed from the
capsules in the washed water after reaching the desorption equilib-
rium and Q. (mg) denotes the total mass of BPA adsorbed by the
capsules after reaching the adsorption equilibrium.

R4 x 100% (11)

3. Results and discussion

3.1. Composition and morphology of molecular-recognizable PNCD
nanogels

The FT-IR spectra of CD, the PNA nanogels, and the PNCD nano-
gels are shown in Fig. S2 in Appendix A. Due to the isopropyl
groups in NIPAM, double peaks at 1388 and 1368 cm™! can be
observed in the FT-IR spectra of both the PNA and PNCD nanogels.
The characteristic peak for the carboxylic groups of PNA nanogels
at 1716 cm™! disappears after the grafting of CD, indicating that
the carboxylic groups have been converted to amide groups via
EDC condensation. The characteristic peak for CD at 1034 cm™! is
present in the FT-IR spectra of both the CD and the PNCD nanogels.
These results confirm the successful synthesis of PNCD nanogels.
The scanning electron microscope (SEM) images show that both
the PNA nanogels (Fig. S3 in Appendix A) and the PNCD nanogels
(Fig. 2(a)) have monodispersed and spherical shapes.

3.2. Molecular-recognition performance of PNCD nanogels

The hydrodynamic diameters of the PNCD nanogels in
0.25 mmol-L™! BPA solution are always smaller than those in pure
water at predetermined temperatures (Fig. 2(b)). The decrease in
the hydrodynamic diameters of the PNCD nanogels in
0.25 mmol.L™! BPA solution is due to the supramolecular host-
guest complexation between the CD moieties and BPA molecules,
which results in a slight shrinkage of the hydrogel network
(Figs. 1(a-III) and (b-III)) [29,46]. In the complexation, the nonpolar
guest BPA molecule partially enters into the hydrophobic cavity of
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Fig. 2. (a) SEM image of the PNCD nanogels in the dried state; (b) effect of BPA on the hydrodynamic diameters of PNCD nanogels in aqueous solutions at different
temperatures; (c) optical micrograph and (d) corresponding size distribution of functional capsules containing 15 mg-mL~' PNCD in each capsule.

the CD unit and forms a stable host-guest CD/BPA inclusion com-
plex via the size effect and supramolecular hydrophobic interac-
tion. In the complexation process, the hydrophobic phenyl group
in BPA is exposed outside the cavity of CD, which increases the
hydrophobicity of the PNCD nanogels. Therefore, the PNCD nano-
gels shrink slightly upon capturing BPA molecules. The PNCD nano-
gels also show thermo-responsive volume changes in both pure
water and BPA solution because of the poly(NIPAM) backbones
[47,48]. However, within the temperature range of 20-65 °C,
regardless of temperature changes, the hydrodynamic diameter
of the PNCD nanogels in 0.25 mmol-L"! BPA solution is always
smaller than that in pure water, due to the supramolecular host-
guest complexation between the CD moieties and BPA molecules
that induces a decrease in the hydrophilicity of the PNCD nanogels.
The results demonstrate the excellent BPA recognition and adsorp-
tion performances of PNCD nanogels.

3.3. Morphological analyses of capsules

The membrane thickness of the Ca-Alg hydrogel capsules
decreases with an increase in the ratio of Q;/Q, [49], where Q
and Q, are the volumetric flow rates of the inner and outer phases.
A thin membrane results in a low trans-membrane permeation
resistance to BPA transport. To achieve an appropriate thickness
of the capsule membrane, Q; and Q, were respectively fixed at 40
and 10 mL-h~! in this study. A thin capsule membrane is appropri-
ate because it allows the BPA molecules to pass through the mem-
brane with a low permeation resistance. In addition, the
membrane should be robust enough so that the capsules do not
rupture during the process. Fig. 2(c) depicts an optical micrograph
and Fig. 2(d) shows the size distribution of the prepared capsules
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encapsulating 15 mg-mL~' of the PNCD nanogels. The capsules
are characterized by a uniform spherical morphology and narrow
size distribution; the average diameter is around 3.32 mm with a
CV value of 3.03%. This high level of monodispersity minimizes
the influence of capsule size on adsorption repeatability.

3.4. BPA adsorption characteristics of functional capsules

To determine the optimum capsule composition for BPA
adsorption, the effect of the amount of PNCD nanogel within a sin-
gle capsule and the effect of capsule number on the BPA adsorption
characteristics were investigated. Figs. 3(a) and (b) shows the
adsorption characteristics of blank capsules without encapsulated
PNCD nanogels for removing BPA from a 0.5 mmol-L™! BPA solution
at 25 °C. Due to the weak physical adsorption between the Ca-Alg
hydrogel capsules and BPA molecules, only a small amount of BPA
is adsorbed by the capsules. Both the total mass of BPA adsorbed by
the capsules and the removal efficiency increase with an increase
in the number of capsules. The total adsorbed mass and removal
efficiency of BPA by the capsules are respectively within the ranges
of 0.005-0.047 mg and 2.5%-20% for the blank Ca-Alg hydrogel
capsules, with the number of capsules ranging from 5 to 40.
Remarkably, compared with the adsorption performance of the
blank capsules, the BPA adsorption performance of the capsules
encapsulating PNCD nanogels is significantly enhanced. For cap-
sules encapsulating 5 mg-mL~! of PNCD nanogels, the time-
dependent total mass Q; (Fig. 3(c)) and removal efficiency R
(Fig. 3(d)) at the equilibrium states are respectively within the
range of 0.041-0.171 mg and 17.9%-74.8% for a capsule number
ranging from 5 to 40. The Q, and R increase with the increase of
time and capsule number, and adsorption equilibrium is reached
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Fig. 3. Adsorption characteristics of different numbers of capsules toward 0.5 mmol-L™! BPA in water at 25 °C. (a) Q; and (b) R changes in BPA adsorbed by capsules without
encapsulated PNCD nanogels. (c) Q;, (d) R, and (e) q; changes in BPA adsorbed by capsules encapsulating 5 mg-mL~! of PNCD nanogels in each capsule. (f) Pseudo-second-order
plots of BPA adsorbed by capsules encapsulating 5 mg-mL~! PNCD nanogels in each capsule.

within 1 h under these conditions with different numbers of cap-
sules. For each capsule number, g, decreases with the increase of
capsule number (Fig. 3(e)), which means that the amount of
adsorbed BPA by a unit mass of PNCD nanogels decreases with
an increase of capsule number. This phenomenon aligns with the
supposition that the possibility of a BPA molecule being captured
by a CD moiety in the PNCD nanogels decreases when the ratio
of the amount of CD to BPA increases. Furthermore, the BPA
adsorption kinetics data for different numbers of capsules agrees
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with a pseudo-second-order model (Fig. 3(f)). The results show
that, for the adsorption of BPA by capsules encapsulating PNCD
nanogels, chemisorption between the adsorption sites of the adsor-
bents and adsorbates is the rate-limiting step, which confirms that
the CD moieties in the encapsulated PNCD nanogels play a leading
role in the adsorption of BPA molecules.

For the capsules encapsulating 10 mg-mL~! (Fig. S4 in Appendix
A), 15 mg-mL™! (Fig. S5 in Appendix A), 20 mg-mL~! (Fig. S6 in
Appendix A), and 30 mg-mL~! (Fig. S7 in Appendix A) of PNCD
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nanogels in each capsule, similar changes in Q; (Figs. S4(a)-S7(a)),
R (Figs. S4(b)-S7(b)), and q, (Figs. S4(c)-S7(c)) were observed over
time. The BPA adsorption kinetics also agrees with the pseudo-
second-order model (Figs. S4(d)-S7(d)). The total adsorbed mass
Q. and removal efficiency R of BPA increased with an increase in
[PNCD] from 0 to 30 mg-mL~! for the conditions with 5 and 10 cap-
sules in the adsorption experiments (Fig. 4). However, when 20, 30,
or 40 capsules were present in the adsorption experiments, Q. and
R first increased and then remained nearly invariant with an
increase in [PNCD], and the inflection points occurred at about
[PNCD] = 15 mg-mL~". These results indicated that 20 capsules
containing 15 mg-mL~! of PNCD nanogels in each capsule would
provide the optimum conditions for further investigation of the
BPA adsorption characteristics, since 20 capsules provide a BPA
removal efficiency of about 80% in 2 mL 0.5 mmol-L™! BPA solution.
For each capsule number, the g. decreases with an increase in
[PNCD] (Fig. 4(b)). The greater the [PNCD], the lesser the amount
of adsorbed BPA normalized by a unit mass of PNCD nanogels will
be. Table S1 in Appendix A shows all the pseudo-second-order
plots for the removal of BPA from 0.5 mmol-L™! BPA solution by
capsules containing different [PNCD]. The data include the
pseudo-second-order model, the Kyps (g:mg~!-min~'), the experi-
mental adsorbed mass at the equilibrium state e exp (mg-g~ 1),
and the theoretical value according to the model gccq (mg-g ).
The results show that the values of geexp are almost the same as
those of qe cal.

3.5. Adsorption kinetics and thermodynamics of capsules for BPA
removal

Capsules containing 15 mg-mL~! PNCD nanogels in each cap-
sule were used to investigate the adsorption kinetics and thermo-
dynamics of BPA removal. For each solution with different [BPA],
the Q; (Fig. 5(a)) and q; (Fig. 5(b)) of the adsorbed BPA first
increased with time and then remained nearly invariant after the
adsorption equilibrium was reached. The Q; and g, values increased
as the [BPA] increased from 0.025 to 0.9 mmol-L"!. More BPA was
adsorbed by the capsules in solutions with higher [BPA], which is
reasonable, as there were sufficient adsorption sites in the cap-
sules. For a [BPA] of less than 0.5 mmol-L}, the removal efficiency
R (Fig. 5(c)) remained higher than 80%. However, R decreased
slightly when the [BPA] was increased further to 0.9 mmol.L™".
When the capsule number is fixed, the adsorption sites provided
by the PNCD nanogels are also fixed, regardless of how the [BPA]
changes. Therefore, R decreases slightly when the [BPA] increases
further. Pseudo-second-order kinetics for BPA adsorption by the
capsules were also observed for aqueous solutions with different
[BPA] (Fig. 5(d)). Table 1 provides the fitting results of the kinetics
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parameters and demonstrates that the pseudo-second-order
model is more suitable for solutions with higher [BPA]. Further-
more, the Freundlich, Langmuir, and Redlich-Peterson isothermal
adsorption models were used to describe the isothermal adsorp-
tion thermodynamics for BPA adsorption by the capsules. The
fitting results show that both the Freundlich (Fig. 5(e)) and
Langmuir (Fig. 5(f)) isothermal adsorption models can be used to
describe the BPA adsorption very well, with coefficients of
association, R?, of 0.9936 and 0.9921, respectively. However, the
Freundlich isothermal adsorption model was found to be more
suitable than the Langmuir isothermal adsorption model because
the association coefficient of the Freundlich model is slightly larger
than that of Langmuir model. In comparison, the R? value is only
0.9398 for the Redlich-Peterson isothermal adsorption model
(Fig. S8 in Appendix A). These fitting results for the adsorption data
further reveal that the adsorption mechanism of the capsules
against BPA molecules is a multilayer adsorption mechanism in
an inhomogeneous surface that is dominated by chemisorption,
due to the complexation between CD and BPA [30,50], with assis-
tance from physisorption. Thus, the adsorption is inhomogeneous.
Moreover, the value of n in the Freundlich isothermal adsorption
model is equal to 1.15, which means that the adsorption of BPA
by the capsules is favorable.

Furthermore, the results from the additional investigations of
the adsorption thermodynamics of BPA at 25, 50, and 60 °C by cap-
sules containing 15 mg-mL~' of PNCD nanogels in each capsule
showed that the adsorptions at different temperatures agree quite
well with both the Freundlich (Fig. 6(a)) and Langmuir (Fig. 6(b))
isothermal adsorption models. For the adsorption of BPA from
aqueous solutions with [BPA] increasing from 0.1 to 0.9 mmol-L™},
the removal efficiency R of BPA (Fig. 6(c)) decreased slightly at
each fixed temperature. At a fixed [BPA], the R value decreased
as the temperature increased from 25 to 60 °C. When the environ-
mental temperature increases, the poly(NIPAM) backbones in the
PNCD nanogels shrink, resulting in an increase in the steric
hindrance of the PNCD hydrogel networks and a decrease in the
complexation constant between the CD and BPA molecules. As a
result, the effective amount of BPA complexed with CD in the PNCD
nanogels decreases with increasing temperature. To further inves-
tigate the adsorption behavior of BPA by the capsules, the
temperature-dependent adsorption was determined; the results
are shown in a Van't Hoff plot (Fig. 6(d)) along with the
thermodynamic parameters, including Gibb’s free energy change
AG < 0 kJ-mol~!, enthalpy change AH = -5407.7 J-mol~!, and
entropy change AS = 50.83 J-mol~!.K~'. The negative value of AH
indicates the exothermic nature of BPA adsorption, which is
supported by the decline in the removal efficiency of BPA with
increasing temperature. Furthermore, the positive value of AS
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Fig. 4. Effect of the [PNCD] within capsules on the adsorption of 0.5 mmol-L™' BPA in water at 25 °C: (a) Qe; (b) ge; and (c) R.
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Fig. 5. Adsorption characteristics of 20 capsules containing 15 mg-mL~"! of PNCD nanogels in each capsule for the adsorption of BPA in aqueous solutions with different [BPA]
at 25 °C. (a) Q; and (b) g, changes in the BPA adsorbed by 20 capsules in aqueous solutions. (c) R and (d) pseudo-second-order plots of the BPA adsorbed by the capsules in
aqueous solutions. (e) Freundlich and (f) Langmuir isothermal adsorption model fittings of the BPA adsorption data.

reveals that the overall adsorption process of BPA by the capsules
involves an increase in entropy. As shown in Table 2, AG indicates
that the adsorptions are spontaneous processes.

3.6. Regeneration characteristics of capsules for BPA removal
After BPA adsorption, capsule regeneration is conducted by sim-

ply washing the capsules with deionized water at temperatures
higher than the volume phase transition temperature (VPTT) of
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the PNCD nanogels. Adsorption/regeneration of the capsules is per-
formed for five cycles, with adsorption at 25 °C in the BPA solution
and desorption at 50 °C in deionized water (Fig. 7). The adsorption—
desorption mechanism is based on the synergistic effect of the
thermo-responsive and molecular-recognizable performances of
the PNCD nanogels (Fig. 7(a)). When the temperature is lower than
the VPTT (at 25 °C in this study), the hydrogel networks of the
PNCD nanogels are in a hydrophilic and swollen state, and the
CD moieties and BPA molecules can form stable host-guest
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Table 1
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Pseudo-second-order plot results of BPA adsorption by capsules containing 15 mg-mL~' of PNCD nanogels per capsule in aqueous solutions with different [BPA].

[BPA] (mmol-L™") Pseudo-second-order model R? Geexp (Mg-g ") Gecal (mg-g™!) Kops (gmg~"-min~")
0.025 y =0.5321x + 26.347 0.9874 1.6446 1.8793 0.0108
0.050 y =0.2728x + 8.9563 0.9987 3.3764 3.6657 0.0083
0.100 y =0.1415x + 4.5261 0.9963 6.5858 7.0671 0.0044
0.300 y = 0.0492x + 1.2303 0.9984 19.1696 20.3252 0.0020
0.500 y =0.0298x + 0.5574 0.9994 32.0074 33.5571 0.0016
0.700 y =0.0219x + 0.4746 0.9998 43.5747 45.6621 0.0010
0.900 y =0.0180x + 0.3358 0.9996 52.8549 55.5556 0.0010
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Fig. 6. Adsorption thermodynamics of capsules containing 15 mg-mL~! PNCD nanogels in each capsule toward BPA. (a) Freundlich and (b) Langmuir isothermal adsorption
models fitting the BPA adsorption data at 25, 50, and 60 °C. (c) R and (d) Van't Hoff plot for BPA adsorption by the capsules.

Table 2
Thermodynamic parameters for the adsorption of BPA by capsules containing
15 mg-mL~! PNCD nanogels in each capsule at 25, 50, and 60 °C.

T (K) InKy, AG (kJ-mol™1)
298.15 8.2835 -20.5617
323.15 8.1700 -21.8324
333.15 8.0337 -22.3406

complexes (Fig. 7(a-1)). However, when the temperature increases
to higher than the VPTT (at 50 °C in this study), the hydrogel net-
works of the PNCD nanogels change to a hydrophobic and shrun-
ken state, and the complexation constant between the CD and
BPA molecules decreases [46]; thus, the desorption of BPA mole-
cules from the CD moieties becomes easier (Fig. 7(a-II)). The des-
orbed BPA molecules permeate through the Ca-Alg hydrogel shell
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of the capsules outward into the external water under the driving
force of the concentration difference between the internal and
external environment. The results show that the functional
capsules exhibit excellent desorption performances in each cycle,
and the desorption efficiency Ry can be maintained at around
90% (Figs. 7(b) and (c)). Meanwhile, the removal efficiency of BPA
by the capsules only slightly decreases after six adsorption-des-
orption cycles. In short, the capsules possess excellent regeneration
characteristics and can be used repeatedly by washing away the
adsorbed BPA with deionized water at temperatures above the
VPTT of the PNCD nanogels. Under general conditions, the Ca-Alg
shell of the prepared capsules can maintain good stability in water
for several months at least. However, due to the protonation or
deprotonation of carboxyl groups in alginate chains, strong acid
or alkali aqueous solutions can cause the degradation of Ca-Alg
hydrogel shells. Even though the released nanogels can interact
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Fig. 7. Adsorption-desorption performances of capsules containing 15 mg-mL~! PNCD nanogels in each capsule toward BPA. (a) Schematic illustration of the adsorption-
desorption of BPA molecules by the CD moieties based on the synergistic thermo-responsive and molecular-recognizable properties of the PNCD nanogels, showing
(1) adsorption at 25 °C and (II) desorption at 50 °C. (b) R and (c) Rq of capsules toward 0.5 mmol-L~! BPA under six cycles of repeated adsorption at 25 °C and desorption at 50 °C.

directly with the targets, the post-treatment for separating the
nanogel adsorbents from the medium is difficult. Therefore, pure
water provides the most appropriate storage conditions for the
functional capsules.

4. Conclusions

In summary, a novel method has been successfully developed
for the facile and efficient removal of OMP from water based on
novel functional capsules containing molecular-recognizable PNCD
nanogels. The functional capsules are composed of semipermeable
membranes and encapsulated PNCD nanogels with BPA-
recognizable CD moieties. The semipermeable membranes of the
capsules enable the free transfer of BPA and water molecules
across the capsule shells, but confine the encapsulated PNCD nano-
gels within the capsules. Based on host-guest recognition com-
plexation, the CD moieties in the PNCD nanogels can efficiently
capture BPA molecules. In this way, the facile and efficient removal
of BPA from water can be achieved by immersing the proposed
functional capsules into BPA-containing aqueous solutions and
then simply removing them, which is easily done because the cap-
sules are characterized by a very large size of up to several mil-
limeters. The prepared capsules exhibit excellent removal
efficiency toward BPA, and the equilibrium removal efficiency
increases with an increase of the concentration of the encapsulated
PNCD nanogels in each capsule and the number of capsules. The
adsorption kinetics of the BPA molecules by the capsules can be
well described by a pseudo-second-order kinetic model, and the
isothermal adsorption thermodynamics agree with the Freundlich
and Langmuir isothermal adsorption models. The adsorption of
BPA molecules by the capsules is mainly due to the chemisorption
of BPA via complexation between CD and BPA molecules, and the
adsorption process is an exothermic one with an increase in
entropy. Capsule regeneration can be achieved by simply washing
the capsules with deionized water at temperatures above the VPTT
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of the PNCD nanogels. The proposed method based on functional
capsules containing molecular-recognizable nanogels provides a
novel strategy for the facile and efficient removal of OMP from
water.
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