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Abstract. In this paper, the eco-friendly sodium alginate-silicon oxide capsule (SASC) with a brilliantly wide pH tolerance
property was obtained via the one-step titration-gel method and in-situ sol-gel progress. The spherical droplets with SA and
tetraethyl orthosilicate (TEOS) casting mixture were directly injected into the calcium chloride (CaCly) solution. The effects
of SiO; nanoparticles (SiO, NPs) on the morphology and adsorptive properties of the capsules were investigated. The inter-
face of the SASC with micro-porous fracture aperture and microscopic re-entrant structures help to provide a stronger in-
teraction between MB and surface channel thus increased its removed capacity during the courses of adsorption. The max-
imum absorption amount of the SASC against methylene blue (MB) was found to be 350.80 mg/g at 25 °C and the solution
pH value of 8, which had a 12.82% enhancement compared with the neat capsule. The adsorptive performance of the prepared
capsules was literally fitted the pseudo-second-order kinetic equation and Langmuir absorption isothermal model. Moreover,
the pH of the MB solution was evidently declined after adsorption, indicating that the adsorption mechanism of the capsules
against MB might be dominated by ion-exchange and electrostatic attraction. This facile method which was used to generate
free-standing spherical support structures with specialized morphology might be more suitable for removing cationic pollu-
tants from alkaline wastewater.
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1. Introduction The ideal absorbents for adsorption should have the
Adsorption is a phenomenon to bind the solute, properties of high specific surface area, non-toxicity,
which happens in water on the surface of a liquid or  and physicochemical stability [4, 5]. However, nowa-
solid [1]. Adsorption is advantageous over other days, the real performance of these absorbents is not
water treatment techniques, such as the traditional  always satisfactory in practical use. For example, ac-
membrane filtration, Fenton oxidation and coagula- tivated carbon, carbon nanotubes and other nano-ad-
tion, etc., because of its higher removal efficiency, sorbents have high surface area, which are more ac-
faster adsorption rate and more cost-effective appli-  tive to fully interact with the targeted compounds to
cability, which has been widely used to remove heavy ~ remove Cu’’, Pb*", dyes, etc., from water/waste-
metals, crude-oil, dyes or other pollutants from water,  water, but it is very difficult to separate and re-cycle
wastewater, and soil [2, 3]. them from the environment after use because of their
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dispersibility and divisibility in aqueous solution [6—
8]. The biomass adsorbents are green but their ad-
sorptive performance is not good enough [9, 10]. In
addition, REDOX adsorbents, such as activated alu-
mina and iron oxide, have higher removal rates but
might easily precipitate again as the free-ions during
adsorption process [11, 12]. These situations cause not
only the waste of resources but also a secondary haz-
ard to the environment [13, 14].

On the contrary, hydrogel is a kind of polymer ma-
terial with three-dimensional network structure and
super-hydrophilicity [15, 16]. It can rapidly capture
the pollutants from wastewaters, hold much water,
and can be permeated by oxygen and nutrients [17].
The hydrogel may have various functional groups
such as carboxyl, amide, hydroxyl and sulfonic acid
radical, etc., compared with other polymers, which is
very easy to be directly hybridized and functionally
modified with organic and inorganic materials [18,
19]. Moreover, the mechanical property of the hy-
drogel could be further improved after chemical and
physical modification, inducing utilization under
practical conditions. For instance, the hybrid PVA/
MA/TEOS membrane for desalination [20]; the bio-
compatible PVA-CS for drug release [21]; Bio-in-
spired anti-oil-fouling CS coated mesh for oil/water
separation [22]. The inorganic materials, however,
which have been directly added into the casting sol
will interact with each other, then, agglomerate in
the hydrogel matrix [23]. They cannot maximize the
original adsorption ability. Besides, the adsorption
capacity of the hydrogel evidently decreases as the
cross-linked reaction excessively consumes the func-
tional groups (adsorption sites) of the polymer in
spite of the evolving high mechanical performance
[24].GA is commonly utilized to cross-link hydro-
gels for different applications but has a strong bio-
logical toxicity [25]. The aldol condensation reac-
tion occurring between GA and the hydrogel is often
reversible. For this reason, they cannot remain sta-
ble in too acidic or alkaline solutions, thus increas-
ing the risk of secondary pollution to the environ-
ment [26].

SA is a by-product after extracting iodine and man-
nitol from the kelp or sargassum [27]. It is a kind of
natural polysaccharide/polymer with chemical sta-
bility, solubility, viscosity and biological safety for
pharmaceutical preparations and porous membrane
fabrication [28, 29]. For example, SA worked as a
non-toxic and biocompatible thin shell, which was

used to encapsulate PCM. The prepared PCM cap-
sules are featured with spherical shapes, highly mono-
disperse sizes and perfect core-shell microstructures
[30, 31]; The effective CCN-Alg hydrogel bead with
an extreme adsorption capacity against Pb(Il) (g, =
338.98 mg/g), especially, which could still maintain
an adsorption capacity of 223.2 mg/g after five re-
peated cycles under acid treatment [32], and so on.
The molecules of SA are connected by G units (a-
(1-4)- L- Guluronic acid) and M units (B- (1-4)- D-
Mannuronic acid), which is eco-friendly and bio-
degradable [33]. And the -COONa in G unit of the
SA can cross-link with some multivalent cations, such
as Ca’" and Ba®" at pH 4 to form the SINPs. It has
been proved that the polymer hydrogels with SIPNs
comparably have a higher removal capacity than
those with IPNs in adsorption [34].

The adsorption efficiency is ascertained by the force
of interaction and affinity between the solute with
the interface of the adsorbents [35, 36]. Some results
have suggested that increasing the hydrophilic sur-
face roughness can simultaneously improve their
hydrophilicity to promote the interaction between
the interface and solute in aqueous solution [37, 38].
Hence, it is meaningful that the prepared hybrid hy-
drogel adsorbents with the high specific surface
area, stable chemical properties, ideal removal ca-
pacity and eco-friendly, which can be applied and
recycled to the overly acid or alkali situation or even
more comprehensive situation. Morevover the inor-
ganic nanoparticles can disperse well and bond
tightly into the polymer matrix to minimize their po-
tential damage to the environment for what might
be triggered by the free-diffusion. Herein, it was the
first time to report this kind of spherical hydrogel
adsorbents with microscopic re-entrant structures
just via the one-step titration-gel method and in-situ
sol-gel progress by injecting SA-TEOS spheroidal
gelled sol into CaCl, solution. The hybrid capsules
could be regenerated for MB removal for at least 3
times but their removal capacity was not evidently
reduced.

2. Materials and methods

2.1. Materials

TEOS (Vapor density, 7.2 (vs air); 99.999% trace
metals basis; liquid) was supplied by Sigma-Aldrich
Co., Ltd. (The USA). SA powders and CaCl, were
purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). The ultra-pure water was produced by

312



Lin et al. — eXPRESS Polymer Letters Vol.13, No.4 (2019) 311-326

a Milli-Q BIOCEL unit (With the resistivity of
18 MQ c¢m) from MilliPore Co., Ltd. (The USA).

2.2. Preparation of the casting solution

The SA solution with a concentration of 3 wt % was
produced via dispersing 3 g SA powders into 100 ml
pure water at 30 °C under stirring until completely
dissolved. The SA-SiO, casting sol was prepared by
in-situ introducing 0.5 ml TEOS solution was added
into the above-mentioned 30 g SA solution after 3 h
of magnetic stirring. Under this synthesis condition,
the SiO, NPs accounted for 14.92 wt% of the SA
(the mass ratio between the SiO, NPs and the sub-
strate of SA could be calculated from the literatures
[39, 40]).

2.3. Fabrication of the capsules
The capsules were fabricated via the one-step titra-

tion-gel method which as illustrated in Figure 1.
Briefly, the 25 ml of the SA or SA-Si0O, casting

SA or SA-TEOS solution

a)

solutions were poured into a 50 ml syringe after
standing-deaeration, respectively. With the power of
the electric syringe pump, the precursor sols were
driven through the catheter with an inner diameter
of 3 mm at a feed flowed rate of 13 ml/h. Subse-
quently, the globular droplets were consecutively
collected in a bath with 5 wt% CacCl, solution (Fig-
ure la). The distance from the nozzles to the surface
of the CaCl, solution was 8 cm. After 1.5 h of titra-
tion, the capsules were kept immersing into the
5 wt% CaCl, solution for 12 h to continue cross-
linking the nascent spherical droplets. Finally, the
prepared capsules were repeatedly purged with pure
water for removing the excess of CaCl,. And the two
kinds of capsules were obtained and expressed as
SAC and SASC, respectively (Figure 1b).

2.4. Characterization of the prepared capsules

The morphology of the prepared capsules was ob-
served via the field emission-scanning electron

b)

Figure 1. (a) Schematic procedure of the prepared capsules; (b) The real photograph of the prepared capsules.
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microscope (FE-SEM) (HITACHI S-3000N, Hitachi
Ltd., Japan) at 5 kV after completely freee-drying for
24 h. The formation principle of the capsules was
also studied by FT-IR technique (UATR Two, Perkin-
Elmer Ltd., The USA) with a resolution of 4 cm™,
scans = 64 and a wavelength in the range of 650~
4000 cm™!. The diameter of the SiO, NPs was cal-
culated in SA-SiO; casting solution by the particle
size analyzer (Zetasizer Nano ZS ZEN 3600, Malvern
Instruments Ltd., England) and statistically counted
from each FE-SEM photograph of the hybrid cap-
sules at 50000 magnifications. The pH changes of
the MB solution after adsorption equilibrium were
recorded via a pH meter (S470-K, Mettler TOLEDO
Ltd., Switzerland).

2.5. Adsorption and regeneration experiments
The adsorption experiments were carried out for re-
moving 40 ml MB solute with different concentra-
tions (100~1000 mg/1) from aqueous solution. Also,
the dose of the capsules was fixed at 0.04 g. The ad-
sorptive performance of the prepared capsules was
thoroughly investigated under various conditions,
such as the solution pH (i.e. 2~12), temperatures
(25~65°C) and the contact time (0~72 h), etc. The
absorbance of the MB solution was determined via
the multiple dilution method through a UV—vis spec-
trophotometer (UV-2600, UNICO Co., Ltd., The
USA) at 664 nm after shaking (at a speed of 120 rpm)
for a given time interval. The progress of full scans
was conducted at the wavelength from 190 to
1100 nm. The removed amount ¢, [mg/g] and effi-
ciency R [%] of MB were calculated by the Equa-
tions (1) and (2):

C,—C)- Vv

Clt=7(o m) (1
C,—C.) %

r=G=C) % Co) )

where C, C; and C, [mg/1] are the concentration of
the MB solution at the initial time, and after ¢ time
adsorption and up until adsorption equilibrium; V' [1]
is the volume of the solution, which equal to 0.04;
and m [g] is the mass of the dried capsules.

For regeneration, the hydrogel capsules were im-
mersed in HCI solution with pH values of 4 under
stirring at 350 rpm for 2 h, and these capsules were
rinsed by the pure water until neutral then. Afterward,
the capsules were used for adsorbing MB solution at
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25°C and the pH value of 8. The concentration of the
MB solution was 100, 400 and 1000 mg/1, respec-
tively. And the adsorbed capacity of the capsules was
re-tested again as above mentioned. The experiments
were repeated 3 times.

3. Results and discussion
3.1. Morphology analysis of the prepared
capsules
The effects of SiO, NPs on the morphology of the
prepared capsules were illustrated at different mag-
nifications. As shown in Figure 2, the FE-SEM analy-
sis exhibited that the surface of the prepared capsules
had a micro-porous structure. Besides, the pores of
the capsules exhibited a ‘fracture aperture’ like ap-
pearance and extended toward the kernel (Figure 2,
v, 0). The interface of the SAC was undulated and
uneven, which had a ‘ridged’ texture (Figure 2,
SAC-A). Furthermore, the fibers of the SAC were
very smooth (Figure 2, SAC-C).
However, though the mean pore sizes of the prepared
capsule decreased after TEOS was introduced into
the polymer matrix (Figure 2, 9), it was observed
that the appearance of the interface showed a more
obviously ‘ridged’ architecture. The surface rough-
ness of the hybrid capsule increased (Figure 2, a, B),
which displayed a submicron scale (SiO, aggrega-
tion node) to nano scale (SiO; NPs, 80~100 nm) hi-
erarchical stratum morphology and re-entrant pat-
tern compared with the neat capsule (Figure 2,
SASC-C). The trigger for this was due to TEOS re-
acting with water in the SA solution. The SiO, NPs
self-assembled and dispersed well in the polymer
matrix. Also, the hydrophobic SiO, NPs coatings on
the surface of the SA were highly homogeneous and
had a good combination with the matrix via H-bond-
ing [41].

3.2. Formation mechanism of the prepared
capsules

The FT-IR spectra and formation principle of the
prepared capsules were shown in Figure 3. The vis-
ible hydrogen bonding stretching vibration peak lo-
cated in 3150~3300 cm™! intervals were caused by
—OH and —~COO in the chain of SA interacting with
each other (Figure 3a) [42, 43]. The -CH3 and —-CH,
vibration peaks were observed around 2920~
3050 cm™!. The spectrum of SA at 1640, 1715 and
942 cm™'. wavenumbers were C=0 and O-Na in
—COONa group, respectively [43, 44].
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Figure 2. The FE-SEM results of the prepared capsules at different magnifications (a: SAC, b: SAS-C). (a, B) the surface
roughness of the prepared capsules; (y, 8) the fractured aperture of the prepared capsules.
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Figure 3. (a) The FT-IR results of the prepared capsules at different stages; (b) The diameter distribution of the SiO, NPs in
SA matrix; (¢) The formation mechanism of the prepared capsules.
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Furthermore, the stretching vibration peaks emerged
near 1382 and 950 cm™! were —OH radical in-plane
and out-of-plane vibrations exhibit a characteristic
spectrum. The stretching vibration band of C-O in
—COO of the SA was ranging from 1080 to
1205 cm™! [44]. The above diagram served to illus-
trate the formation principle of the prepared cap-
sules. In the first phase, the hydrophilic SiO, NPs
were generated and well dispersed in the polymer
matrix to form a homogenous system after TEOS was
introduced to the SA solution (Figure 3¢). The diam-
eter of the particles was concentrated around 80~
100 nm (Figure 3b). It should be noticed that the new
absorption bands which significantly appeared
around 1450, 1082, 772 and 772 cm™! [45-47] re-
spectively corresponded to the O-H stretching vibra-
tion peak (Si—~OH), Si—O—Si anti-symmetric stretch-
ing vibration peak and Si—O symmetric stretching
vibration peak, indicating that SiO, NPs were suc-
cessfully incorporated into the SA and had good com-
patibilities with the substrate.

In the preparation courses of the hybrid capsule, the
liquid droplet with SA-TEOS mixture instantly gelled
and transformed into a porous flexible solid-sphere
once it has been injected into the cross-linked CaCl,
solution (Figure 3c). As the reaction continued, a ro-
bust capsule with Semi-IPNs structure was produced
due to the Ca”" uninterruptedly coupled with -COO~
in G unit of SA via chelating and covalent bonding.
And at this moment, the O—Na (937 cm™! [42—44])
disappeared (Figure 3a). The hydrophilic functional
groups (hydroxyl groups and carboxyl groups, etc.)
of SA acted as the ‘active sites’ role in adsorbents,
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which endowed them with brilliant capacity for re-
moving MB from water.

3.3. Influence of solution pH on the removal
performance of the capsules

In order to qualitatively explore the effect of pH on
the properties of MB, the full-scan analysis was per-
formed at different pH conditions before conducting
the adsorption experiments. Initially, the absorbance
of MB at the wavelength of 664 nm was indistin-
guishably measurable, but then drastically declined
with the values of the pH increasing from 9 to 12 as
shown in Figure 4a. At the meanwhile, the removal
efficiency of the capsules against MB slowly in-
creased from pH 2 to pH 9 while sharply decreased
after the values of pH exceeding 9 (Figure 4b). The
MB removed efficiency relatively increased by
12.82% after SiO, NPs were incorporated into the
capsule. The optimal removal efficiency of MB by
the SASC was 98.18 % (Figure 4b) at solution pH 9
(under the weak alkaline conditions) and the concen-
tration of the MB was 400 mg/1.

The reason behind this phenomenon was under-
standable because the concentration of the H" and
MB was high under acidic condition (pH < 8). The
removed sites of the capsule would be concurrently
occupied and consumed by MB and H" thereby in-
hibiting the combination between the MB and the
SA, diminishing the adsorbed capacity. On the con-
trary, MB would degrade and transform into a com-
plex precipitate in an over-alkaline situation (pH >
10) even it was beneficial for the adsorbents to re-
move MB (Figure 4a). The results might imply that

e e SASC
100 | :

754 pH=2

R[%]

50 1

25 1

b) pH

Figure 4. (a) The changes of the absorbance of MB at different pH; (b) The effect of solution pH on the capsules’ removal

efficiency.
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the capsules had a brilliant pH resistance and were
good at treating the alkaline and cationic contami-
nants. Thus, in order to avoid the influence of the
precipitation on the results of the adsorption, the
value of the solution pH was kept at 8 during the fol-
lowing experiments.

3.4. Adsorption isotherms studies of the
prepared capsules

The plots of the adsorbed isotherms at different tem-
perature could be defined as type-I (simple L-shaped)
according to the IUPAC, as described in Figure 5,
which usually happened upon the interface of the
micro-pores. Therefore, the Freundlich and Lang-
muir isothermal models were accounted to use for
fitting the adsorption of the capsules against MB at
different concentration and temperature. The equa-
tion of the Freundlich and Langmuir isotherm mod-
els were formulated as Equations (3) and (4):

— 1/n
qe_KFCe (3)
— quLCe 4
9e=1+K, C 4)
L%e
450
3751
=
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where C, [mg/1] and g, [mg/g] are the concentration
and removal amount of MB in adsorption equilibri-
um; K¢ [(mg/g)/(mg/1)''"] and K [I/mg] are the pa-
rameters of the Freundlich and Langmuir and iso-
therm models; 1/, is a constant related to the sorption
strength.

The Langmuir model assumed that the adsorption,
was mono-layer coverage only, occurred upon a ho-
mogenous surface. The possibility and affinity for
adsorbate combination with the active sites of the in-
terface of the adsorbents were equal. Moreover, the
adsorbate molecules could not interact with each
other once it had been adsorbed. But the Freundlich
isothermal model was different.

As shown in Figure 5, the removal capacity of MB
by the prepared capsules was improved with the in-
creasing of the concentration of MB. Nevertheless,
the adsorbed amount of MB would keep steady if the
concentration was greater than or equal to 1000 mg/1.
This result revealed that the active sites of the adsor-
bents for working were basically occupied and the
adsorption had become dynamic balance. Thereto,
as the temperature increased from 25 to 65 °C, the
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Figure 5. The fitting results of the Langmuir model at various temperatures (a) SAC, (b) SASC; the fitting results of the Fre-
undlich model at various temperatures (c¢) SAC, (d) SASC.
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Table 1. The parameters and coefficients of the Langmuir
and Freundlich isotherm.

Temperatures
Types Models | Coefficients
25°C | 45°C | 65°C
Ky 0.033| 0.066| 0.342
Langmuir Gmax 326.290 |1 204.518 | 110.646
R? 0.999 | 0.999| 0.999
SAC
Kr 71.851| 76.000| 82.133
Freundlich 1/n 0.236| 0.154| 0.047
R? 0.874| 0.841| 0.803
KL 0.490 | 0.093| 0.347
Langmuir Gmax 363.885 |231.664 | 130.057
R? 0.999 | 0.999| 0.999
SASC
K¢ 92.816| 90.837| 88.069
Freundlich 1/n' 0.219| 0.149| 0.062
R? 0.854| 0.830| 0.786

saturated removal amount of the MB visibly shrunk.
It meant that the adsorbed processes of MB by the
hydrogel contained an exothermic course. Increasing
the adsorption temperature would inhibit the inter-
action between MB with the capsules.

The relevant coefficients R? of the Langmuir models
were above 0.999, which were higher than that of the
Freundlich (Table 1). It proved that the Langmuir iso-
therm equation was more appropriate for describing

10
100 ppm
20 400 ppm
1000 ppm
Initial pH
8 T .
g
S B-
4 -
2

Release Na*, H*

Negatively
charge

the adsorbed progress of MB by the capsules. The the-
oretical maximum adsorbed amount of the prepared
capsules after calculated were very highly consistent
with the adsorbed amount of the experiments (SAC:
310.934 mg/g at 25°C, 200.456 mg/g at 45°C and
110.478 mg/g at 65°C, respectively; SASC:
350.797 mg/g at 25°C, 228.929 mg/g at 45°C and
129.840 mg/g at 65 °C, respectively). More impor-
tantly, the removed capacity of the capsules was in-
creased by 12.82% after SiO, NPs incorporating into
the polymer.

3.5. The changes of the pH after adsorption
equilibrium at different temperature

The pH of the MB solution evidently descended after
reaching adsorption equilibrium at different temper-
ature, and this trend became more severe at high con-
centration (Figure 6). Whereas, at various concen-
trations, the solution pH gradually increased as the
temperature raised from 25 to 65 °C (Figure 6a and
6b, 100, 400, 1000 ppm). This occurred as a result of
the concentration of the H" in the MB solution after
adsorption equilibrium was higher than that of the ini-
tial, and implied an ion-exchange (H") behavior in
the adsorbed process. The reason why the increased

10
100 ppm
[0 400 ppm
1000 ppm
Initial pH
8-
o
[=}%
45
b) Temperature [°C]

Electrostatic
attraction

Step Il

Figure 6. The variance of solution pH after adsorption at different temperature (a) SAC, (b) SASC; (c) ketch of the adsorption

process of MB by the prepared capsules.
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temperature prevented the adsorbed progress of the
capsules against MB would be attributed to the fol-
lowing two processes.

Firstly, the adsorbents could aggressively release H"
and Na* ions [33, 48] to the environment and be-
came electronegative before binding MB from the
water (Figure 6¢, Step I). At this stage, it could be re-
garded as the dissociation of the SA, and the capsules
simultaneously took the heat from the environment.
Immediately, the negative hydrogel adsorbents con-
jugated and chelated with the positive MB in the so-
lution, which was an exothermic combination (Fig-
ure 6¢, Step II). The emitted calorific energies that
the macromolecule (MB) was adsorbed by the cap-
sules were much higher than the energies consumed
during the small molecule (Na*, H) releasing from
the SA. Therefore, the adsorbed process of MB by
the capsule was dominated by the thermopositive
progress. Raising the temperature of the solution not
only affected the interaction between the MB and the
adsorbents to reduce the removed rate of MB, but
also suppressed the production of the capsules with
negative charge thus increased the solution pH after
working. The changes of the pH performed compar-
atively much palliative after SASC were added into
the MB solution, indicated that SiO, NPs could main-
tain the stable electronegativity of the capsules.

3.6. Adsorption Kinetics studies

The ambient temperature for working was fixed at
25 °C to investigate the adsorbed kinetics of the cap-
sules against MB. The first, second, and Weber-Mor-
ris (intra-particle diffusion) kinetic models, as the
Equations (5), (6) and (7), were used to describe the
adsorption behaviors of MB by the capsules:

In(g.—q,) =—k;t+Ingq, (5)
t 1 t

t_ Lt 6
gt k2q§ e ( )
4 = kyyt "+ C (7

where ¢; and ¢, [mg/g] are the adsorbed amount of
MB at the setting interval time and the equilibrium;
ky [h™"], k [g/(mg-h)] and kwy [g/(mg-h"?)] are the
coefficients of the first, second reaction kinetics and
Weber-Morris models, respectively; C is a constant
related to the adsorbed thickness and boundary layer.

As shown in Figure 7a and 7b, the adsorbed amount
of MB steeply ascended within 4 h, and gently reached
the adsorption equilibrium up until 16 h, after which
time the adsorbed amount of MB kept stable. Fur-
thermore, the rising of the solution concentration not
only promoted the adsorbed amount of MB by the
capsules but also boosted the speed rate for removing
MB from the aqueous solution. These data support
the conclusion that the prepared capsules were adept
and fast for MB removal. The high concentration
provided a strong osmotic pressure against the kernel
of the capsule, thereby improving its adsorption ca-
pacity.

It should be noticed that the kinetic parameters, k;
and k;, (Table 2) of the SASC were larger than SAC
at various concentrations, demonstrating the removed
capacity and the speed rate of the capsules were si-
multaneously improved after SiO, NPs were added
into the polymer. This phenomenon could be ex-
plained by the hydrophilic SiO, NPs aggregates ho-
mogeneously scattered in the polymer matrix to cre-
ate a multi-scale re-entrant structure on its surface
channel thus enriched the adsorbed sites of the SA.
Fundamentally, the specialized morphology of the
interface helped to promote the interaction opportu-
nity and the affinity between the pollutants and ad-
sorbents, thus, improved the capsules’ adsorption
ability.

The fitting results of the Weber-Morris model were
not merely a line passing through the origin (Fig-
ure 7g and 7h), revealing the intra-particle diffusion
was one of the adsorbed progresses during the ad-
sorption but was not the sole dominant. The ad-
sorbed process of MB by the capsules might include
surface migration and adsorption, intra-particle dif-
fusion and electrostatic attraction.

Initially, the concentration of the MB was high and
there were plenty of adsorbed sites on the capsules for
working. The positively charged contaminant fleetly
diffused, migrated, and then consociated on the sur-
face of the capsules. Immediately, the adsorbed sites
in the skin of the capsules were substantially con-
sumed. The cationic MB started spreading toward
the capsule interior and being coupled upon their in-
ternal channel surface with the force of electrostatic
attraction by the negative radicals (-O~, -COO") of
the SA within 4 h. Thereby, the intra-particle diffusion
was the primary controlling factor during this progress.
Eventually, the adsorbed sites of the capsules were
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Figure 7. The MB removed amount varies with time (a) SAC, (b) SASC; the fitting results of the pseudo-first-order kinetic
(c) SAC, (d) SASC; pseudo-second-order kinetic (e) SAC, (f) SASC; intra-particle diffusion kinetic (g) SAC,

(h) SASC.

completely depleted and reached the adsorption bal-

ance up until 16 h (Figure 7a and 7b).

The experimental values of the adsorbtion kinetics
after calculating exhibited that the pseudo-second-

order was more suitable for expounding the adsorb-
tion progress (Figure 7e and 7f). The maximum MB
removed amount after formulating were very close
to the experimental values (SAC: 91.002 mg/g at
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Table 2. The fitting results of the adsorption kinetics.

Cy
Types Models Parameters [mg/]
100 200 400 1000
ki 0.083 0.084 0.095 0.096
Pseudo-first-order kinetics qe 42.533 66.776 58.958 31.138
R? 0.968 0.918 0.883 0.913
ko 9.440-107 6.178:1073 8.785-107 2.905-107
SAC Pseudo-second-order kinetics qe 92.421 173.611 271.002 313.480
R? 0.999 0.999 0.999 0.999
kewm 41.203 90.200 177.922 293.920
Intra-particle-diffusion c -2.631 -5.341 —6.525 17.370
R? 0.954 0.960 0.982 0.927
ki 0.099 0.116 0.100 0.104
Pseudo-first-order kinetics qe 39.886 75.174 69.270 25.827
R? 0.935 0.934 0.824 0.872
k3 9.981-107 7.356:1073 9.050-107 4.618-107
SASC Pseudo-second-order kinetics qe 96.993 186.220 308.642 352.113
R? 0.999 0.999 0.999 0.999
kym 42.438 100.237 229.855 336.414
Intra-particle-diffusion c' -2.373 -3.817 —11.785 10.269
R? 0.965 0.976 0.970 0.976

100 mg/1, 171.526 mg/g at 200 mg/1, 269.248 mg/g
at 400 mg/l and 313.212 mg/g at 1000 mg/1; SASC:
95.558 mg/g at 100 mg/1, 184.055 mg/g at 200 mg/I,
307.973 mg/g at 400 mg/l and 351.936 mg/g at
1000 mg/1, respectively). Moreover, the correlation
coefficients R?> of the pseudo-second-order were
greater than 0.999.

3.7. Regeneration and adsorption mechanism
of the capsules

The maximum adsorption rate of the capsules was
equal to the ratio of the previous removal amount
after regeneration. The recovery procedure of the cap-
sules after adsorption has been shown in Figure 8a.
The removed capacity of the capsules was no evi-
dently different with that of the initial in 100 ppm
after eluting, while diminishing as concentration in-
creases. That was because the maximum adsorption
rate of the capsules was determined by how many
active sites could be recovered in the course of re-
generation. MB just consumed parts of adsorbed sites
of the capsules at low concentration. As for the re-
maining, they were still active for adsorption. How-
ever, the adsorbed sites of the hydrogels have been
essentially/completely occupied at 400 or 1000 ppm.
Therefore, at this moment, the secondary removed
capacity of the capsules was determined by the level
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of elution and desorption. It should be noticed that
the adsorbed capacity of the SAC marginally glided
after regenerating for 3 times but still maintained
above 70% of the original capacity (Figure 8b, the
maximum adsorption amount of the SAC was
228.403 mg/g after 3 times regeneration). The results
suggested that the prepared capsules could be con-
tinuously used and applied for MB adsorption at low
concentration after regeneration even they had been
worked at high concentration conditions. Further-
more, the lowest adsorption rate of the SASC was
still above 75% of the original capacity after eluting
(Figure 8c), demonstrating the removed capacity of
the capsules has been improved after SiO, NPs were
added into the polymer.

In summary, the adsorbed mechanism of the cap-
sules against MB could be considered as the follow-
ing stages. To begin with, the polymer of the capsules
spontaneously dissociated H" and Na* to become
electronegative (the polymer with —O~ and -COO~
radical) and active for adsorption in MB solution.
Quickly, the molecules of MB migrated, diffused
and inoculated the active sites of the capsule from its
skin to interior within 4 h. The surface of the capsules
with unique re-entrant morphology helped to pro-
mote the degree of affinity between the interfaces
with the pollutants thereby improving the speed rate
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in adsorption (Figure 8d). Finally, the MB was trapped
and coupled into the interface of the inner channel
by electrostatic attraction, which reached a dynamic
adsorption balance in 16 h.

As for regeneration, the situation was similar to the
progress in above-mentioned. Briefly, after adsorp-
tion, the capsules initially released the molecules of
MB to the ambient for recycling the cations (H")
from the HCI solution. Eventually, the removal ca-
pacity of the capsules was slowly recovered up until
MB was absolutely displaced by the H™.
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3.8. Comparison of different hydrogels for the
removal of MB

As shown in Table 3. The removed capacity and the
speed rate of the prepared capsules against MB in
this article were comparatively higher than that re-
ported hydrogels.

Moreover, the method, which used to generate the
capsules with free-standing spherical support struc-
tures and specialized morphology was very simple
to be operated and manipulated. Therefore, the pre-
pared capsule, especially, SASC, was a low-cost,
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Table 3. Comparison of the obtained results with earlier reported studies.

Types of the hydrogel Preparation method gm at 25°C | Time for equilibrium Literatures

adsorbents [g/mg] [h]
SAC One-step titration-gel 310.934 4~10 This work
SASC One-step titration-gel 350.797 4~8 This work
PSC-MMTNS Hydrogen-bond and electrostatic interactions <137.150 6~10 [49]
MMTNS-CS Centrifugation and heated cross-linking (90°C) | 351.800 >10 [50]
HKUST-1@PVA-co-PE/PVA f&ffﬁi?ﬁfﬁ?ﬁifﬂffl 2Cil 481.500 10 [51]
AC-SA A method contained mixing and dropping 230.00 6~8 [52]
ZNFSA Mixing and co-precipitation technique 54.054 <1/12 [53]
RGO-SA Freezing, solvent exchange and drying <192.300 >10 [54]
recyclable, eco-friendly and promising material for Nomenclature
the removal of cationic pollutants from wastewater. [ Tga Sodium alginate

2. |SiO, Silicon oxide

4. Conclusions 3. |TEOS Tetraethyl orthosilicate
Altogether, the formation mechanism of the hybrid |4, |cacl, Calcium chloride
SASC with Semi-IPNs and wide pH tolerance nature  |5. |SiO, NPs Si0; nanoparticles
was covalently bonded the sol of SA-TEOS with Ca?*  |6. |MB Methylene blue and applied chemistry
via one-step titration-gel. The interface of the hybrid |7. |REDOX Reduction-oxidation
capsule showed a micro-porous fracture aperture and  |8. |PVA Polyvinyl alcohol
microscopic re-entrant morphology based on the |9 |MA Maleic acid
SiO, NPs self-assembling and well dispersing in the | 10- €S Chitosan
polymer of SA. The adsorption mechanism of the cap- |11+ |GA Glutaraldehyde
sules against MB was dominated by ion-exchangeand |2 |PCM Phase change material :
electrostatic attraction. Furthermore, the removal ca- | 13. |CCN-Alg acérit’lz‘eylated cellulose nanocrystal-sodium
pacity and the speed rate of the MB by the capsules 14. | SINPs Semi-interpenetrating polymer networks
were synchronously boosted after SiO, NPs embed- 75 1pns Interpenetrating polymer networks
ding in the polymer matrix. This hybrid capsule with |4 [saC SA capsule
specialized morphology could not only be used as |7, |sAsc SA-SiO, capsule
an adsorbent for quickly removing the cationic con-  |18.[IUPAC International Union of Pure
taminant (MB) from the aqueous solution, but also  [19. |PSC-MMTNS | PVA-SA-CS-montmorillonite nano-sheets
could be applied to biomedical and green science be-  |20. |PE Polyethylene
cause of their eco-friendly property. The prepared |21.|AC-SA Activated carbon-SA
capsules could be repeatedly regenerated for MB ad-  |22. | ZNFSA Zeolite/nickel ferrite/SA
sorption at least 3 times. Especially, they might have ~ |23- |[RGO-SA Reduced graphene oxide-SA
a good application prospect in alkaline and cationic
removal. References
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