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haracterization of a toughened
spherical chitosan adsorbent only through physical
crosslinking based on mechanism of Chain
Rearrangement

Cai-Hong Liu, Hai-Tao Jiang and Chun-Hong Wang*

Chitosan extracted from natural products has gained tremendous attention in the field of adsorption and

separation due to its inherent biocompatibility and potential applications. In this research, we synthesized

a new type of spherical chitosan adsorbent (SCA) by controlling the mass transfer rate of the

entanglement of the polymer chains in the recombination process. This SCA is a highly crystalline

polymer material with outstanding mechanical strength, high adsorption capacity, a porous surface and

suitable particle size distribution. The value of the sphericity of attrition of this SCA was 89.8%, which is

the same as that of the commercial macroporous resin with a polystyrene matrix. The X-ray diffraction

(XRD) patterns and differential scanning calorimetry (DSC) curves showed a significant change from

powder to spherical structure and confirmed that the SCA is highly ordered and crystalline. Optical

microscopy (OM) and scanning electron microscopy (SEM) demonstrated that the SCA was composed of

a tightly stacked fiber structure, indicating the homogeneity of the polymerization. The porous structure

of the surface provided a channel for mass transfer, which was indicated by a test of the ion exchange

capacity and the adsorption performance of the SCA with Cu(II) as the adsorbed subject. The adsorption

capacity was higher than those of all reported non-composite chitosan materials. Therefore, we have

successfully synthesized a completely green, nontoxic and environmentally friendly adsorbing resin

equipped with excellent mechanical properties and adsorption capacity for future applications in many

new fields.
Introduction

Ion exchange resin is a widely used functional polymer material.
The basic skeleton of the resin undergoes a transformation
from phenolic to polystyrene and acrylate. Most polymerized
monomers are derived from petroleum.1,2 The polymerization
process of nondegradable and nonrenewable polymers causes
pollution and energy consumption. Recently, the concept of
fossil fuel-free, environmentally friendly materials and recycled
and reused materials has been listed as one of the 125 inter-
national frontiers, and research on biocompatible and biode-
gradable natural polymer replacements has attracted much
attention.3

Chitosan is the only basic polysaccharide that exists in
nature and is widely used due to its abundant hydroxyl and
amino groups on the main chain.4 Therefore, the large-scale
industrial production of this environmentally friendly adsorp-
tion material can lower manufacturing costs and reduce the
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the Royal Society of Chemistry
waste of resources to a great extent. However, chitosan powder
is difficult to reuse and separate in practical applications,5 so it
needs to be reprocessed. Spherical adsorbent llers have the
advantages of high volumetric capacity and uniform stress and
strain, and they can achieve a higher lling volume by adjusting
the diameter and size distribution.6 Therefore, some scholars
have committed themselves to the synthesis and research of
spherical chitosan resin.7–11 Most of these scholars have estab-
lished a three-dimensional network structure by introducing
chemical cross-linking agents and with amino groups as reactive
cross-linking sites, resulting in a decrease in available functional
groups in the processed materials.12 To increase the adsorption
performance, current research has mainly focused on the
modication of the synthesis of the material by physical cross-
linking.13–16 In the reported methods, the high concentration of
hydroxide ions gathered on the surface causes physical gelation
to occur preferentially at the outermost shell, the diffusion of
ions to the inner layer is hindered, and the result is a low rate of
transformation, which contributes to the soness of the interior.
The material with this structure cannot withstand external
impact and abrasion when used as resin packed in columns.
RSC Adv., 2022, 12, 9179–9185 | 9179
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For decades, to increase the conversion degree, some
research papers have reported the preparation of novel chitosan
biohydrogels by purely physical cross-linking.17,18 Zhang19 dis-
solved chitosan in alkali/urea solutions at low temperature
rather than in acidic systems to obtain high-strength hydrogels
with nanobrous structures. Ladet20 synthesized a multilayer
chitosan gel material with a directional structure through the
difference in the concentration gradient of hydroxide at the gel–
sol interface in a cylindrical mold. By controlling the gelation
and the OH� diffusion time, the polymer chains of the two types
of materials mentioned above can be rearranged more regu-
larly, thereby improving the overall mechanical strength.

From the perspective of adsorption and separation material,
we hope the processed chitosan met the following conditions,
a complete sphere with the relatively homogeneous and
controllable particle size, the strength equivalent to that of
polystyrene ion exchange resin and good mass transfer chan-
nels existing inside, and as much functional group content
retained as possible. Its crystallization can be controlled by
providing suitable external conditions during processing.21 The
crystallization rate affects the degree of crystallinity and the
distribution of regions, which affects both the mechanical
properties and usability of functional groups.22,23 Fast crystalli-
zation contributes to the uniform distribution of the crystalline
area, but the strength of the resin declined for the reduction in
crystallinity.; slowing down the rate in favour of increasing the
degree of crystallisation, but the presence of a large proportion
of crystalline zones correspondingly reduces the content of the
functional group. Here, we provide suitable crystallization
conditions at higher reactant concentrations to generate
spherical crystalline polymers that aggregate steadily in one
phase. The crystallization rate was decreased by slowing down
the variation rate of the pH so that the polymer chains could
fully reorganize inside the beads; this organization enabled the
crystalline area to be distributed among the interchain spaces of
the adsorbent rather than only on the surface. In addition, the
presence of water as a pore-foaming agent can create the
channel for mass transfer to ensure sufficient functional groups
are available.

In this study, we synthesized a spherical chitosan adsorbent
(SCA) by water-in-oil reversed-phase suspension polymeriza-
tion. The chitosan powder was dissolved in an aqueous acetic
acid solution as the dispersed phase, while the continuous
phase was a combination of butyl acetate and dichloroethane,
which were chosen based on density and polarity. The propor-
tion of the compounds can ensure that the density of the two
phases is consistent and the polarity can ensure that the
monomer microdroplets can be suspended in the oil phase and
emulsication does not occur in the polymerization process. In
the alkalization of the solid phase precipitation of small drop-
lets, we control the rate of alkali ions entering the system by
adding sodium chloride. Due to the common ion effect and
salting-out effect,24,25 sodium chloride can simultaneously
reduce the solubility of the alkali and the polymer in the
solvent, which is equivalent to establishing a barrier among the
molecular chain. By delaying the reorganization of molecular
chains, for the rst time, we synthesized a highly crystalline
9180 | RSC Adv., 2022, 12, 9179–9185
spherical chitosan resin with a polycrystalline region distribu-
tion supporting the three-dimensional architecture and its
porous surface, providing a channel for mass transfer. The
particle size can be controlled in the range of 100–1000 mm, and
the sphericity aer attrition is 89.8%, which is equal to that of
the commercial adsorption resin and has met industrial
requirements. It can be used as a weakly basic anion exchange
resin with an amino exchange capacity from 5.9 to 6.2 mmol g�1

and a chelating resin by absorbing Cu(II) to 200.0 mg g�1 for
24 h, and it has numerous potential applications in many elds.

Experimental section
Materials

Raw chitosan powder (degree of deacetylation $95%) was
purchased from MERYER Co., Ltd (Shanghai, China), and the
viscosity-averaged molecular weight (Mm) was 200–800 MPa s�1.
Butyl acetate and acetic acid (99.7+%, ACS reagent grade) were
obtained from Aladdin Co., Ltd (Shanghai, China) and used as
received. HCl, NaCl, NaOH, ethanol, Span 80, dichloromethane
and copper sulfate pentahydrate (Tianjin Bohua Chemical
Reagents Co., Ltd, China) were of analytical grade and used
without further purication.

Synthesis of the SCA

The chitosan solution was prepared by dissolving the puried
chitosan powder in HAC/H2O (1 : 23 by weight). A transparent
chitosan (TC) solution with a concentration of 4 wt% was ob-
tained. Subsequently, a well-mixed suspension containing
240 mL dichloroethane and 250 mL butyl acetate was dispersed
in a three-necked round-bottom ask. Then, 4.9 mL Span 80
was added as a dispersant and stirred for 10 min at 25 �C. Later,
130 mL of the viscous TC solution was poured into the
suspension, which was stirred at 230 rpm for 4 h in a water bath
at 25 �C to generate small, stable water/oil droplets. Aer
droplets with a round shape and suitable diameter were ob-
tained, 1–2 mL prepared saturated sodium chloride solution
was dropped into the ask and diffused throughout the entire
system. Aerward, an alkali curing agent of NaOH/NaCl/H2O
(22 : 7:20 by weight) was added 1 mL every half hour into the
suspension. The degree of neutralization gradually increased
the refractive index of the droplets. Aer 4 hours, the solidied
spherical polymers all sank to the bottom of the ask,
successfully illustrating the transition in the aggregated struc-
ture of the chitosan from powder to spherical resin. Further-
more, the chitosan absorbent was rinsed with deionized water
until the pH was neutral.

Characterization of the SCA

To prove that polymer chain reaggregation did not only occur
on the surface, the morphologies of chitosan from the droplets
to beads were observed with an optical microscope. They were
photographed every half hour to record and observe changes in
their physical properties. The morphologies and structures of
the surfaces and cross sections of the SCA were observed with
cold eld emission scanning electron microscopy (JSM-7500F,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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AEMC) and wide-angle X-ray diffraction (XRD, Rigaku, Smar-
tLab). The acceleration voltage for the SEM observation was
5 kV. The SCA was lyophilized in a freeze-dryer for SEM obser-
vation. The surface and cross section of the beads were sput-
tered with gold and then observed. XRD patterns with Cu Ka
radiation at 40 kV and 150 mA were recorded in the 2q region
from 5� to 40�. The samples included freeze-dried SCA beads
and chitosan powder dried in a vacuum oven at 60 �C for 48 h.
The peak position and crystallinity index of the samples were
obtained by peak tting. Solid-state phase transformations in
the aggregation were studied using differential scanning calo-
rimetry (DSC). DSC measurements were performed (�40 to 300
�C) on a DSC-204 calorimeter (STA 449 F3, NETZSCH Group) at
a heating rate of 10 �C min�1 under a nitrogen atmosphere,
owing at 100mLmin�1. The strength of the SCA wasmeasured
from the sphericity aer attrition.
Determination for the sphericity aer attrition

Referring to GB/T 12598-2001, the strength analysis of ion
exchange resin was determined by measuring the sphericity
aer attrition. Measure 50 mL of resin sample in 100 mL
measuring cylinder, retain 5 mL of pure water on top of the
resin. Transfer all resin in the measuring cylinder to the drum
with 145 mL of pure water and add 10 porcelain balls. Mill for
30 min, then transfer all resin with pure water and dry at 60 �C.
Place the dry sample to the enamel pan, tilt the enamel pan at
an angle that allows the round ball particles to roll off in gentle
vibration without the broken particles rolling off. Gently poke
a small portion of the resin with a brush to separate the round
ball particles from the broken particles, brushing the broken
particles. In the separated specimen, the remaining broken
particles in the round sphere particle part should be less than
50, and the remaining round sphere particles in the broken
particle part should also be less than 50. Weigh the round
spherical particles and broken particles on the analytical
balance, record the mass of round spherical particles and
broken particles as m1 and m2. The sphericity aer attrition (A)
of the chitosan samples was determined using the equation.

A ¼ m1

m1 þm2

� 100 (1)

where m1 and m2 stand for the mass of intact and broken
beads, g.
Ion exchange capacity

When the SCA reacts with an excessively strong monobasic acid
(hydrochloric acid), the content of available amino groups in
the SCA can be calculated based on the amount of unreacted
acid. According to the “Determination for exchange capacity of
anion exchange resins in hydroxylic form” of GB/T 5760-2000,
before the neutralization treatment, 1.0 g of centrifuged solu-
tion wasmixed with 50mL 0.1MHCl–NaCl standard solution in
a clean and stoppered Erlenmeyer ask to remove external
moisture beads. Next, the mixed solution was warmed in
a constant temperature water bath oscillator at 40 �C for 2 h and
then cooled to room temperature. A dilute aqueous NaOH
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution with a nominal concentration of 0.1 M was freshly
prepared just before use, and acidity of the supernatant was
determined by an acid–base titration with phenolphthalein as
the indicator. The amino exchange capacity of the SCA was
calculated by the following formula.

Q ¼ 50�N1 �N2 � V

W � ð1� XÞ (2)

where Q is the exchange capacity of the SCA, mmol g�1; N1 is the
concentration of the standard hydrochloric acid and sodium
chloride titration solutions, mmol L�1; N2 is the accurate
concentration of the dilute NaOH solution with a nominal
concentration of 0.1 M, mmol L�1; W is the mass of SCA, typi-
cally 1.0 g; V is the volume of sodium hydroxide standard
titration solution neutralized by the titration supernatant, L; X
is the moisture content of the SCA measured with a moisture
analyzer (Sartorius, Germany), %.
Adsorption performance of the SCA

Herein, copper, frequently selected as the metal to coordinate
with amine chelating resin, was used as a model to investigate
the adsorption characteristics of the SCA. Batch adsorption
experiments were carried out in a shaker outtted with a ther-
mostat by shaking 1.0 g of centrifuged solution to remove
external moisture from the resin with 50 mL of an aqueous
solution of cupric ions at the desired concentration, pH, and
temperature in a 120 mL ask. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Agilent 5110) was
used to detect the Cu(II) in the supernatant before and aer
adsorption. In the adsorption experiment,26 the amount of
Cu(II) adsorbed onto the SCA (Q, mg g�1) was determined using
the equation.

Q ¼ V � ðco � cnÞ
W � ð1� X Þ (3)

where V is the volume of adsorption solution, L; c0 is the initial
concentration of metal ions; cx is the value aer x hours of
adsorption, mg L�1; W is the weight of the SCA, g; and X is the
moisture content of the SCA, %.
Results and discussion
Optical microscopy (OM) analysis

We provide evidence to prove that the synthesis of spherical
chitosan resinmaterials is a gradual and homogeneous process.
The OM photomicrographs in Fig. 1 visually show the
morphological changes during the process of preparing the
SCA. The addition of NaCl prevented the diffusion of NaOH
from the oil phase to the polymer, resulting in a decreasing
polyreaction rate of the whole phase. In the beginning, the
droplets (Fig. 1a) dispersed by shear force were irregular when
they were observed by OM to be leaving the polymerization
system. As neutralization proceeded, the polymer chain
segment rearrangement and interactions favoured the forma-
tion of a stable conformation of polymers.27 The curvature
became more uniform, and the shape of the material became
RSC Adv., 2022, 12, 9179–9185 | 9181
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Fig. 1 OM photomicrographs of the SCA in the intermediate state of
different periods in sequence (a–e) and final state (f). (g) to (j) show the
process of the Chain Rearrangement.

Fig. 3 Overview of the rearrangement of polymer chains in the
presence of a barrier.
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spherical (Fig. 1b–e). Fig. 1e shows the state in which the
morphology was xed and did not collapse aer phase separa-
tion. In a comparison of Fig. 1e and f, it can be seen that the
refractive index of the resin of Fig. 1f greatly increased, and that
this material had a higher crystallinity. As shown in Fig. 2, we
can obtain the size of the SCA vary from 250 to 830 mm in
diameter.
Formation mechanism

The molecular chains of the dissolved chitosan are disorderly
dispersed in acidic aqueous solution (Fig. 1g). In the presence of
a saturated salt solution, as mentioned earlier, acid-base
neutralization reacts slowly to ensure that there is enough
time for chains to aggregate regularly while forming crystal
nuclei (Fig. 1h). As nucleation and crystal growth proceed in
a concentrated polymer solution, polycrystalline aggregates—
spherulites—eventually form.22 Of course, new crystal nuclei are
generated simultaneously (Fig. 1i). The reaction is complete
when the crystal nuclei have all grown into spherulites (Fig. 1j).
The result shows that the distance between adjacent spherulites
becomes shorter and the cross-linked network becomes much
denser, which demonstrates that a material with outstanding
crystallinity and mechanical properties forms. The porous
surface of the nal structure is formed, with water as a pore-
foaming agent (Fig. 3).28
Fiber network formation process

The internal structure of the materials was observed by using
a scanning electron microscope (SEM). We removed the drop-
lets at different times of the reaction and then chose the cut
Fig. 2 The size distribution of the SCA.

9182 | RSC Adv., 2022, 12, 9179–9185
section for observation. The SEM image of Fig. 4a revealed the
initial crumbly internal texture. A higher aggregation degree can
be seen in Fig. 4b, and regular arrangement among molecular
chains started to appear in Fig. 4c. More specically, crystal
nuclei began to be generated as a cross-linking medium. Later,
the two processes simultaneously formed crystals and made the
polymer present a locally regular intermediate structure
(Fig. 4d). Fig. 4e shows that the aggregates had a well-ordered
lamellar structure, while Fig. 4f shows that at the same
magnication, the sample was already in the form of a polymer
with a complete structure.29 The images in Fig. 4g–j were
observed at higher magnifying power. The self-assembly
process of stacking polymer chains was more intuitive. We
vividly described the structure in Fig. 4g as a paste-like
collapsed morphology. Fig. 4h–j show the appearance of
a local three-dimensional structure, as well as the formation
and close packing of the phase-integrated ber network. Fig. 4k
shows that the XRD patterns of the SCA differed throughout the
homogeneous reaction. Several crystal reections could be
observed in the range of 5–40�. They were indexed as 020, 110
and 130, and the overall peak intensity increased gradually in
proportion to the extent of reaction.30 The maximum peak of
intensity of the 110� reection increased from no. 3 and moved
to a higher angle to no. 12, and the second maximum peak of
intensity at 020� reection also increased obviously from no.
10–12. Therefore, the XRD results successfully showed that the
crystallinity degree improved during the formation of the SCA.11
Fig. 4 SEM images of the inner configuration of the SCA with different
degrees of reaction (a–j). (k) Comparison of X-ray diffractograms of
the SCA at different stages of synthesis. The samples from bottom to
top are samples 0–12, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of the representative surface (a–e) and cross-
sectional structure (f–j) of the SCA.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 1

2:
03

:0
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In Fig. 5a, the SCA exhibited a spherical shape with a mean
diameter of 500 mm, and the surface (Fig. 5b–e) of the SCA
displayed porous structures. Fig. 5f–j show SEM images of the
cross-sectional structures of the SCA. As we expected, the
densely packed brous network architecture extended inside
the material, which proved that self-assembly of polymer chains
is achieved in the slow-diffusion system through entanglement
and physical crosslinking.31

Fig. 6 shows X-ray diffractograms (Fig. 6a) and DSC (Fig. 6b)
of the chitosan powder (S0) and SCA (S1) samples. In the XRD
patterns, three crystalline diffraction peaks were observed in S0,
indexed as (020), (110), and (130) lattice diffraction of chitosan.
However, (130) reection peaks were not observed in S1,
demonstrating that the molecular chain was reassembled
during the reorganization process. As dened, the crystallinity
index (CrI) is the degree of crystallinity of crystalline polymers,
which describes the aggregation of molecular chains, and the
distribution of crystal regions can affect toughness and
mechanical strength.19,28 In this work, the CrI obtained by
soware data tting could reachmore than 40%, surpassing the
CrI of the powder, which was less than 10%; therefore, the SCA
could be considered a highly crystalline polymer. The higher CrI
also convincingly demonstrated that polymer chains were
arranged in a more regular way. In the DSC tests, aer the rst
heating to eliminate the heat history, the curves obtained from
the second heating displayed that S0 undergoes glass transition
at 93.82 �C. Glass transition is the process by which a substance
changes from a glass state to a highly elastic state aer the
polymer absorbs energy;22 the glass transition temperature of
the chitosan powder indicates that the powder is amorphous or
has low crystallinity. The S1 sample does not undergo glass
transition even upon heating to the decomposition tempera-
ture. Combined with the XRD patterns and based on the
conclusion described earlier, we can conclude that the synthe-
sized sphere is a highly ordered and crystalline material.
Fig. 6 X-ray diffraction patterns (a) and DSC curves (b) of chitosan
powder and the SCA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Mechanical properties

In our work, we used only mechanical characterization analysis
of the adsorption resin to demonstrate the tolerance of the SCA
for several reasons. Current studies on the preparation of chi-
tosan spherical polymers by physical cross-linking are roughly
classied into two categories: traditional acid dissolution
methods and hydrogel cross-linking. The former only has the
strength of the outer shell and is unable to withstand any
pressure tests. The mechanical properties of the latter are
determined by their compressive fracture stress and strain
because of the need for strong mechanical properties and
excellent exibility during application in the eld. However, the
mechanical performance that these tests can reect is far from
sufficient compared with the actual applied strength of the
adsorption resin. In our experiment, we assessed the mechan-
ical properties of the SCA by calculating sphericity aer attrition
according to the Chinese national recommended standard.
50 mL of the SCA with sphere sizes ranging from 20–60 mesh
were milled for 30 minutes. Aer drying and separation, the
weight of the rounded and broken spheres was 9.9612 g and
1.1537 g respectively. The test result was calculated by formula
(1), and the A of the SCA was 89.62%, indicating that the SCA
has good mechanical properties even when swelled in aqueous
solution.

Aer physical attrition and vibration in the machine, no
changes in appearance, color or bead size were observed
(Fig. 7b), indicating that the SCA is hard and tough. Only a small
part was crushed and misshapen, demonstrating the impact
toughness of the SCA (Fig. 7c). Based on the above results, we
can conclude that the mechanical strength of the SCA reaches
the standard for the practical application of commercial ion
exchange resins.
Available functional groups and adsorption onto the SCA

To provide evidence that the available functional groups are
obtained even on the formation of highly crystalline SCA mate-
rials, the content of amino groups was determined by titration.
The ion exchange capacity Q of the dry resin ball was calculated
by formula (2) and was in the range of 5.2–6.2 mmol g�1. This
result was in line with the total maximum amino capacity, which
varied from 5.9 to 6.2 mmol g�1, illustrating the availability of
Fig. 7 The images of CSA that swelling in water before and after
attrition (a), CSA samples tested after attrition (b) and magnified OM
photomicrographs(c).

RSC Adv., 2022, 12, 9179–9185 | 9183
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Table 1 Adsorption capacities of copper on various adsorbents

Adsorbent Adsorption capacity Adsorption time pH Temperature Reference

SCA 200 mg g�1 24 h 5.2 25 �C —
Chitosan beads 33.44 mg g�1 50 min 6 25 �C Ngah, Kamari and Koay (2004)
Chitosan powder (75/110 mm) 45 mg g�1 24 h 5 25 �C Huang et al. (1995)
Chitosan powder (420/590 mm) 176 mg g�1 5 days 5 25 �C Juang et al. (1999)
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functional groups and access to practical applications in various
elds.

Research on the adsorption behaviours of the SCA involves
evaluating the ability of highly crystalline SCA materials to
adsorb metals from aqueous solution. In many studies, copper
was selected as a coordination centre to combine with amino
and hydroxyl groups. Thus, we compared the copper adsorption
performance of the SCA with those reported for chitosan
powder and physical cross-linked materials of different shapes.
The adsorption conditions of the SCA were designed to be
basically consistent with the control samples to ensure the
credibility of the compared results.32

Table 1 shows the experimental conditions and the capac-
ities of the SCA and the other chitosan samples in adsorbing
Cu(II) ions. Obviously, the adsorption capacity of the SCA was
signicantly higher than the maximum content of the tradi-
tionally prepared chitosan particles and powders at equilib-
rium. In our preliminary experiment, the adsorption of the SCA
with mesh sizes ranging from 20 to 60 was 81.8 mg g�1 for 8 h
and then increased to 200 mg g�1 aer 24 h, which was higher
than the reported adsorption. As we mentioned earlier, the
chitosan beads made by traditional physical methods were
microparticles and had a high degree of surface cross-linking,33

contributing to insufficient loading and a low possibility of
diffusion and coordination. Chitosan power is at a distinct
disadvantage in the mass transfer process to a certain degree.34

When the particle size was increased and the concentration of
acid was adjusted to make chitosan insoluble, the equilibrium
amount reached 176 mg g�1. However, this experimental
process took 4–5 days, and there was a high cost of separation
and regeneration.35 It has been reported that the interaction
speed of Cu(II) ions with coordination atoms is much faster than
that of other metal ions.36 As a result, a copper complex matrix
tended to form quickly around the resin particles, hindering the
diffusion of metal ions into the resin particles. Signicantly, the
SCA experienced a continuous increase in the amount of copper
adsorbed within 24 hours, which nally reached a high level,
conrming that the crystal region provided positive effects on
the supports for its structure and the coordination and diffu-
sion of the adsorption process. Therefore, this SCA is
a biocompatible and biodegradable polymer material with high
adsorption capacity and great future application potential in the
eld of adsorbent materials.

Conclusions

A new suspension dispersion-controllable polymerization
system was developed to realize the orderly stacking and
9184 | RSC Adv., 2022, 12, 9179–9185
rearrangement of polymer chains, and an ultrahigh-strength
spherical chitosan polymer adsorbent was successfully
prepared through a green pathway. Based on the characteristic
reorganization by alkalization of chitosan suspended in
a solvent aer acid dissolution, the molecular polymer chain
reorganized regularly in the presence of the barrier and self-
assembled to form a three-dimensional aggregated network
structure by decreasing the polymerization rate. The excellent
mechanical properties that were much higher than those of all
reported non-composite chitosan polymers were certied by
determining the sphericity aer attrition, which indicated that
the ultrahigh crystallinity of the SCA underpinned the entire
spherical framework. In addition, the SCA exhibits excellent
adsorption performance, including the availability of functional
groups, mass transference and coordination ability, which were
superior to those of other adsorption materials. Moreover, the
SCA was purely physically cross-linked without any involvement
of toxic reagents, ensuring the biocompatibility and biodegra-
dation ability of the material. Therefore, this work is of great
research signicance for the biocompatibility and sustainable
development of green chitosan resin construction for the eld
of adsorption materials.
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