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ABSTRACT

This paper presents the utilization of sodium alginate (SA) as a raw material to construct a double
network structure through the incorporation of chitosan (CS) and the electrostatic polymerization of
SA. Subsequently, by employing polyvinyl alcohol (PVA) as a functional material, a modified SA/
CS/PVA composite hydrogel (SCPH) was prepared via the Ca(I) ion exchange method. The hydro-
gel exhibited a flocculent form, thereby greatly enhancing the removal of Pb(Il). The adsorption
process of Pb(Il) by the SCPH reached equilibrium within 30 min, achieving a remarkable removal
rate of 97.45% and a maximum adsorption capacity of 147.93 mg/g (298 K). A series of characterization
analyses have been employed to investigate the structure and adsorption mechanism of hydrogels,
and the adsorption mechanism involves ion exchange, electrostatic attraction, as well as the com-
plexation of hydroxyl and carboxyl groups. Batch adsorption experiments were conducted at differ-
ent temperatures and pH levels, and the kinetics and isotherms were investigated. The Langmuir
isotherm and pseudo-second-order kinetic model were found to best fit the experimental data, sug-
gesting the feasibility of using the SCPH as an efficient adsorbent for Pb(II) removal. Moreover, the
dual network structure constructed by SA and CS significantly enhances the adsorption performance
of SCPH. At the same time, PVA strengthens the mechanical strength of SCPH, which is favorable

for recycling. As a low-cost and efficient adsorbent, SCPH can be widely used in water treatment.
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1. Introduction

The rapid advancement of China’s social economy has
raised a pressing concern: the escalation of water pollution.
The quality of water environments is significantly compro-
mised by wastewater discharge, primarily from industrial
sectors such as metallurgy, electroplating, paper making,
printing and dyeing, and tanneries [1,2]. Within these indus-
tries, lead ions (Pb(II)) emerge as one of the most harmful
pollutants, possessing a range of hazardous properties,
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including carcinogenicity, bioaccumulation, non-biodegrad-
ability, and toxicity [3]. Exposure to or ingesting lead can
lead to severe damage to vital bodily systems and is even
associated with the development of cancer [4]. Consequently,
the removal of Pb(Il) from wastewater assumes paramount
importance [5]. Notable examples include electrolytic mem-
brane filtration, chemical precipitation [6], and coagula-
tion [7]. However, these technologies have limitations, as
they often exhibit suboptimal performance, high operating
costs, and the potential for secondary pollution. In contrast,
adsorption has emerged as a highly promising approach due
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to its inherent advantages. This method offers simplicity of
operation [8], cost-effectiveness [9], and the absence of con-
tamination by-products [10,11]. Consequently, adsorption
has garnered significant attention and extensively studied
[12,13]. The advantages of adsorption make it an appealing
choice for addressing the challenges associated with waste-
water treatment. By capitalizing on the benefits of adsorp-
tion, researchers and practitioners can continue to advance
this technology, refining its efficiency, exploring new adsor-
bents, and expanding its range of applications.

Numerous studies have demonstrated the abundant
availability, cost-effectiveness, and remarkable adsorption
capabilities of naturally occurring organic molecules, includ-
ing sodium alginate, chitosan, cellulose, and gelatine, for mit-
igating environmental pollutants [14]. Among these, sodium
alginate (SA), as a natural anionic polysaccharide polymer,
has garnered significant attention owing to its wide array of
sources, economical production, excellent biocompatibility,
and remarkable heavy metal chelation abilities [15]. SA rep-
resents a polyanionic electrolyte containing an anionic car-
boxyl group. Due to its electrostatic interaction capabilities,
SA readily forms polyelectrolyte complexes with polycationic
materials, a phenomenon called polyelectrolyte recombina-
tion [16]. Notably, the combination of SA with chitosan (CS)
results in the formation of a pH-sensitive hydrogel exhib-
iting chelating adsorption properties, thereby displaying
immense potential as a carrier for substance delivery systems
[17]. To amplify the adsorption capacity of sodium alginate
hydrogels, the prevailing approach involves the fabrication
of hydrogel composites through graft copolymerization and
electrostatic compounding, utilizing SA as the foundational
matrix material [18,19]. These composite materials not only
harness the inherent characteristics of natural organic mol-
ecules but also demonstrate excellent biocompatibility and
minimal environmental and organismal impact during the
treatment of contaminated water samples [20]. Consequently,
elucidating the adsorption properties and mechanisms of
these natural organic molecular adsorbents holds broad
industrial implications and offers valuable guidance for
practical pollutant remediation endeavours.

A novel approach utilizing a composite hydrogel for the
synthesis of cost-effective and environmentally friendly adsor-
bents is investigated in this study. The functionalizing of SA,
CS, and polyvinyl alcohol (PVA) is explored to fabricate SA/
CS/PVA composite hydrogel (SCPH) with enhanced efficacy
in removing Pb(II) from aqueous solutions. CS is employed to
modify SA/CS composites, serving as a precursor material for
the fabrication of SCPH. The hydrogels’ion exchange and elec-
trostatic attraction properties are achieved by cross-linking the
materials with CaCl, as a cross-linking agent. Comprehensive
characterization techniques, including adsorption experi-
ments, temperature and pH variations, adsorption kinetics,
isotherms, and mechanism analysis, were conducted to eval-
uate the removal mechanism of Pb(II) by SCPH. The scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDX), Fourier-transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD) and X-ray photoelec-
tron spectroscopy (XPS) are employed for further research.
This investigation introduces a novel adsorbent character-
ized by outstanding and consistent adsorption capabilities.
Distinguishing itself from conventional SA-type hydrogels,

this hydrogel amalgamates the amino group from CS with
the hydroxyl group from PVA. It removes pollutants with
good effect and low cost so that they can be widely used to
treat natural heavy metal ion wastewater.

2. Materials and methods
2.1. Chemical and reagents

Analytically purereagents, including sodium alginate (SA),
polyvinyl alcohol (PVA) (1,750 + 50), chitosan [CS, (C.H,,NO,)
), acetic acid (CH,COOH), anhydrous calcium chloride
(CaCl,), anhydrous ethanol, lead nitrate, nitric acid (HNO,)
and sodium hydroxide (NaOH) sourced from China National

Pharmaceutical Group Chemical Reagent Co., Ltd., (China).

2.2. Synthesis of SA hydrogel, SA/CS hydrogel, SCPH

¢ To synthesize the SA hydrogel (SH), 3.0 g of SA was dis-
solved and gradually added to a 300 mL CaCl, solution
(5% w/v). Under constant temperature, continue to stir
the mixture and allow it to solidify for 12 h.

e To create the SA/CS hydrogel (SCH), 3.0 g of SA was
incorporated into a solution of CS. The obtained mix-
ture was dissolved and then uniformly added drop by
drop into a 300 mL solution of CaCl, (5% w/v). Stirring
the solution consistently at a constant temperature facili-
tated solidification, which occurred over, for 12 h.

e To prepare the SA/CS/PVA composite hydrogel (SCPH),
dissolve 2.0 g of PVA solid in water. This PVA solution
was then mixed with the SCH. The obtained mixture
should be uniformly dropped into a 300 mL solution
of CaCl, (5% w/v), while continuously stirring at a con-
stant temperature and speed. The mixture formed a floc-
culent hydrogel, which was left to solidify for 12 h.

2.3. Characterization

The morphology of the sample was analyzed by scan-
ning electron microscope using a Czech TESCAN MIRA
LMS. The sample’s elemental composition was determined
by energy-dispersive X-ray spectroscopy using an AZtec
Ultim Live 100 X [Manufactured by Oxford Instruments
Technology (Shanghai, China)]. FTIR was performed using
the INVENIO R Spectrophotometer (Bruker Group in
Karlsruhe, Germany). The crystal structure was studied
using the SmartLab SE X-ray Diffractometer (XRD) (Bruker
Group in Karlsruhe, Germany). XPS of the hydrogel was
obtained using the AXIS Supra+ X-ray photoelectron spec-
troscopy instrument (Shimadzu (Hong Kong) Ltd.). The zeta
potential was measured using the SurPASS Anton Paar zeta
potential analyzer. (Malvern Instruments China, situated
in Xuhui District, Shanghai, China, is the manufacturer of
the “SurPASS Anton Paar zeta potential analyzer”)

2.4. Batch adsorption experiments

The SCPH (10-300 mg) was introduced into 50 mL of Pb(II)
solution (20-150 mg/L) at pH 1-5. The pH was adjusted using
0.1 M HNO, and NaOH solutions, and the adsorption pro-
cess was conducted under different temperatures (293-323 K)
for various durations. To investigate the adsorption kinetics,
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0.5 g of the SCPH was used to adsorb a 50 mL Pb(II) solution
with an initial concentration of 150 mg/L, at pH 4, with an
oscillation time ranging from 0 to 70 min. The adsorption iso-
therms were constructed by varying the initial Pb(II) solution
concentration (20-150 mg/L) at a temperature of 298 K and a
pH of 4. The equilibrium adsorption capacity (Q, mg/g) and
removal rate (R %) were determined using Egs. (1) and (2):

(Co_cr)

Q= <V )

R= @ x100% @)

0

The initial concentration of pollutants is denoted as
C, (mg/L), while C, (mg/L) represents the equilibrium con-
centration. V (L) refers to the volume of the initial solution,
and m (g) denotes the mass of the SCPH adsorbent.

3. Results and discussion
3.1. Structural characterization

As depicted in Fig. 2, the SEM image reveals a distinc-
tive two-dimensional layered structure of SCPH. This net-
work-like arrangement offers several advantages, including
the exposure of many binding sites and the facilitation
of mass transfer, thereby enhancing the efficiency of lead
removal during the contaminant remediation process.
Moreover, the EDX results (Fig. 2) indicate the presence of
C, O, and N elements within SCPH. The significantly higher
nitrogen content observed in SCPH suggests successfully
integrating chitosan, which contains abundant amino groups,
into the SA hydrogel. Interestingly, the analysis also reveals
a notable decrease in calcium (Ca) content and a substan-
tial increase in lead (Pb) content within the hydrogels after
adsorption, indicating the possibility of ion exchange during
the adsorption process [21]. The elemental mapping results
of SCPH loaded with Pb(II) (SCPH-Pb) (Fig. 2) demonstrate
that the element Pb is uniformly distributed throughout the
adsorbent, implying an even distribution of reactive groups,
such as -OH and -COOH, across the adsorbent matrix.
Additionally, the observed two-dimensional layered struc-
ture of SCPH-Pb, as evidenced by Fig. 2, remains unchanged
mainly after adsorption, demonstrating the excellent mech-
anical stability of SCPH even under adsorption conditions.
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Fig. 1. Procedure for the synthesis of SCPH.

From Fig. 3 it is evident that the characteristic absorp-
tion peaks of the SCPH are predominantly observed at 3,375;
2,938; 1,608 and 1,422 cm™, corresponding to the stretching
vibrations of O-H (N-H), C-H stretching vibrations on sat-
urated carbon, asymmetric and symmetric -COOH vibra-
tions, as well as asymmetric and symmetric C=H vibrations,
respectively [22]. Among them, the peaks at 3,375 cm™ O-H
(N-H) and 1,608 (1,030) cm™ (C=O) correspond to the -NH,
of CS and the -COOH of SA, respectively. The peak at 1,608
(1,030) cm™ corresponds to the stretching vibration of C-O
in the G unit of SA [23,24], providing evidence for the suc-
cessful electrostatic aggregation of SA and CS to form SCH
[25]. It is worth noting that, compared to SCH, the peaks
corresponding to -COOH and -OH in SCPH are broader
and more intense. This comparison suggests the possible
formation of hydrogen bonds between the molecules [26],
confirming the successful modification of PVA. The inten-
sities of peaks associated with -OH and —COOH functional
groups at 1,608 and 3,375 cm™, respectively, decreased upon
adsorption of Pb(II) [21]. This indicates the successful Pb(II)
adsorption by SCPH and suggests that the functional groups
—-OH and —-COOH play a significant role in the adsorption
process [15]. The FTIR analysis results affirm the success-
ful synthesis of SCPH through a cross-linking reaction,
wherein CS serves as an electrostatic polymer and PVA acts
as a modifying agent.

Fig. 3b displays the XRD patterns of SCH, SCPH, and
SCPH-Pb. Regarding structural integrity, the XRD pattern
of the SCPH before and after adsorption did not change sig-
nificantly, indicating remarkable stability of SCPH, as cor-
roborated by the SEM analysis. The XRD analysis revealed
a single broad peak in the SCPH, indicating its amorphous
nature. This observation suggests an increase in the disorder-
liness of the spatial arrangement within the synthetic hydro-
gel, leading to a larger specific surface area. This increase
in surface area, in turn, enhances the material’s adsorption
properties. Furthermore, a comparison between SCH and
SCPH reveals a weakening and broadening of the peak in
the 20 = 10°-20° region in the latter. This alteration indi-
cates that the presence of Pb(Il) ions partially inhibits the
effect on the crystallization of the sodium alginate hydro-
gel. This phenomenon suggests that SCPH achieves a suc-
cessful molecular-level integration with Pb, as supported by
previous research by Tally and Atassi [27].

The zeta potential holds paramount importance as its
magnitude correlates with the stability of particle dispersion.

PVA

Composite solution

CacCl, solution
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Fig. 3. (a) Fourier-transform infrared spectra of SCH, SCPH and SCPH-Pb, (b) X-ray diffraction patterns of SCH, SCPH and

SCPH-Pb and (c) zeta potential of SCPH.

Smaller dispersed particles exhibit higher absolute zeta
potential values, leading to enhanced system stability [28].
In this research, the zeta potential of powdered SCPH was
evaluated at varying pH levels utilizing a particle size poten-
tiostat (Malvern, Zetasizer Nano, China). Fig. 3c illustrates
the zeta potential values of SCPH at various pH levels.
Notably, the zeta potential curve demonstrates that SCPH
carries a negative charge within the pH range of 3.5 to 8.0,
while Pb(I) ions in the solution possess a positive direction.

This electrostatic interaction demonstrates the electrostatic
attraction effect of SCPH towards lead ions [29]. Interestingly,
the zeta potential of the system under alkaline conditions is
more significant in absolute value than under acidic con-
ditions. This is because, under acidic conditions, H* affects
the surface charge properties of the particles, resulting in a
change in the zeta potential of the system. Under alkaline
conditions, more and more OH- is absorbed on the surface
of particles, the negative charge on the surface of particles
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increases, the repulsion between particles increases, the
system zeta potential increases, and the dispersion system
of adsorbents in water has a specific stability [30].

XPS was employed to further comprehend the adsorp-
tion mechanism of SCPH on Pb(Il), and a comparative anal-
ysis was conducted. Fig. 4a displays the wide-scan XPS
spectrum of SCPH and SCPH-Pb. Notably, a distinct peak
emerged in SCPH-Pb, corresponding to the characteristic
peak of Pb 4f. This finding unequivocally confirms the suc-
cessful adsorption of lead ions onto SCPH. Moreover, the
peak fitting analysis (Fig. 4b) reveals that, compared to Fig. 1,
the signals at 143.68 and 138.83 eV in Fig. 2 corresponded
to the Pb 4f 5/2 and Pb 4f 7/2 couple [29,31], respectively,
providing further confirmation of Pb ion loading [29,31].
The emergence of Pb 4f doublet is due to the formation of
PbC,0, and -COO Pb [31], indicating chemical reactions
between lead and oxygen on the SCPH surface [15]. In the
Cls spectrum of SCPH (Fig. 4c), the peaks at binding energies
of 284.68, 286.03, and 288.73 eV correspond to the C-C, C-O,
and COO- functional groups, respectively [22,32]. Compared
to the pre-adsorption state, the binding energies of SCPH
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after adsorption have shifted to 285.83 and 287.03 eV at
C-O and COO- sites, respectively, indicating the presence
of interactions between Pb(II) and -OH, -COOH [33,34].
These findings are consistent with the results obtained from
FTIR. Fig. 4e also demonstrates the peaks of Ca 2p 1/2 and
Ca 2p 3/2, corresponding to 350.88 and 347.58 eV, respec-
tively. These peaks arise from the involvement of Ca(II)
with the COO- groups on the G unit of SA in cross-linking.
The intensity of both Ca peaks diminished after adsorp-
tion, accompanied by a shift in the binding energy to 347.1
and 351.2 eV, respectively [21]. This change indicates an ion
exchange reaction between lead and calcium ions may occur.
In conclusion, we can infer that the adsorption mechanism
of SCPH on Pb(Il) involves complexation processes and ion
exchange.

3.2. Comparison of SH, SCH, and SCPH adsorption effects

The morphological characteristics and adsorption per-
formance of the three materials are illustrated in Fig. 5.
It can be seen that SCPH exhibits a flocculent hydrogel
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Fig. 4. (a) X-ray photoelectron spectroscopy full spectrum of SCPH and SCPH-PDb, (b) the Pb 4f spectra of SCPH (1) and SCPH-Pb (2),
the C 2p spectra of SCPH (c) and SCPH-Pb (d) and the Ca 2p spectra of SCPH (e), and SCPH-Pb (f).
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structure with a significantly enhanced specific surface area.
Remarkably, SCPH displayed the highest adsorption capac-
ity among the three materials, affirming the successful syn-
thesis of the SCPH composite hydrogel.

3.3. Adsorption of Pb(1I) with SCPH
3.3.1. Effect of SCPH dosage

The results are presented in Fig. 6a. It is evident that
an increment in the adsorbent dosage leads to a notable
enhancement in the removal rate while concurrently caus-
ing a decline in adsorption capacity. Subsequent elevations
in the adsorbent dosage resulted in comparable removal
rates, albeit with a continued reduction in sorption capac-
ity. This is due to the too-low Pb(Il) concentration and an
excessive amount of adsorbent, resulting in the wastage of
many unoccupied active adsorption sites [21]. Consequently,
an accumulation of adsorbent impedes the attainment of

(e
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saturation adsorption, thereby diminishing the adsorbent’s
overall utilization [21].

3.3.2. Effect of temperature

We investigated the impact of the temperature of SCPH
on the adsorption of Pb(Il) ions, as depicted in Fig. 6b. Our
findings revealed that with the increase in temperature,
the Q, escalated from 111.24 mg/g (288 K) to 143.475 mg/g
(313 K). The adsorption reaction was depicted as an ener-
gy-consuming [35] and endothermic process [36].

3.3.3. Effect of pH

Understanding the pH-dependent adsorption behav-
ior of heavy metal ions in aqueous solutions is crucial for
designing efficient adsorbents [37]. The results are depicted
in Fig. 6c. As the pH value of the Pb(II) solution increases,
the removal efficiency of hydrogel for Pb(Il) increases from

Removal

Q

SH SCH SCPH

different categories

Fig. 5. (a) SH, (b) SCH, (c) SCPH (without drying), (d) SCPH (after freeze-drying), and (e) comparison of removal ratio of Pb(II)

onto different hydrogels under same conditions.
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69.56% to 96.07%, and the adsorption capacity increases
from 104.34 to 144.78 mg/g, and then begins to decrease to
144.105 mg/g. The hydrogel’s surface charge, modulated
through protonation of ~-COOH functional groups [38], is
important in determining the active adsorption sites and
lead ion removal efficiency. We observed that the nega-
tively charged surface facilitated the electrostatic attraction
between Pb(II) ions and the hydrogel, enhancing adsorption
performance. Conversely, excess H' ions in the solution com-
peted with Pb(II) ions for adsorption sites, diminishing the
adsorption capacity [39]. Precipitation of lead ions at high
pH values was also observed, highlighting the importance
of pH control for accurately determining adsorption capac-
ity [40]. Furthermore, as depicted in Fig. 6d, the pH at the
point of zero charge (pH, ) for SCPH fell within the range
of 3—4. The adsorption of cationic Pb(II) by SCPH was found
to intensify as the pH increased. This effect was attributed
to the reduction in repulsive forces between the adsorbent
and the adsorbate surface. Under the present experimental
conditions, the adsorbent surface showed a weak negative
charge, which indicated that the adsorption of Pb(Il) by
SCPH was not only by electrostatic gravitational force but
also might be affected by various reaction mechanisms. In
summary, combined with the results of zeta potential anal-
ysis, the solution pH four was selected as the subsequent
adsorption experimental condition of SCPH.

3.3.4. Effect of coexisting ions

To comprehend the influence of coexisting ions on the
removal of Pb(II) by SCPH, we conducted an investigation
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into the effects of cations like Ca** and Na* as well as anions
such as CI- and NO;, which are commonly found in water,
on the performance of SCPH for the removal of Pb(Il). As
shown in Fig. 6, Na' and Ca® had almost no significant
effect on the reduction of Pb(II). The adsorption capacity of
SCPH was maintained above 110 mg/g regardless of Na* or
Ca? concentration of 0.001 M or 0.1 M. In contrast, the effect
was relatively significant in the presence of AI**. This may
be because some active sites (containing N-/O-groups) with
lone-pair electrons can also share electrons with metal cat-
ions (Ca?" and AI*") to form metal complexes, which leads to
a decrease in the adsorption of Pb(Il) [41]. Na" has a much
lower valence and a relatively small ionic radius, which may
be the reason for its lesser influence on adsorption capac-
ity [42]. For coexisting anions, their adsorption capacity on
SCPH was only slightly affected due to partial occupation
of adsorption sites [43].

3.3.5. Adsorption kinetics

In practical applications, reaction time is also crucial for
the adsorption process of hydrogels. As presented in Fig. 7a,
within the first 15 min, the absorption rate of the hydrogel
is rapid, with over 90% of the adsorption process occurring
within this time frame. Subsequently, the adsorption rate
gradually increased until it reached equilibrium. The initial
rapid adsorption might be attributed to the abundant active
sites on the surface of SCPH, facilitating easy contact with
Pb(Il) [44]. However, as the adsorption process proceeds,
the available active sites on SCPH become limited, resulting
in a slower increase in adsorption capacity [45], eventually
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Fig. 7. (a) Effect of reaction time on the adsorption of Pb(Il) onto SCPH, (b) the adsorption isotherms of Pb(Il) onto SCPH,
(c) Dubinin—Radushkevich isotherm plots obtained for the adsorption of Pb(Il) onto SCPH, and (d) adsorption—desorption cycle
for Pb(II) removal by SCPH (contact time = 1h).



H. Zhang et al. / Desalination and Water Treatment 313 (2023) 162-172

leading to equilibrium. When reaching adsorption equi-
librium, the adsorption capacity of SCPH is 147.93 mg/g.
The pseudo-first-order [46] and pseudo-second-order [47]
models were applied to analyze the adsorption behavior, as
expressed by Egs. (3) [48,49] and (4) [50,51]:

k
log(Q, Q) =1logQ, - 2.;0 3t 3)
o1 ~ Ly 4)
Q kat Qt

where ¢ (min), Q (mg/g), k, (min™), and k, (g/mg-min) rep-
resent time, corresponding adsorption amount, pseudo-
first-order model rate constant, and pseudo-second-order
model rate constant, respectively. The results of the curve
fitting are presented in Fig. 7a.

Table 1 presents the experimental results and the theo-
retically calculated adsorption quantities, which indicate
that the adsorption process followed the pseudo-second-
order model, suggesting that chemical adsorption [52] was
the predominant mechanism [53]. Physical adsorption [24]
and electrostatic attraction also contributed to the overall
adsorption process, as confirmed by the fit of the data and
the high R? values obtained.

3.3.6. Adsorption isotherms

As presented in Fig. 7b, the fitting was performed using
the Langmuir [54] and Freundlich isotherm model [55,56].
These models were expressed by Eqs. (5)—(7) [57,58].
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where C, (mg/L), C, (mg/L), Q, (mg/g), and Q_ (mg/g) rep-
resent the initial concentration, equilibrium concentration,
equilibrium adsorption capacity, and maximum adsorption
capacity, respectively. The Langmuir constant K, Freundlich
constant K, and n are associated with free energy, adsorp-
tion capacity, and adsorption intensity, respectively. The
equilibrium parameter R, reflects the isotherm type.

The obtained fitted parameters are summarized in
Table 2. It is worth noting that the Langmuir model exhib-
ited a significantly higher correlation coefficient (R* = 0.9974)
in comparison to the Freundlich model (R? = 0.7477), under-
scoring its superior fitting capability. These findings suggest
that the monolayer adsorption process of Pb(II) onto SCPH
follows the Langmuir isotherm model [59].

The Dubinin—-Radushkevich (D-R) isothermal adsorption
model is commonly used to describe the adsorption pro-
cess and mechanism of porous materials [60]. The expres-
sions for the D-R isothermal adsorption model are given in
Egs. (8)-(10) [60].

InQ, =InQ, P&’ ®)

e=RTIn| 1+ L 9)
- 5

E-—1 (10)

where B (mol*/kJ?) is the D-R isothermal adsorption
model constant, ¢ is the Polanyi adsorption potential, and

Langmuir: R (8.314 J/mol-K) is the ideal gas constant.
Based on the fitted straight line between InQ, and &’
Q = Qe KiCy (5) (Fig. 7¢), Q... and B could be calculated. § could be further
1+KC, utilized to calculate the mean adsorption-free energy (E, kJ/
mol). The calculated average adsorption free energy (E) was
_ 1 ©) 8.023 kJ/mol, which was in the range of 8-16 kJ/mol, indi-
o1+ K., cating that the adsorption of Pb(Il) in water by SCPH was
mainly chemisorption [61]. This is consistent with the con-
Freundlich: clusion obtained from the above adsorption kinetics study.
The theoretical maximum adsorption capacity of SCPH
Q,=K,C™ (7)  for Pb(ll) is 147.64 mg/g, and experimentally obtained,
Table 1
Kinetic parameters of Pb(II) adsorption onto SCPH
SCPH Pseudo-first-order fit Pseudo-second-order fit
Qt Ka R? Qt Kb R2
Pb(II) 143.669 0.0449 0.96559 154.695 0.00327 0.98567
Table 2
Parameters of the Langmuir isotherm model, Freundlich isotherm model, and Dubinin-Radushkevich model for adsorption of
Pb(II) onto SCPH
SCPH Langmuir Freundlich Dubinin—-Radushkevich
Q K R? K n R? K, E R?
Pb(II) 147.64 0.49 0.99753 68.33 6.97 0.7477 6.367 x 107 8.023 0.94152
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Table 3

Comparison of maximum adsorption of Pb(II) by composite adsorbents based on sodium alginate
Adsorbent Contact time (h) pH Temperature (K) Q... (mg/g) References
CCN/SA beads 3 5 298 335.4 [40]
Fe(Il)-zeolite-SA beads 6.5 5.2 298 135.8 [63]
FeO/bentonite/AC/SA beads 24 45 298 74.18 [64]
SA-PAC-N-MAC 2 45 308 76.6 [65]
SA-DMSA 5 4 298 116.39 [66]
CCN/Fe,0,/SA 4 5 298 63.8 [31]
SA-CMC 18 5 310 77.3 [26]
Fe,O,-5A beads 3 48 298 98.8 [67]
NCS/SA beads 24 5 318 177.8 [68]
Alginate-UF beads 24 5 298 121.3 [19]
CTS/SA/Ca* PCDNH 8 3 298 175.6 [69]
SA-CaCl, beads 2 6 298 10 [70]
WSC-g-PKA/PVA 2 6 298 112 [68]
SA-PAM/GO 8 5.5 298 239.39 [71]
SA/PVA/PEO/ZSM-5 nanofiber 4 5.5 298 144 [72]
SA/CS/PVA (SCPH) 1.1 4 298 146 This work

CCN stands for chitosan/carboxylated nanocellulose. CCN is an acronym representing the combination of chitosan and carboxylated

nanocellulose.

Q... = 147.93 mg/g at 298 K. Table 3 compares the adsorp-
tion properties of the prepared SCPH with other similar
composite hydrogels. Although the SCPH in this study was
slightly inferior to the CCN/SA and SA-PAM/GO adsorbents,
the adsorption capacity of SCPH was higher than that of
other adsorbents, and the low cost and ability to be reuti-
lized make the SCPH have a broad application prospect.
Overall, the SCPH hydrogel in this study has the advantages
of a simple preparation process, low cost, and reusability.

3.3.7. Recycling of SCPH

Fig. 7d shows the reusable performance of SCPH for
Pb(II) adsorption. The results showed that after four adsorp-
tion—desorption cycle experiments, SCPH maintained a
good removal effect (75.20% + 0.2%) of Pb(II). At this time,
the adsorption capacity of SCPH (112.6 + 0.8 mg/g) was
76% of the maximum adsorption capacity (147.93 mg/g).
This observation underscores the potential of SCPH as a
proficient and reusable adsorbent for Pb(Il). However, it
is noteworthy that the adsorption capacity of SCPH for
Pb(Il) exhibited a substantial decline after the fourth cycle,
reaching 47.34 mg/g after eight cycles. This phenomenon
can likely be attributed to the stabilization of coordination
bonds between the organic ligands within the SCPH hydro-
gel and Pb(II). Consequently, this stabilization reduced
the availability of reactive hydroxyl groups within the
hydrogel, thereby impeding the adsorption of Pb(II) [62].

4. Conclusion

This study presents a straightforward method for the
fabrication of SCPH. The electrostatic polymerization of
SA with CS and abundant reactive groups on both sur-
faces significantly facilitate the effective removal of Pb(II).

Furthermore, introducing PVA in the SCH imparts enhanced
selectivity and mechanical strength to the hydrogel because
of the strong coordination group —OH. Compared to the
original SH, the modified SCPH exhibits a distinct lamel-
lar structure, increasing specific surface area. Through
the analysis of characterization data, the mechanism by
which SCPH removes Pb(Il) is primarily through chemical
adsorption, with ion exchange, surface hydroxyl groups,
and carboxyl group complexation as the main factors, sup-
ported by electrostatic forces as a secondary form of phys-
ical adsorption. The SCPH can be easily prepared, exhibits
rapid adsorption kinetics and high removal efficiency,
and holds significant promise for removing Pb(II) from
wastewater.
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