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Abstract: Powerful adsorbents for heavy-metal removal from wastewater are attractive due to the
growing effluent of industries. Developing hydrogels is a current research interest in heavy-metal
adsorption from aqueous solutions. We prepared a novel melanin-based hydrogel from renewable
chestnut shell pigment and acrylic acid by radical polymerization free from a traditional crosslinker.
The synthesized material was characterized by Fourier transform infrared spectroscopy and scanning
electron microscope. Its Cu(II)-adsorption performance from the water was evaluated by equilibrium
isotherms, kinetics, and thermodynamics. The results indicate that: (1) The dry hydrogel showed
a porous structure with a network of interconnected spindle-shaped bars, which makes it feasible
to serve as an adsorbent; (2) The kinetic adsorption data followed both the pseudo-first-order and
the pseudo-second-order models and both physical and chemical processes involved in the Cu(II)
removal; (3) Cation exchanges with H+ from COOH and phenolic OH groups and with NH4

+

from –COONH4 were likely the primary mechanisms of Cu(II) chemisorption adsorption onto
the poly(AA/CSP) as forms of Cu2+ and CuOH+; (4) The equilibrium data were well fitted by
the Langmuir isotherm with the maximum monolayer adsorption capacity of 200.3 mg/g; (5) The
adsorption was a spontaneous and exothermic process co-driven by enthalpy and entropy.

Keywords: adsorption; chestnut shell; copper; hydrogel; melanin

1. Introduction

Heavy metal pollution has become a global environmental issue and a significant
concern due to the toxic, bio-accumulative, and non-degradable nature of heavy metals.
Copper is the heavy metal used in electric appliances, pesticides, electroplates, and anti-
fouling paints. Although it is an essential element for living beings, excessive copper intake
may cause bio-accumulation, promote tissue peroxidation, and even lead to cancers [1].
Therefore, this heavy metal must be removed from aqueous effluents before discharge into
water bodies. Thus, many techniques have been employed for heavy-metal removal from
wastewater, such as ultrafiltration, reverse osmosis, coagulation, adsorption, electrode-
position, and chemical precipitation [2–6]. Among all of these strategies, adsorption is
frequently applied for removal by taking advantage of its simple operation, high removal
rate, low cost, and excellent renewability [7]. Adsorbents are the material basis of the
adsorption technique; thus, developing novel adsorptive materials is a research focus of
wastewater treatment. A great variety of materials, such as hydrogels [8], agricultural
waste [4], and carbon materials [9], have been developed for heavy-metal adsorption.
Among them, hydrogels are a kind of functional polymer feasible for removing heavy
metals thanks to their three-dimensional network structure and abundant hydroxyl, amine,
and carboxyl [10,11] hydrophilic groups. Such a structure and groups control the diffu-
sion processes of water absorbing and heavy-metal binding [12]. Most hydrogels used
in industrial and agricultural practices are made from fossil-based chemicals with high
production costs and negative environmental effects. Currently, much attention is being
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paid to introducing cheap, non-toxic, biodegradable, and renewable bio-based materials
into hydrogel production.

Some biopolymers, such as starch, cellulose, and chitosan [13], have been employed
to prepare hydrogels for heavy-metal adsorption [12]. However, the price and the heavy-
metal-catching ability of the raw substrates should be considered for the high adsorption
efficiency and cost performance of as-synthesized hydrogels. Biopolymers from abundant
agro-wastes are thus a favorable option because they not only provide excellent water
purification performance and cut the hydrogel fabrication cost, but also minimize the
environmental impact of the agro-wastes.

Melanin is a pigmentary biopolymer oxidatively formed from phenolic or indolic
monomers. It exists in all large taxa of prokaryotes and eukaryotes [14] and can be di-
rectly recovered from bio-wastes such as chestnut shells [15], apricot kernel skins [16],
and olive mill waste [17]. Although the chemical structures of melanin in their natural
state are still sealed, their high affinity for metal ions in vivo and in vitro has been well
documented [18,19], presenting the potential for heavy-metal removal from wastewater.

Chestnut has always been a popular agricultural product, and its shells (pericarp
and testa) are the chestnut-processing residue. Chestnut shell pigment (CSP) is herbal
melanin isolated from the byproduct. The pigment is abundant in carboxyl, hydroxyl, and
carbonyl [9], which have been identified as potential binding sites of metal ions [20,21].
Unfortunately, CSP is partially dissolved in water and therefore unable to be innately used
as an adsorbent for wastewater treatment. Some technologies have been developed to
overcome this limitation. Zhou et al. [22] crosslinked CSP with formaldehyde. Su et al. [23]
prepared CSP/SiO2 composite. Yao et al. [24] insolubilized CSP by thermal treatment. All
of these CSP-based materials gave high adsorption efficiency for copper ions, showing the
great potential of CSP to make adsorbents for Cu(II) removal.

In this study, the first effort was made to incorporate melanin, specifically CSP, into
a hydrogel through polymerization with acrylic acid (AA) without using traditional
crosslinkers, and the possible use of as-prepared hydrogel for Cu(II) adsorption from
aqueous solutions was also investigated. To elucidate the physicochemical properties of
the poly(AA/CSP), the samples were characterized by Fourier transform infrared spec-
troscopy (FT–IR) and a scanning electron microscopy (SEM). A batch method was used
to examine the Cu(II) adsorption performance of the copolymer. In order to uncover the
adsorption natures, parameters of equilibrium isotherm, kinetics, and thermodynamics
were evaluated. Furthermore, the paper investigated the binding mechanisms of copper
onto this biosorbent.

2. Materials and Methods
2.1. Materials

All the reagents were of analytical grade and were produced in China. Cupric nitrate
was used to prepare the Cu(II) solutions, and nitric acid and sodium hydroxide were
employed to adjust the pH of copper solutions. The fresh Chinese chestnuts (Castanea
mollissima Blume) were bought from a market in Kunming, China.

2.2. CSP Preparation

The pigment was prepared according to the method of Zhou et al. [22], with slight
modifications. Chestnut fruits were peeled manually, and the shells were crushed to less
than 4 mm. The scraps were extracted twice with 0.2 mol/L NaOH aqueous solution at a
liquid-solid ratio of 15 mL/g for 24 h at 50 ◦C. The crude pigment solution was achieved by
filtration and acidified to pH 2 with concentrated HCl. The static settlement was conducted
at ambient temperature for 24 h, and the precipitate was collected by centrifugation at
3500 rpm for 10 min. After being frozen at −80 ◦C for 12 h in a refrigerator, it was thawed
at room temperature, centrifuged, washed twice with water of pH 3 adjusted with HCl,
dried at 50 ◦C, sealed in a plastic bag, and stored at 4 ◦C.
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2.3. Poly(AA/CSP) Synthesis

Specifically, 2.5 mL of AA, 25.6 mL of 0.59% (w/w) CSP solution in 1.32% (w/w) am-
monium hydroxide, and 0.55 g of ammonium persulphate as an initiator, were successively
introduced into a flask and heated in a water bath with a magnetic stirrer (DF-101T, Yuhua,
Gongyi, China) at 500 rpm at 80 ◦C until the stirrer could not rotate due to the high viscosity.
After being cooled to the ambient temperature with tap water, the gel was cut into strips
about 5 mm in width and rinsed with 150 mL anhydrous ethanol four times, vacuum
dried at 65 ◦C, crushed, and screened to collect 40 to 60 mesh particles for the adsorption
measurement.

2.4. Poly(AA/CSP) Characterization

Fourier transform infrared spectroscopy (FT–IR) was used to identify the functional
groups participating in the copper binding [5]. The FT–IR spectra were recorded on a
Nicolet Avatar 380 spectrometer (Thermo Scientific, Waltham, MA, USA) after the samples
were ground with KBr at a ratio of about 1:400 by weight and the mixture was pressed into
transparent discs. Scanning Electron Microscopy (SEM) can reveal the microstructure of
poly (AA/CSP). The sample was coated with a gold film before the morphology detection
with a Hitachi 4800 scanning electron microscope (SEM; Hitachi, Tokyo, Japan). The pH
point of zero charges (pHpzc) was adopted to determine the solution pH at which the net
charge of the poly(AA/CSP) surface is zero, and its value was measured by the immersion
technique [25].

2.5. Adsorption Experiments

All adsorption experiments were carried out in a batch process. The adsorbent of
0.05 g was mixed with 50 mL copper solution of a given concentration and rotated on a
thermal-controlled shaker (TS-211B TENSUC, Shanghai, China) at 120 rpm. To check the
effects of pH on the adsorption, Cu(II) in 200 mg/L solutions with different initial pH values
were used for the adsorption at 300 K for 24 h. In kinetic experiments, the copper solutions
of pH 6 with various concentrations were shaken at 300 K for different contact times. For
equilibrium data collection, the copper solutions of pH 6 with various concentrations were
shaken for 24 h at different temperatures. After the adsorption, the suspension was filtered
by a 0.45-µm microporous membrane on an injector. The residual copper concentration
in the filtrate was measured by an AA-100 atomic absorption spectrophotometer (Perkin-
Elmer Inc., Foster City, CA, USA). The copper adsorption quantity, q (mg/g), was calculated
by Equation (1).

q = (C0 − C)V/m (1)

where C0 (mg/L) and C (mg/L) are the Cu(II) concentrations in the aqueous phase before
and after the adsorption, respectively, m (g) is the mass of sorbent, and V (L) is the solution
volume.

All of the experiments were conducted in triplicate, and the arithmetic averages of
the experimental data are presented. The nonlinear regressions were performed using the
Solver tool of Microsoft® Excel 2016.

3. Results
3.1. Surface Morphology of Poly(AA/CSP)

The heavy-metal adsorption performance of hydrogels strongly depends on their sur-
face properties and network structures. Therefore, we investigated the surface morphology
of poly(AA/CSP) by SEM, and the typical images are shown in Figure 1. The surface is
loose, coarse, and porous, with spindle-shaped bars randomly interconnected to form the
disordered pores (Figure 1 insert).
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Figure 1. Scanning electron micrograph of poly(acrylic acid/chestnut shell pigment).

3.2. FT–IR of Poly(AA/CSP)

The FT–IR spectra of the native and the copper-loaded poly(AA/CSP) are shown in
Figure 2. The absorption signals at 3600–3100 cm−1 corresponded to the stretching of O–H
and N–H. In particular, the band at around 3143 cm–1 was attributed to N–H stretching from
the ammonium ions [26]. The band at 804 cm−1 resulted from the out-of-plane bending
vibrations of N–H [27]. The N–H groups came from three sources: (1) amino groups on CSP
molecules; (2) NH4

+ from the ammonium hydroxide solution used as a solvent for CSP
and as a neutralizer for AA; and (3) NH4

+ from the initiator of ammonium persulphate.
These NH4

+ ions formed salts with carboxyl and phenol groups and were retained in the
hydrogel. The bands located at 1716, 1565, 1452, and 953 cm–1 resulted from carboxylic
C=O stretching, COO− asymmetric stretching, COO− symmetric stretching, and O–H
out-of-plane bending of COOH, respectively [28]. The band at 1169 cm−1 was related to
the −C−OH stretching of phenol groups [29]. As shown in Figure 2, the copper adsorption
decreased the intensities of these bands associated with NH, COOH, COO−, and phenolic
OH. The peaks centered at 1618 and 1402 cm−1 were assigned to the C=C stretching of
aromatic rings and −CH2− deformation, respectively [30]. Some new bands presented
in the spectrum of copper-loaded sample. The twin bands at 3550 and 3475 cm−1 could
be associated with the O–H stretching of copper hydroxide cations, and the absorption at
484 cm−1 corresponded to the Cu–O stretching of the cations [2,31].
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Figure 2. FT–IR spectra of poly(acrylic acid/chestnut shell pigment) before and after Cu(II) adsorption.
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3.3. Effect of pH on Adsorption

The pH-dependent Cu(II)-adsorption behavior of the poly(AA/CSP) was studied,
and the result is exhibited in Figure 3. The adsorption capability went up along with
the pH increase and reached the maximum of 150.98 mg/g at pH 6. The authors haven’t
examined the adsorption over pH 6 due to Cu(OH)2 precipitate formation. The pHpzc was
also determined and showed a value of 5.2.
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Figure 3. Effect of solution pH on Cu(II) adsorption onto poly(acrylic acid/chestnut shell
pigment) (Temperature = 300 K, contact time = 24 h, adsorbent dosage = 1 g/L, initial
concentration = 200 mg/L).

3.4. Adsorption Kinetics

The Cu(II) adsorption capacity onto the poly(AA/CSP) from the solutions with dif-
ferent initial concentrations was examined at a series of contact time. The adsorption
process of Cu(II) onto the poly(AA/CSP) showed multiphasic kinetics (Figure 4). With
the prolonged contact time, the adsorption capacity increased rapidly, slowed down, and
finally reached the dynamic equilibrium. At all the tested concentrations, the adsorption
equilibrium is reached within 720 min.

Water 2022, 14, x FOR PEER REVIEW 6 of 14 
 

 

adsorption capacity on the contact time encouraged us to further fit the data with two 

famous kinetic models, i.e., the pseudo-first-order and pseudo-second-order equations. 

The pseudo-first-order kinetic model [32] hypothesized that the elimination rate of 

adsorbate is proportional to the number of active sites available on an adsorbent. Equation 

(2) emphasizes that this model expresses the kinetic data in relation to the sorption rate 

and capacity: 

qt = qe − qe e−k₁ t (2) 

where qe (mg/g) and qt (mg/g) are the amounts of copper adsorbed at equilibrium and at 

time t (min), respectively; k1 (1/min) is the adsorption rate constant. 

The pseudo-second-order kinetic model [33] is based on the rate-limiting step of ad-

sorption, which involves either electron sharing or electron transfer between adsorbate 

and adsorbent. The model is represented as 

qt = k2 qe2 t/(1 + k2 qe t) (3) 

where k2 (g/mg/min) is the adsorption rate constant; qe, qt, and t are the same as the defi-

nitions in Equation (2). 

 

Figure 4. Adsorption kinetics of Cu(II) on to chestnut shells at different initial concentrations(acrylic 

acid/chestnut shell pigment) (Temperature = 300 K, pH = 6, adsorbent dosage = 1 g/L). 

The experimental data before adsorption equilibrium were nonlinearly fitted to both 

the kinetic equations, and the plots are shown in Figure 4. The parameters including k1, k2, 

and qe are listed in Table 1. The results signify that both kinetic models sufficiently de-

scribed the time course data, suggesting that both chemical and physical reactions oc-

curred in the adsorption process. 

Table 1. Kinetic parameters of Cu (II) adsorption onto poly(acrylic acid/chestnut shell pigment) at 

temperature = 300 K, pH = 6, and adsorbent dosage = 1 g/L. 

C0 

(mg/L) 

Pseudo-First Order Pseudo-Second Order 

qe 

(mg/g) 

K1 

(10−3/min) 
R2 

qe 

(mg/g) 

K2 

(10−4g/mg/min) 
R2 

100 72.04 ± 1.30 12.69 ± 2.29 0.9588 81.51 ± 1.61 1.931 ± 0.33 0.9631 

200 147.5 ± 1.84 16.13 ± 1.61 0.9742 163.4 ± 2.17 1.182 ± 0.11 0.9692 

100 mg/L 200 mg/L 400 mg/L

Pseudo-first-order Pseudo-second-order

0

50

100

150

200

0 250 500 750 1000 1250 1500

q
t
(m

g
/g

)

t (min)

Exp. data:

Model fittings:

Figure 4. Adsorption kinetics of Cu(II) on to chestnut shells at different initial concentrations (acrylic
acid/chestnut shell pigment) (Temperature = 300 K, pH = 6, adsorbent dosage = 1 g/L).

Kinetic modeling of sorption helps to predict the conditions under which the process
can optimally work for a given system. The significant dependence of the instant adsorption
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capacity on the contact time encouraged us to further fit the data with two famous kinetic
models, i.e., the pseudo-first-order and pseudo-second-order equations.

The pseudo-first-order kinetic model [32] hypothesized that the elimination rate of ad-
sorbate is proportional to the number of active sites available on an adsorbent. Equation (2)
emphasizes that this model expresses the kinetic data in relation to the sorption rate and
capacity:

qt = qe − qe e−k1 t (2)

where qe (mg/g) and qt (mg/g) are the amounts of copper adsorbed at equilibrium and at
time t (min), respectively; k1 (1/min) is the adsorption rate constant.

The pseudo-second-order kinetic model [33] is based on the rate-limiting step of
adsorption, which involves either electron sharing or electron transfer between adsorbate
and adsorbent. The model is represented as

qt = k2 qe
2 t/(1 + k2 qe t) (3)

where k2 (g/mg/min) is the adsorption rate constant; qe, qt, and t are the same as the
definitions in Equation (2).

The experimental data before adsorption equilibrium were nonlinearly fitted to both
the kinetic equations, and the plots are shown in Figure 4. The parameters including k1, k2,
and qe are listed in Table 1. The results signify that both kinetic models sufficiently described
the time course data, suggesting that both chemical and physical reactions occurred in the
adsorption process.

Table 1. Kinetic parameters of Cu (II) adsorption onto poly(acrylic acid/chestnut shell pigment) at
temperature = 300 K, pH = 6, and adsorbent dosage = 1 g/L.

C0
(mg/L)

Pseudo-First Order Pseudo-Second Order

qe
(mg/g)

K1
(10−3/min) R2 qe

(mg/g)
K2

(10−4g/mg/min) R2

100 72.04 ± 1.30 12.69 ± 2.29 0.9588 81.51 ± 1.61 1.931 ± 0.33 0.9631
200 147.5 ± 1.84 16.13 ± 1.61 0.9742 163.4 ± 2.17 1.182 ± 0.11 0.9692
400 190.4 ± 2.75 32.25 ± 2.41 0.8698 202.7 ± 3.33 2.682 ± 0.32 0.9088

3.5. Adsorption Equilibrium

Studies on equilibrium characteristics endeavor to understand the surface properties of
adsorbents and the interaction between adsorbents and adsorbates. Two popular isotherms,
the Langmuir and the Freundlich, were employed to describe the relationship between
the copper amounts on the poly(AA/CSP) surface and in the liquid phase. The Langmuir
isotherm model postulates monolayer adsorption onto the homogeneous surface with a
fixed number of identical sites [34]. It is generally shown as the following equation:

qe = qm KL Ce/(1 + KL Ce) (4)

where qe (mg/g) and qm (mg/g) are, respectively, the amount of copper adsorbed at equilib-
rium and the monolayer adsorption capacity of the adsorbent; KL (L/mg) is the Langmuir
constant giving information on the binding energy of adsorption process; Ce (mg/L) is the
residual copper concentration of the solution at equilibrium.

The Freundlich model explains how adsorption takes place on a heterogeneous ad-
sorbent surface by the interaction between the adsorbed molecules with the non-uniform
sorption heat over the surface [35]. The model is expressed by the following equation:

qe = KF Ce
1/n (5)

where qe and Ce are defined as the same in Equation (5), and 1/n and KF (mg1−1/n/g/L1/n)
are two empirical parameters of the adsorption intensity and capacity, respectively.
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The nonlinear fitting results of the equilibrium data to the models are illustrated in
Figure 5, and the isotherm parameters are given in Table 2. The experimental data points
are closer to theoretical lines in the fitting plot of the Langmuir (Figure 5a) than in that of
the Freundlich (Figure 5b), and the R2-values for the Langmuir are greater than those for
the Freundlich. These consequences indicate the better validity of the Langmuir model to
describe the experimental data and ensure the monolayer copper formation on the surface
of the polymers. The maximum monolayer adsorption capacity, qm, was calculated to be
200.3 mg/g (Table 2), suggesting that the poly(AA/CSP) performed well for the adsorptive
removal of copper ions from the water.
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Figure 5. (a) Langmuir and (b) Freundlich isotherms for Cu(II) adsorption onto poly(acrylic
acid/chestnut shell pigment) (Contact time = 24 h, pH = 6, adsorbent dosage = 1 g/L).

Table 2. Isotherm parameters of Cu(II) adsorption onto poly(acrylic acid/chestnut shell pigment) at
contact time = 24 h, pH = 6, adsorbent dosage = 1 g/L.

T/K

Langmuir Freundlich

qm
(mg/g)

KL
(L/g) R2 KF

(mg1−1/n/g·L−1/n) 1/n R2

290 178.1 ± 0.71 27.08 ± 0.50 0.9609 22.76 ± 0.56 0.3626 ± 0.0034 0.9751
300 194.5 ± 1.88 22.12 ± 1.59 0.9509 20.67 ± 0.96 0.3916 ± 0.0071 0.9878
310 188.4 ± 2.94 23.18 ± 2.08 0.9540 20.45 ± 1.17 0.3892 ± 0.0163 0.9796
320 200.3 ± 2.75 21.27 ± 1.65 0.9484 19.16 ± 1.02 0.4110 ± 0.0093 0.9702

3.6. Adsorption Thermodynamics

In engineering practice, thermodynamics is an important aspect indicating the spon-
taneity, heat, and driving force of reactions. The thermodynamic parameters including
the free energy change (∆G◦), the enthalpy change (∆H◦), and the entropy change (∆S◦)
are related to an adsorption process changing along with temperatures, from which some
adsorption mechanisms can be deduced [36]. The ∆G◦ (J/mol) directs whether a reaction is
spontaneous. Its values depend on the thermodynamic equilibrium constant, Kc, and can
be obtained from the equation:

∆G◦ = −RT ln Kc (6)

where R (8.314 J/mol/K) is the universal gas constant, T (K) is the absolute temperature, and
KC equals the Langmuir constant, KL, with the unit of L/mol. The ∆G◦ values calculated
by Equation (7) are listed in Table 3.
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Table 3. Thermodynamic parameters of Cu(II) adsorption onto poly(acrylic acid/chestnut shell
pigment) at contact time = 24 h, pH = 6, adsorbent dosage = 1 g/L.

T
(K)

∆G◦

(kJ/mol)
∆H◦

(kJ/mol)
∆S◦

(J/mol·K) R2

290 −17.97 ± 0.04

−5.182 43.70 0.9878
300 −18.08 ± 0.02
310 −18.81 ± 0.05
320 −19.18 ± 0.02

The ∆G◦ also relates to the ∆H◦ (J/mol) and the ∆S◦ (J/mol/K) by Equation (8):

∆G◦ = ∆H◦ − T ∆S◦ (7)

By this equation, the authors calculated ∆H◦ and ∆S◦ from the intercept and the slope
of the straight line of ∆G◦ versus T (Figure 6), respectively, and their values are recorded in
Table 3.
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Figure 6. Thermodynamic plot for Cu(II) adsorption onto poly(acrylic acid/chestnut shell pigment)
(Contact time = 24 h, pH = 6, adsorbent dosage = 1 g/L).

4. Discussion
4.1. Synthesis of Hydrogel Adsorbent

The hydrogel polymers made of anionic monomers can be used as adsorbents for
cationic species such as heavy metal ions. Their swelling nature is favorable to capturing
the adsorbates. Therefore, the polymers have been considered as adsorbent candidates.
Polyacrylic-type hydrogels have the major market share of superabsorbents because of their
simple synthesis, easy storage, and good performance for water-holding and heavy-metal
scavenging. However, the raw materials of such polymers as AA and their derivatives
are fossil chemicals, which are nonrenewable, costly, and hazardous to the environment.
A strategy for overcoming these shortcomings, to some extent, is copolymerizing acrylic
substances with natural polymers such as starch, cellulose, and lignin. For wastewater
clean-up, the heavy-metal binding capability of the introduced bio-polymers should be
taken into account because they might affect the performance of the copolymers. Melanin is
well known as a strong binder for heavy metals both in vitro and in vivo [19,21]. However,
to the best of our knowledge, melanin has not been used to synthesize hydrogels for heavy-
metal adsorption so far. In this study, the melanin from chestnut shells was copolymerized
with AA for the first time. Herein, the authors proposed the reaction for poly(AA/CSP)
synthesis in Scheme 1.
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Scheme 1. Proposed reaction for synthesis of hydrogel crosslinked with chestnut shell pigment.

Ammonium persulphate was employed as the initiator, decomposing and generat-
ing sulfate anion radicals (·SO4

−) under heating. Some sulfate anion radicals despoiled
hydrogen from water molecules, forming hydroxyl radicals (·OH). The sulfate anion and
hydroxyl radicals attracted to the hydrogen from the functional groups, such as hydroxyl
groups, on CSP, producing macroradicals of CSP, which initiated the polymerization of the
AA to form the copolymer. Abundant functional groups on CSP radically react with the AA
to form a three-dimensional structure, which rendered the copolymer stable in solutions
and made it able to catch large quantities of copper ions.

In traditional polyacrylic-type superabsorbent preparation, N,N’-methylenebisacrylamide
(MBA) is used as a crosslinker. Our preliminary experiments found that supplementing
MBA made the network chains of poly(AA/CSP) less flexible and thus decreased the
swelling and the Cu(II)-adsorbing capacities. Therefore, this reagent was not used. As
shown in Scheme 1, CSP was attacked by ·SO4

− and ·OH to form molecules with multi-
radicals and crosslinked polyacrylic acid chains to build 3D interconnected networks. In
this sense, CSP worked as a crosslinker. CSP is a byproduct of the chestnut industry. It is
cheap, abundant, renewable, easily available, and environmentally friendly. These qualities
make the superabsorbent less expensive, more sustainable, and more environmentally
benign to substitute MBA with CSP.

4.2. Adsorption Performance

Traditional acrylic-based hydrogels have fewer pores. Some researchers combined
porous materials, such as kaolin [37], montmorillonite [38], and attapulgite [39], into the
hydrogels to enhance their adsorption performance. Although such materials were not
used in this study, the as-synthesized hydrogel shows a very developed porous structure,
favoring Cu(II) diffusion, hydrogel swelling, and high copper adsorption. Its monolayer ad-
sorption capacity of copper derived from the Langmuir isotherm (qm) is 200.3 mg/g, higher
than some earlier reported polyacrylic-type hydrogels such as poly(N-isopropylacrylamide-
co-acrylic acid) (67.3 mg/g) [40], starch-g-poly(acrylic acid) (177.8 mg/g) [41], and acrylic-
acid-co-acrylamide onto cellulose (82.07 mg/g) [42]. Melanin is a “trap” to inactivate toxic
metals in living organisms [43]. Using melanin such as CSP as a crosslinker is a reasonable
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choice to improve the heavy-metal adsorption performance of polyacrylic-type hydro-
gels. The qm-value of poly(AA/CSP) is also higher than qm-values for other CSP-based
materials, such as formaldehyde crosslinked CSP (29.8 mg/g) [22], CSP/SiO2 composite
(18.9 mg/g) [23], and insolubilized CSP (33.2 mg/g) [24]. It is also higher than some re-
cently reported adsorbents, such as Thiol-functionalized cellulose nanofiber membranes
(49.0 mg/g) [43], sawdust chitosan nanocomposite beads (7.32 mg/g) [44], and corn silk
(15.35 mg/g) [5]. The better performance indicates indicate that it is feasible to develop the
poly(AA/CSP) for Cu(II) removal from water.

4.3. Adsorption Mechanisms

The kinetic data can be simulated by the pseudo-first-order and the pseudo-second-
order models, suggesting the involvement of physical and chemical adsorption pro-
cesses [45]. For the initial Cu(II) concentrations of 100 and 200 mg/L, the R2-values were
over 0.95 for both models. Such behavior may also be because the Cu(II) concentrations
are not in the rate governing range. Compared to 100 and 200 mg/L, the initial Cu(II)
concentrations of 400 mg/L gave lower R2-values for the pseudo-first-order model (0.8698)
and the pseudo-second-order (0.9088) model, as shown in Table 1, because of a mixed
response of both of the models which cannot wholly fit the data alone [46].

Hydrogel swelling occurred in the Cu(II) adsorption process, made polymer chains
formed flexible networks, increased the surface area of poly(AA/CSP), and allowed the
copper ions to interact with binding sites in the hydrogel matrix. Furthermore, the electro-
static interaction between the poly(AA/CSP) surface and Cu(II) ions participated in the
Cu(II) adsorption process. The adsorption capacity increased with the solution pH, and
pH 6 was optimal. At a higher pH value, the adsorbent surface was more negatively and
less positively charged, making the cationic copper more readily adsorbed. At the optimal
pH, there were positive net charges on the adsorbent surface due to the pHpzc of 5.2, and
the electrostatic attraction presented as a driving force of the adsorption.

Ion exchange is involved in the chemical adsorption of Cu(II) onto poly(AA/CSP).
Poly(acrylic acid) can adsorb cationic metals by the ionic exchange mechanism due to
abundant carboxylic groups [47]. Melanin is a naturally occurring cation exchange mate-
rial [48], and CSP has been reported as a cationic exchanger [2]. In this study, copper uptake
reduced the absorbance at 3143 (N−H stretching of NH4

+), 804 (out-of-plane bending
vibrations of N–H), 1565 (COO− asymmetric stretching), and 1452 cm−1 (COO− symmetric
stretching). This suggests an ion exchange between Cu(II) and NH4

+ of –COONH4. The
copper addition also weakened the intensity of the peaks at 1716 (C=O stretching of COOH),
953 (O–H out-of-plane bending of COOH), and 1169 cm−1 (phenolic −C−OH stretching).
Such changes suggest the involvement of COOH and phenolic OH groups in the Cu(II)
binding through ion exchange between Cu(II) and H+ from COOH or phenolic OH groups.
The presence of the twin bands at 3550 and 3475 cm−1 (O–H stretching of copper hydroxide
cations) as well as the absorption at 484 cm−1 (Cu–O stretching) gave an indication that
some Cu(II) were bound on the hydrogel as copper hydroxide cations (CuOH+) [2]. From
the viewpoint of pH dependence of Cu(II) adsorption onto poly(AA/CSP), the excess of
H+ ions in the solution with a lower pH competed with the Cu(II) cations for ion-exchange
with NH4

+ ions. The H+ ions also inhibited proton dissociation from the carboxylic and
phenolic groups to ion-exchange with the Cu(II) cations. This also contributed to the better
adsorption capacity at a higher pH. At the optimal pH of 6, Cu2+ dominated the Cu(II)
species, and a small part of Cu(II) existed as CuOH+ [49]. The participation of CuOH+ in
the adsorption was evidenced by FT–IR spectroscopy, as mentioned earlier.

The negative ∆G◦-values (Table 3) at all tested temperatures propose the spontaneous
nature of the adsorption. The negative ∆H◦-value and the positive ∆S◦-value suggest that
the process was exothermic and co-driven by enthalpy and entropy.



Water 2022, 14, 3500 11 of 13

5. Conclusions

A novel hydrogel, namely the poly(AA/CSP), was successfully synthesized from
CSP and AA without using traditional crosslinkers. The poly(AA/CSP) was used for
the Cu(II) adsorption from water. The hydrogel has a porous structure with networks of
interconnected spindle-shaped bars. The optimal pH of the copper solutions is 6 for the
adsorption. The kinetic adsorption behavior obeys the pseudo-first-order and the pseudo-
second-order models. Both physical (hydrogel swelling and electrostatic interaction) and
chemical processes were involved in the Cu(II) removal. Cation exchanges with H+ from
COOH and phenolic OH groups and with NH4

+ from –COONH4 were likely the primary
mechanisms of Cu(II) chemisorption onto the poly(AA/CSP) as forms of Cu2+ and CuOH+.
The equilibrium adsorption data are well described by the Langmuir isotherm model, with
a maximum adsorption capacity of 200.3 mg/g. Thermodynamically, the adsorption is
spontaneous and exothermic, co-driven by enthalpy and entropy. The cheap bio-based
component, the inexpensive synthesis, and the good performance endow poly(AA/CSP)
with a promising potential for heavy-metal removal from aqueous solutions.
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