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Abstract: Despite the tremendous progress in the development of functional materials from plastic
waste to promote its recycling, only a few examples of hydrogel materials from plastic waste were re-
ported. In this study, microwave-assisted depolymerization of waste PET plastic using polyamine was
performed to prepare short aminophthalamide oligomers followed by chemically cross-linking into a
hydrogel material. Catalyst-free microwave-assisted aminolysis of PET was completed within 30–40 s,
demonstrating high efficiency of the depolymerization reaction. Subsequent epoxy cross-linking
of the oligomers yielded a hydrogel with a swelling degree of ca. 92.1 times in pure water. The
application of the obtained hydrogel for the removal of copper ions (Cu2+) from water was demon-
strated. Efficient complexation of NH2 groups of the hydrogel with Cu2+ resulted in high adsorption
capacities of the hydrogel material toward Cu2+ removal, which were the highest at neutral pHs
and reached ca. 213 mg/g. The proposed type of environmental material is beneficial owing to its
waste-derived nature and functionality that can be applied for the high-efficiency removal of a broad
scope of known environmental pollutants.

Keywords: plastic recycling; microwave-assisted synthesis; PET; aminolysis; hydrogel; metal ion
adsorption; copper

1. Introduction

Sustainable use of materials implies minimization of non-renewable resource usage
and the extension of materials’ lifetime by promoting their circulation via recycling, up-
cycling, downcycling, and other approaches. The contemporary design of sustainable
adsorbents for wastewater treatment takes advantage of using either renewable biomass
resources [1,2] or, more frequently, various types of waste [3] that have been extensively
studied over the past decade. In particular, the utilization of waste plastics for the prepa-
ration of adsorbents was increasingly considered, and various functional adsorbents for
the removal of dyes [4], removal of toxic metals [5], sequestration of CO2 [6], and other
applications were designed.

On the other hand, hydrogels, particularly those prepared from biomass, represent
a well-established class of adsorbents that demonstrate useful characteristics [7–10] due
to their non-invasive character, the absence of secondary contamination during water
treatment, and high adsorption capacities thanks to the accessibility of the adsorbate
molecules to the binding sites on the macromolecular chains of hydrogels. However,
the design and preparation of waste-plastic-derived hydrogels is still a challenge. The
intrinsically hydrophobic nature of the fossil-derived starting materials and the associated
difficulties in the chemical transformation of waste plastics to water-soluble precursors
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with a controlled molecular architecture are the major difficulties to the construction of a
water-soluble polymer network of a hydrogel.

In our recent works, we successfully prepared a hydrogel from waste PET via aminolytic de-
polymerization to oligomeric “building blocks” of terephthalamides and their cross-linking [11,12].
The cationic character of the hydrogel material was exploited for the adsorption of anionic
species such as industrial dyes [11], whereas abundant amines of the hydrogel are also
well known as ligands for transition metal ions, some of which (Cd2+, Cu2+, Pb2+, etc.) are
toxic environmental pollutants [1]. In this regard, a vast number of NH2-containing and
NH2-functionalized adsorbents have been elaborated, and their application for the removal
of metal ions has been shown [13]. Herein, we report an optimized, microwave-assisted,
PET depolymerization protocol via aminolysis to prepare oligomeric terephthalamides
for the consequent synthesis of a hydrogel. Consequently, we demonstrate for the first
time a successful application of PET-derived hydrogel for the removal of Cu2+ ions from
aqueous solutions with a high adsorption capacity of 213 mg/g at neutral pH. In our
study, the adsorption properties of the developed hydrogel adsorbent outperformed most
earlier-reported amine-containing adsorbents.

2. Results and Discussion
2.1. Formation and Characterization of Hydrogel Adsorbent via Microwave-Assisted Aminolysis
of PET

Aminolytic depolymerization of PET through a reaction with diethylenetriamine
(DETA) (Figure 1A,B) was a modified procedure of [11], but the reaction was performed
in a microwave reactor. Under microwave heating, a reaction temperature of 200 ◦C
was established within 10 s, with no notable increase in the autogenous pressure in the
reaction vessel (Figure S1). During the reaction, PET chips were gradually dissolved while
the solution color turned yellow (Figure 1A), which corresponded to the formation of
terephthalamides from PET. Using the microwave approach, the reaction of the complete
PET depolymerization took only 30–40 s in contrast to ca. 5–10 min depolymerization time
using conventional organic synthesis in the presence of zinc acetate as a catalyst [11]. The
major product of PET depolymerization obtained in a triple-excess DETA is an oligomeric
terephthalamide, which is hereafter referred to as PD for PET/DETA.
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Figure 1. (A) Time snapshots of PET and DETA reaction mixture in the microwave reactor vessel
under continuous stirring. The reaction time in seconds is shown under each image. (B) Schematic il-
lustration of the structure of PET depolymerization to PD by diethylenetriamine. (C) The photograph,
schematic illustration of the structure, and the chemical structure of the cross-linked hydrogel.
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The PET depolymerization products were precipitated into acetone, and the solid
fraction was dried in an oven at 75 ◦C, and characterized via FTIR and NMR spectroscopies.
The essential characteristics of the aminolysis product were the same as those reported
for the conventional organic depolymerization reaction “in flask” [11]. The primary and
secondary amines of DETA can attack the ester bonds of PET, resulting in the two possible
structures of PET aminolysis products. Due to the higher reactivity of primary amines,
the structure (1) of the PET aminolysis product shown in Figure 2A is the main reaction
product. As shown in the 1H NMR spectrum of PD, the peak at around 7.8 ppm corresponds
to the aromatic protons. The peaks at 3.3–3.2 ppm, which overlapped with the peak of
water at 3.3 ppm, correspond to the protons of methylene groups adjacent to the amide
groups. The peaks at around 2.7–2.5 ppm were assigned to the protons of methylene
groups adjacent to the amine groups. These results indicated the formation of amide bonds
between terephthalic acid residues and the amines of DETA. In addition, the FTIR spectrum
of PD was consistent with the NMR data, indicating the formation of amide groups by the
appearance of C=O stretching band at 1636 cm−1 and N-H bending band at 1545 cm−1

(Figure 2B). The peaks at 2955–2815 cm−1 in the FTIR spectrum of PD indicated the C-H
stretch of aromatics of terephthalic residues and alkyl of amine (Figure 2B). A comparison of
FTIR and NMR spectra of microwave reaction products with the organic reaction products
reported earlier [11] showed that the microwave approach enhances the reaction efficiency
in terms of lower consumed energy, no catalyst, and short reaction time, but has no
significant effect on the structure and composition of PET decomposition products.
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Figure 2. (A) 1H NMR spectrum of PET aminolysis product (PD). The correspondence of NMR
signals and protons in the PD structure is shown by specific colours. (B) FTIR spectra of the PD and
freeze–dried hydrogel.

Hydrogel material was prepared by cross-linking of the PD with ethylene glycol
glycidyl ether (EGDE) (Figure 1C) under moderate heating (50 ◦C). The swelling degree of
the hydrogel that was repeatedly washed and equilibrated against pure water to reach a
constant volume was ca. 92.1 under neutral pH conditions.

The successful cross-linking of the PD was confirmed by the appearance of the -C-O-C-
stretching peak at 1089 cm−1 in the FTIR spectrum of the hydrogel (Figure 2B). Further
information about the chemical composition and bonding states of atoms of the hydrogel
material was obtained by XPS analysis (Figure 3). The XPS survey spectrum of hydrogel
clearly showed the pronounced signals of C1s (70.2%) at around 285.9 eV, N1s (7.6%) at
around 399.6 eV, and O1s (22.2%) at around 532.3 eV (Figure 3A). The carbon bonding states
were confirmed by a high-resolution C1s spectrum that contained the peaks of C-C/C=C
bonds at 284.7 eV, C-N/C-O bonds at 286.4 eV, and C=O bonds at 289.1 eV (Figure 3C).
In addition, a high-resolution N1s spectrum (Figure 3D) indicated two nitrogen bonding
states of -NH2 at 398.6 eV and O=C-N at 401.6 eV [14], while three oxygen bonding states of
C=O at 531.3 eV, -C-O-C- at 532.5 eV, and C-OH at 535.2 eV were found in a high-resolution
O1s spectrum (Figure 3E) [15]. The results from the XPS analysis were in good agreement
with those of the FTIR.
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Figure 3. (A,B) XPS survey spectrum of hydrogel before (A) and after (B) Cu2+ adsorption.
(C–F) High–resolution C1s (C), N1s (D), O1s (E) of the hydrogel before and after Cu2+ adsorption,
and Cu2p spectra of the hydrogel after Cu2+ adsorption (F).

2.2. Removal of Cu2+ Ions from Aqueous Solution by the PET-Derived Hydrogel

Next, the obtained hydrogel was used for Cu2+ adsorption experiments. Soaking of
the hydrogel in 127 mg/L Cu(NO3)2 solution resulted in the appearance of the intense
blue colour of the hydrogel (Figure 4), indicating the efficient Cu2+ uptake and complex
formation. The uptake mechanism is the coordination of Cu2+ with the amine/amino
groups of the hydrogel into a complex having the plausible structure shown in Figure 4
above the adsorption process arrow. The high stability of the Cu2+ complexes with the
amines of the hydrogel is particularly favoured by the presence of ethylene diamine
fragments from DETA that form stable coordination complexes with Cu2+ [16]. Adsorption
of Cu2+ was accompanied by a moderate swelling of the hydrogel that can be attributed to
the additional contribution of the electrostatic repulsions between like-charged Cu2+ ions
bound to the neutral amines in the hydrogel matrix.
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(middle), and after Cu2+ desorption in a 0.1 M EDTA solution (right). The plausible structures of
the Cu2+ coordination complexes with two ethylenediamine moieties of the hydrogel and EDTA are
shown above the arrows of the adsorption and desorption processes.

Batch adsorption experiments were carried out to study Cu2+ adsorption charac-
teristics of PET-derived hydrogel in aqueous solutions. The concentration of Cu2+ was
measured spectroscopically at the absorbance wavelength of 810 nm. Stirring the hydro-
gel in an aqueous Cu2+ solution resulted in a progressive decrease in the absorbance of
Cu2+ remaining in the solution above the hydrogel (Figure 5A). Time-dependent changes
in Cu2+ concentration showed a gradual uptake of Cu2+ by the hydrogel, that reached
saturation within several hours (Figure 5B). The obtained kinetic data were further fit-
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ted to pseudo-first- and pseudo-second-order adsorption kinetics models, which indicate
mechanical and chemical adsorption mechanisms [17], respectively. A higher R2 value
(0.9909) (Table 1) for the pseudo-seconds kinetics fitting indicates the chemical adsorption
mechanism of Cu2+ and correlates with the adsorption kinetics of anionic dye, Congo Red,
by the same type of hydrogel reported earlier [11].
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Table 1. Fitting parameters of the kinetics and adsorption isotherms.

Kinetic Model

Pseudo-First Order Pseudo-Second Order

Qe (cal) (mg/g) k1 (min−1) R2 Qe (cal) (mg/g) k2 (g/mg·min) R2

44 0.0067 0.9873 58 1.02 × 10−4 0.9909

Isotherm model

Langmuir Freundlich

Qm (cal) (mg/g) KL (L/mg) R2 KF (mg/g) n R2

248 0.0054 0.9930 18 2.8 0.9488

The effect of the initial Cu2+ concentrations on the adsorption capacities of hydrogel
is shown in Figure 5C. The maximum adsorption capacity of the hydrogel toward Cu2+

was found to be 213 mg/g. To get insight into the Cu2+ adsorption mechanism by the
hydrogel, adsorption isotherms were measured at room temperature and fitted by the
Langmuir and Freundlich isotherm models, which indicate the monolayer and multilayer
adsorption mechanism [18], respectively (Figure 5D). The better fitting results (R2 = 0.9930)
using the Langmuir model indicated the monolayer adsorption mechanism. The maximum
adsorption capacity of the hydrogel calculated by the Langmuir isotherm model was found
to be 248 mg/g (Table 1), which is slightly higher than the experimental Qm of 213 mg/g,
also suggesting a good match of the Langmuir isotherm model for the adsorption process
of the hydrogel for Cu2+. The best-fitting adsorption model for Cu2+ adsorption was again
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the same as was reported earlier for the hydrogel adsorption of the Congo Red cationic
dye [11]. However, the adsorption constant of the hydrogel (KL = 0.0054) for Cu2+ ions was
two orders of magnitude lower than the cationic dye Congo Red, indicating significantly
a weaker interaction of the hydrogel with Cu2+ compared to organic molecules of Congo
Red. This difference can be attributed to additional hydrophobic interactions of Congo
Red with the hydrogel macromolecules containing the hydrophobic regions of terephthalic
acid residues.

The effect of the pH of the Cu2+ solution on the adsorption capacity of hydrogel was
studied within the pH range of 2–6, due to the formation of metal hydroxide precipitates of
Cu2+ at a higher pH [19]. As shown in Figure 5E, no significant change in Qe within the
pH range of 4–6 was observed, while with a decrease in pH to 2.4, the adsorption capacity
of the hydrogel was greatly decreased ca. 3-fold. Under the lower pH values of the Cu2+

solution, the protonation of the amine groups in the hydrogel occurred to form -NH3
+

species. The electrostatic repulsion between Cu2+ ions and -NH3
+ species resulted in a

decrease in Qe.
SEM images of the freeze-dried hydrogel before and after Cu2+ adsorption are shown

in Figure 6A,B, together with the mapping of N, O, and Cu elements (Figure 6C–F). The
surface morphology of both hydrogels showed a moderate porosity and no significant
difference in hydrogels before and after Cu2+ adsorption was observed. Elemental mapping
indicated the coincidence of N, O, and Cu elemental densities, suggesting homogenous
Cu2+ uptake by the polymeric matrix of the adsorbent.
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Furthermore, the Cu2+ adsorption mechanism by the hydrogel was studied via
XPS analysis (Figure 3). The XPS survey spectrum of hydrogel after Cu2+ adsorption
(hydrogel–Cu) showed the pronounced signals of C1s (63.7%) at around 287.5 eV, N1s
(3.3%) at around 401.3 eV, O1s (31.0%) at around 534.0 eV, and Cu2p (1.98%) at around
934.1 eV (Figure 3B). While the theoretical N/Cu ratio based on the structure of the complex
illustrated in Figure 4 should be 4, the measured N/Cu ratio was ca. 1.6, which might be
due to the consumption of a part of amines for cross-linking, as well as structural constraints
in the hydrogel for the coordination of Cu2+ with two binding sites. Compared with XPS
data of hydrogel, the carbon and oxygen bonding states of hydrogel–Cu were comparable
with the hydrogel (Figure 3C,E). However, the obvious shifts in characteristic peaks of the
amine at 399.2 eV and amide at 400.1 eV were observed in a high-resolution N1s spectrum
of hydrogel–Cu (Figure 3D), indicating that the amine/amide groups participated in the
adsorption reaction with Cu2+ ions. In addition, a new peak at 406.2 eV was assigned to the
Cu-N, further suggesting the coordination chelation between amine/amino and Cu2+ [20].
As shown in Figure 3F, the peaks at 933.4 eV and 953.3 eV were assigned to Cu2p3/2 and
Cu2p1/2, respectively, while an obvious satellite peak at 943.0 eV was also observed in a
high-resolution Cu2p spectrum [21].
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To study the reusability of the hydrogel adsorbent, a conventional strong metal ion
ligand, ethylenediamine tetraacetate (EDTA), was used. The structure of the complex
between Cu2+ ion and EDTA is shown in Figure 4 above the desorption arrow. After
placement of the hydrogel containing Cu2+ into a solution of EDTA and gentle mixing, the
color of the hydrogel vanished within ca. 120 min, while the outer solution turned light
blue indicating successful desorption of Cu2+ ion from the hydrogel (Figure 4). Shrinking
of the hydrogel was also observed, indicating the transition of the hydrogel to its original
state with a higher swelling degree. As shown in Figure 5F, the adsorption capacities of
the hydrogel in three consecutive Cu2+ adsorption cycles were calculated to be 46.0 mg/g,
54.5 mg/g, and 55.6 mg/g, respectively, suggesting that the hydrogel is highly reusable. A
slight increase in the adsorption capacity was due to the shrinking of the hydrogel after
treatment with EDTA, resulting in a slight difference in the initial Cu2+ concentration
between the first cycle and second/third cycles.

The adsorption characteristics of the PET-derived hydrogel and other reported amine-
functionalized adsorbents are compared in Table 2. Various types of hydrogels containing
amino groups have been designed and studied, including modified nanoporous materials,
nanoparticles, and hydrogels. PET-derived hydrogel shows superior adsorption charac-
teristics compared to most reported NH2-functionalized adsorbents. Such remarkable
adsorption capacity toward NH2 is obviously due to the high density of functional amine
and amino groups in the hydrogel. Table 2 also shows that the adsorption of Cu2+ by most
of the studied adsorbents is best fitted with the Langmuir adsorption isotherm, which
agrees with the results of the present study. It should be noted that while NH2 functional
groups play a primary role in the adsorption of Cu2+, adsorbents for Cu2+ containing
only OH groups have been also reported [13], and it is considered that OH groups of the
PET-derived hydrogel (Figure 1C) may also contribute to the high Cu2+ adsorption capacity
of the hydrogel. Similar to the isotherms, the kinetics of Cu2+ reported by other studies
was second-order adsorption kinetics, which is also consistent with the results obtained for
the PET-derived hydrogel.

Table 2. Comparison of Cu2+ adsorption capacities of the PET-derived hydrogel with other amine-
containing adsorbents at room temperatures and a neutral pH.

Material Adsorption
Capacity/mg/g Kinetics Model Adsorption Model Ref.

Amine-functionalized mesoporous C3N4 200 Pseudo-second Langmuir [22]
Amine-functionalized biochar 74.5 Pseudo-second Sips [23]

Amine-functionalized carbon nanotubes 26.4 Pseudo-first Langmuir [24]
Amine-functionalized SBA-15 34.3 - Sips [25]

Amine-functionalized magnetic particles 10.4 Pseudo-second Langmuir [26]
Amine-functionalized mesoporous silica 52.7 Pseudo-second Langmuir [27]

Chitosan hydrogel beads 163.9 - Langmuir [28]
Polyethylenimine-functionalized hydrogel 40.0 Pseudo-second Langmuir [29]

Poly(amidehydrazide) hydrogel 85 - Sips [30]
This study 213 Pseudo-second Langmuir -

3. Conclusions

Cross-linked hydrogel material prepared from waste PET plastic showed superior
characteristics as an adsorbent in the removal of Cu2+ as an example of a metal ion of
environmental concern. The abundance of NH2 ligand groups in the hydrogel determines
superior adsorption characteristics of the hydrogel that was demonstrated for Cu2+, but
potentially applicable to a broad range of other transition metal ions. The proposed hydro-
gel adsorbent is a sustainable material that simultaneously addresses two environmental
issues: waste utilization and pollutant removal. Optimization of the hydrogel preparation
method, including minimization of the consumption of chemicals for PET depolymeriza-
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tion and oligomer cross-linking, is important to further reduce the carbon footprint of such
waste-plastic-derived materials and enhance their practicality.

4. Materials and Methods
4.1. Materials

PET was obtained directly from waste soft drink bottles. Diethylenetriamine (DETA)
was purchased from Kishida Chemical Co., Ltd. (Osaka, Japan). Ethylene glycol diglycidyl
ether (EGDE) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
The 99.9% dimethyl sulfoxide-d6 (DMSO-d6), and acetone were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan). Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O) was
purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Milli-Q water
purified by the Purelab Chorus 1 Life Science apparatus was used in all experiments.

4.2. Methods

UV–Vis spectroscopy. The UV-vis spectra of aqueous solutions of Cu2+ were recorded
on a Jasco V-630 spectrophotometer (Japan) in 1 mL quartz cells with an optical path of
1 cm at room temperature.

Fourier Transform Infrared Spectroscopy (FTIR). Aminolysis product of PD and
freeze-dried hydrogels were thoroughly mixed with KBr and compressed to form a thin
disc, respectively, which were next scanned in a wavenumber range between 4000 cm−1 and
400 cm−1 using an FTIR spectrometer FTIR-460 (Jasco, Tokyo, Japan) at room temperature.

NMR spectroscopy. PET aminolysis product of PD (ca. 3 mg) and DMSO-d6 solution
(0.55 mL) were added into an NMR tube. The 1H NMR spectrum was measured using
a JNM-ECA500 instrument (JEOL, Tokyo, Japan). The chemical shifts in 1H NMR were
recorded in parts per million (ppm, δ) relative to the solvent resonance as an internal
standard (DMSO-d6: δ = 2.50 ppm).

X-ray Photoelectron Spectroscopy (XPS). XPS measurements were recorded using
a Thermo ESCALAB250Xi X-ray photoelectron spectrometer (Thermo Fisher Scientific,
Cambridge, UK), with an analyser pass energy of 200.0 eV. Data acquisition and processing
including XPS spectrum fitting were performed using Advantage software (Thermo Fisher
Scientific, Cambridge, UK).

Scanning Electron Microscopy (SEM). The SEM observations of the freeze-dried hy-
drogels were performed at room temperature on a JSM-6610 microscope (JEOL, Japan)
equipped with energy-dispersive spectroscopy (EDS) at an acceleration voltage of 15 kV.

4.3. Sample Preparation

Preparation of PET-derived hydrogels. The aminolysis depolymerization of PET was
performed in the microwave reactor (Monowave 400, Anton Paar) under autogenous
pressure. Of the PET, 1 g and 3 mL of DETA were added into the microwave reactor, and
the reaction was carried out at 200 ◦C for ca. 1 min. Then, 0.2 g of the resulting aminolysis
product was transferred to 2 mL of Milli-Q water and heated to 100 ◦C until complete
dissolution. Consequently, 352 µL of EDGE was added at 50 ◦C and 250 rpm stirring in a
petri dish. After 20 ± 5 min, the solution became viscous, and the stirring was stopped.
Finally, the reaction mixture was incubated at 50 ◦C for 10 min and at room temperature
overnight to ensure the completeness of gelation. The hydrogel was washed with Milli-Q
water and stored in Milli-Q water. The dry samples of the hydrogels were prepared through
the lyophilizing of the hydrogel using an Eyela FDU-1200 freeze-drier (Japan).

The swelling ratio of hydrogel was calculated using Equation (1).

S =
mwet − mdry

mdry
(1)

in which mwet and mdry are the weights of the swollen and lyophilized hydrogels, respectively.
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Adsorption of Cu2+ by the hydrogel. Generally, a piece of hydrogel was placed into
Cu2+ solutions of different concentrations. The decrease in Cu2+ concentration in the
solution above the hydrogel was measured via UV-vis spectroscopy. To investigate the
kinetic behaviour, ca. 1 g of hydrogel was used for the adsorption of 15 mL of 127 mg/L
Cu2+ solution at room temperature. The Cu2+ concentrations were measured via UV-vis
spectroscopy at different time intervals. The impact of the initial concentration of Cu2+ on
the adsorption capacity was studied using ca. 0.15 g of hydrogel for 4.5 mL of the Cu2+

solution at concentrations ranging from 63 to 1270 mg/L. To study the effect of the pH
of the Cu2+ solution on the adsorption capacity, ca. 0.13 g of the hydrogel was used for
the adsorption of 4.5 mL of a 127 mg/L Cu2+ solution under a pH in the range of 2–6 at
room temperature.

The adsorption capacity (Qe) was calculated using the following Formulas (2):

Qe =
(C0 − Ct)V

m
(2)

In which C0 (mg/L) is the initial concentration of the Cu2+ solution, Ct (mg/L) is the
concentration of the Cu2+ solution at time t (min), V (L) is the Cu2+ solution volume, and m
(g) is the mass of the adsorbent.

The fitting of Cu2+ adsorption data by pseudo-first-order and pseudo-second-order
kinetic models was performed using Formulas (3) and (4), respectively.

Q(t) = Qe

(
1 − ek1t

)
(3)

Q(t) =
Q2

e k2t
1 + Q(t)k2t

(4)

in which Q(t) (mg/g) is the amount of adsorbed Cu2+ at time t (min), Qe (mg/g) is
its value at equilibrium, k1 (min−1) and k2 (g/mg·min) are the pseudo-first-order and
pseudo-second-order model kinetic rate constants, respectively.

The fitting of Cu2+ adsorption data using Langmuir and Freundlich isotherm models
was performed using Formulas (5) and (6), respectively.

Qe =
KLQmCe

1 + KLCe
(5)

Qe = KFC1/n
e (6)

in which Ce (mg/L) is the concentration of Cu2+ at the equilibrium, Qm (mg/g) is the
maximum amount of the adsorbed Cu2+, KL (L/mg) is the Langmuir isotherm constant,
KF (mg/g) is the Freundlich isotherm constant, and 1

n is the degree of non-linearity of the
Freundlich isotherm model.

Desorption of Cu2+ by the hydrogel. The desorption experiments were carried out
using 15 mL of 0.1 M EDTA solution. At first, ca. 1 g of the hydrogel was used to adsorb
15 mL of a 127 mg/L Cu2+ solution at room temperature. Then, the Cu-contained hydrogel
was treated with 0.1 M of EDTA solution. The concentration of Cu2+ in the solution was
measured via UV-vis spectroscopy. The subsequent Cu2+ adsorption experiments were
carried out with the regenerated hydrogel and the above process was repeated three times.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9110874/s1, Figure S1: Dependences of the microwave power
and reaction mixture temperature on the reaction time.

Author Contributions: Conceptualization: A.Z.; methodology: K.C. and A.Z.; investigation: K.C.,
M.K., M.Y. and A.Z.; data curation, K.C. and A.Z.; writing—original draft preparation: K.C. and A.Z.
All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/gels9110874/s1
https://www.mdpi.com/article/10.3390/gels9110874/s1


Gels 2023, 9, 874 10 of 11

Funding: This research was supported in part by KAKENHI, grant 23KJ1091, from the Japan Society
for the Promotion of Science (JSPS) and the Global Science Campus program from the Japan Science
and Technology Agency (JST).

Data Availability Statement: Data is contained within the article or Supplementary Material.

Acknowledgments: The High-Voltage Electron Microscope Laboratory (Institute of Materials and
Systems for Sustainability, Nagoya University) is gratefully acknowledged for assistance with SEM
observations. XPS spectra measurements were performed using shared facilities of Institute of
Materials and Systems for Sustainability (IMaSS, Nagoya University, Japan).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bilal, M.; Shah, J.A.; Ashfaq, T.; Gardazi, S.M.H.; Tahir, A.A.; Pervez, A.; Haroon, H.; Mahmood, Q. Waste biomass adsorbents for

copper removal from industrial wastewater—A review. J. Hazard. Mater. 2013, 263, 322–333. [CrossRef] [PubMed]
2. Shen, X.; Xie, Y.; Wang, Q.; Yi, X.; Shamshina, J.L.; Rogers, R.D. Enhanced heavy metal adsorption ability of lignocellulosic

hydrogel adsorbents by the structural support effect of lignin. Cellulose 2019, 26, 4005–4019. [CrossRef]
3. Bhatnagar, A.; Sillanpää, M. Utilization of agro-industrial and municipal waste materials as potential adsorbents for water

treatment—A review. Chem. Eng. J. 2010, 157, 277–296. [CrossRef]
4. Jain, A.; Gupta, V.; Bhatnagar, A. Utilization of industrial waste products as adsorbents for the removal of dyes. J. Hazard. Mater.

2003, 101, 31–42. [CrossRef] [PubMed]
5. Zwain, H.M.; Vakili, M.; Dahlan, I. Waste material adsorbents for zinc removal from wastewater: A comprehensive review. Int. J.

Chem. Eng. 2014, 2014, 347912. [CrossRef]
6. Ochedi, F.O.; Liu, Y.; Adewuyi, Y.G. State-of-the-art review on capture of CO2 using adsorbents prepared from waste materials.

Process. Saf. Environ. Prot. 2020, 139, 1–25. [CrossRef]
7. Seida, Y.; Tokuyama, H. Hydrogel adsorbents for the removal of hazardous pollutants—Requirements and available functions as

adsorbent. Gels 2022, 8, 220. [CrossRef] [PubMed]
8. Yu, F.; Yang, P.; Yang, Z.; Zhang, X.; Ma, J. Double-network hydrogel adsorbents for environmental applications. Chem. Eng. J.

2021, 426, 131900. [CrossRef]
9. Mu, R.; Liu, B.; Chen, X.; Wang, N.; Yang, J. Hydrogel adsorbent in industrial wastewater treatment and ecological environment

protection. Environ. Technol. Innov. 2020, 20, 101107. [CrossRef]
10. Chan, K.; Morikawa, K.; Shibata, N.; Zinchenko, A. Adsorptive removal of heavy metal ions, organic dyes, and pharmaceuticals

by dna–chitosan hydrogels. Gels 2021, 7, 112. [CrossRef]
11. Chan, K.; Zinchenko, A. Conversion of waste bottles’ PET to a hydrogel adsorbent via PET aminolysis. J. Environ. Chem. Eng.

2021, 9, 106129. [CrossRef]
12. Chan, K.; Zinchenko, A. Templating of catalytic gold and silver nanoparticles by waste plastic PET-derived hydrogel playing a

dual role of a reductant and a matrix. Waste Manag. 2023, 164, 20–28. [CrossRef] [PubMed]
13. Badsha, M.A.H.; Khan, M.; Wu, B.; Kumar, A.; Lo, I.M.C. Role of surface functional groups of hydrogels in metal adsorption:

From performance to mechanism. J. Hazard. Mater. 2021, 408, 124463. [CrossRef] [PubMed]
14. He, H.; Hu, Y.; Chen, S.; Zhuang, L.; Ma, B.; Wu, Q. Preparation and Properties of a Hyperbranch-Structured Polyamine adsorbent

for Carbon Dioxide Capture. Sci. Rep. 2017, 7, 3913. [CrossRef] [PubMed]
15. Mannan, A.; Hirano, Y.; Quitain, A.T.; Koinuma, M.; Kida, T. Graphene oxide to B, N co-doped graphene through tris-

dimethylaminoborane complex by hydrothermal implantation. Am. J. Mater. Sci 2019, 9, 22–28.
16. Blight, M.M.; Curtis, N. Transition-metal complexes with aliphatic Schiff bases. Part III. Compounds formed by reaction of some

1, 2-diamine complexes of copper (II) with some ketones. J. Chem. Soc. 1962, 86, 3016–3020. [CrossRef]
17. Revellame, E.D.; Fortela, D.L.; Sharp, W.; Hernandez, R.; Zappi, M.E. Adsorption kinetic modeling using pseudo-first order and

pseudo-second order rate laws: A review. Clean. Eng. Technol. 2020, 1, 100032. [CrossRef]
18. Mozaffari Majd, M.; Kordzadeh-Kermani, V.; Ghalandari, V.; Askari, A.; Sillanpää, M. Adsorption isotherm models: A compre-

hensive and systematic review (2010−2020). Sci. Total Environ. 2022, 812, 151334. [CrossRef]
19. Cuppett, J.D.; Duncan, S.E.; Dietrich, A.M. Evaluation of Copper Speciation and Water Quality Factors That Affect Aqueous

Copper Tasting Response. Chem. Senses 2006, 31, 689–697. [CrossRef]
20. Du, T.; Wang, J.; Zhang, T.; Zhang, L.; Yang, C.; Yue, T.; Sun, J.; Li, T.; Zhou, M.; Wang, J. An Integrating Platform of Ratiometric

Fluorescent Adsorbent for Unconventional Real-Time Removing and Monitoring of Copper Ions. ACS Appl. Mater. Interfaces
2020, 12, 13189–13199. [CrossRef]

21. Chen, L.; Hao, H.; Zhang, W.; Shao, Z. Adsorption mechanism of copper ions in aqueous solution by chitosan–carboxymethyl
starch composites. J. Appl. Polym. Sci. 2020, 137, 48636. [CrossRef]

22. Anbia, M.; Haqshenas, M. Adsorption studies of Pb(II) and Cu(II) ions on mesoporous carbon nitride functionalized with
melamine-based dendrimer amine. Int. J. Environ. Sci. Technol. 2015, 12, 2649–2664. [CrossRef]

https://doi.org/10.1016/j.jhazmat.2013.07.071
https://www.ncbi.nlm.nih.gov/pubmed/23972667
https://doi.org/10.1007/s10570-019-02328-w
https://doi.org/10.1016/j.cej.2010.01.007
https://doi.org/10.1016/S0304-3894(03)00146-8
https://www.ncbi.nlm.nih.gov/pubmed/12850318
https://doi.org/10.1155/2014/347912
https://doi.org/10.1016/j.psep.2020.03.036
https://doi.org/10.3390/gels8040220
https://www.ncbi.nlm.nih.gov/pubmed/35448121
https://doi.org/10.1016/j.cej.2021.131900
https://doi.org/10.1016/j.eti.2020.101107
https://doi.org/10.3390/gels7030112
https://doi.org/10.1016/j.jece.2021.106129
https://doi.org/10.1016/j.wasman.2023.03.037
https://www.ncbi.nlm.nih.gov/pubmed/37185066
https://doi.org/10.1016/j.jhazmat.2020.124463
https://www.ncbi.nlm.nih.gov/pubmed/33189468
https://doi.org/10.1038/s41598-017-04329-w
https://www.ncbi.nlm.nih.gov/pubmed/28634368
https://doi.org/10.1039/jr9620003016
https://doi.org/10.1016/j.clet.2020.100032
https://doi.org/10.1016/j.scitotenv.2021.151334
https://doi.org/10.1093/chemse/bjl010
https://doi.org/10.1021/acsami.9b23098
https://doi.org/10.1002/app.48636
https://doi.org/10.1007/s13762-015-0776-3


Gels 2023, 9, 874 11 of 11

23. Tang, S.; Shao, N.; Zheng, C.; Yan, F.; Zhang, Z. Amino-functionalized sewage sludge-derived biochar as sustainable efficient
adsorbent for Cu(II) removal. Waste Manag. 2019, 90, 17–28. [CrossRef] [PubMed]

24. Zhang, X.; Huang, Q.; Liu, M.; Tian, J.; Zeng, G.; Li, Z.; Wang, K.; Zhang, Q.; Wan, Q.; Deng, F.; et al. Preparation of amine
functionalized carbon nanotubes via a bioinspired strategy and their application in Cu2+ removal. Appl. Surf. Sci. 2015, 343, 19–27.
[CrossRef]

25. Da’na, E.; Sayari, A. Adsorption of copper on amine-functionalized SBA-15 prepared by co-condensation: Equilibrium properties.
Chem. Eng. J. 2011, 166, 445–453. [CrossRef]

26. Lin, Y.; Chen, H.; Lin, K.; Chen, B.; Chiou, C. Application of magnetic particles modified with amino groups to adsorb copper
ions in aqueous solution. J. Environ. Sci. 2011, 23, 44–50. [CrossRef]

27. Aguado, J.; Arsuaga, J.M.; Arencibia, A.; Lindo, M.; Gascón, V. Aqueous heavy metals removal by adsorption on amine-
functionalized mesoporous silica. J. Hazard. Mater. 2009, 163, 213–221. [CrossRef]

28. Li, N.; Bai, R. A Novel Amine-Shielded Surface Cross-Linking of Chitosan Hydrogel Beads for Enhanced Metal Adsorption
Performance. Ind. Eng. Chem. Res. 2005, 44, 6692–6700. [CrossRef]

29. Wang, J.; Li, Z. Enhanced selective removal of Cu(II) from aqueous solution by novel polyethylenimine-functionalized ion
imprinted hydrogel: Behaviors and mechanisms. J. Hazard. Mater. 2015, 300, 18–28. [CrossRef]

30. Choi, H.; Kim, T.; Kim, S.Y. Poly (Amidehydrazide) Hydrogel Particles for Removal of Cu2+ and Cd2+ Ions from Water. Gels 2021,
7, 121. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.wasman.2019.04.042
https://www.ncbi.nlm.nih.gov/pubmed/31088670
https://doi.org/10.1016/j.apsusc.2015.03.081
https://doi.org/10.1016/j.cej.2010.11.016
https://doi.org/10.1016/S1001-0742(10)60371-3
https://doi.org/10.1016/j.jhazmat.2008.06.080
https://doi.org/10.1021/ie050145k
https://doi.org/10.1016/j.jhazmat.2015.06.043
https://doi.org/10.3390/gels7030121

	Introduction 
	Results and Discussion 
	Formation and Characterization of Hydrogel Adsorbent via Microwave-Assisted Aminolysis of PET 
	Removal of Cu2+ Ions from Aqueous Solution by the PET-Derived Hydrogel 

	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Sample Preparation 

	References

