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Editorial

Functionalized Gels for Environmental Applications
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A gel is a type of material that exhibits a semi-solid, jelly-like state, characterized by
a three-dimensional network of interconnected particles or molecules dispersed within
a liquid or solid medium. This network structure provides the gel with unique physical
properties, including the ability to maintain its shape while possessing a high degree of
flexibility and deformability. They are distinguished by their capacity to hold a significant
amount of liquid within their structure, making them valuable in applications ranging
from personal care products (such as hair gel and skincare formulations) to biomedical
materials (like hydrogels for tissue engineering) and technological applications (such as
aerogels for insulation and catalyst supports). Gel-based systems have demonstrated
their utility in diverse environmental contexts, such as the treatment of contaminated
water bodies, the decontamination of soil, and the purification of air. The wide-ranging
versatility of gel in environmental applications is exemplified by their efficacy in removing
a diverse array of contaminants, such as heavy metals, organic pollutants, dyes, and even
emerging contaminants like pharmaceuticals and microplastics. The selective adsorption of
these pollutants arises from a combination of chemical interactions, such as ion exchange,
coordination, and electrostatic attraction, as well as physical mechanisms like diffusion
and adsorption.

This Special Issue, entitled “Functionalized Gels for Environmental Applications”,
in the Gels journal includes nine original articles and one review. These manuscripts
address different aspects of environmental monitoring/remediation and they provide an
interesting overview of the fields covered by research on gels, offering valuable insights
into the challenges and prospects that lie ahead for future advancements in the field.

The adsorption capacity of hydrogels toward contaminants can be enhanced by modi-
fying them via various techniques; for example, in the work conducted by M. Klučáková,
an agarose hydrogel is enriched by chitosan as an active compound for the adsorption of
dyes [1]. The author reports that the adsorption capacity of modified agarose is several
times higher in comparison with pure agarose hydrogel and that this behavior is also found
at different pH values (3, 7 and 11), certifying the success of the modification. The author as-
serts that the increase in the dyes’ adsorption is due to the electrostatic interactions between
the amino group of chitosan and the sulfonic group of dyes, which leads to the formation
of distinct dye layers on the surface of the modified hydrogel. From the perspective of
rheology, the addition of chitosan results in changes in storage and loss moduli, which
can be exhibited on a “more liquid” character of enriched hydrogels. This can contribute
to an increase in the effective diffusion coefficients for hydrogels with a higher content of
chitosan [2].

Another example of how a properly designed hydrogel is able to remove methy-
lene blue and diclofenac from water is represented by the research of A. Fortunato and
M. Mba [3]. In this work, a tetrapeptide–pyrene conjugate is designed to form hydrogels
under controlled acidic conditions. The main results indicate that the methylene blue ad-
sorption is guided by the availability of adsorption sites, while in the case of diclofenac, the
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concentration is the driving force of the process. In the case of methylene blue, the nature of
the dye–hydrogel interactions are explained: first, the dye is adsorbed as a monomer (the
authors hypothesize an electrostatic interaction) and successively, at increasing concentra-
tions as the electrostatic adsorption sites are depleted, dimerization on the hydrogel surface
occurs. The removal efficiencies (that depend on the initial concentration of the pollutants)
for methylene blue and diclofenac are in the range of 90–100% and 53–89%, respectively.

The presence of diclofenac as a water contaminant poses a risk to human health; there-
fore, it is vital that it can be easily removed from polluted water. The research carried out by
M. Chelu et al. [4] constitutes a valid in-depth study on the removal of this pharmaceutical
product. In this case, the hydrogel is based on a mixture of chitosan, polyethylene glycol
and xanthan gum (CPX), and it is prepared via a green method. The authors character-
ize the materials well and find that the swelling properties remain unchanged in a wide
range of pH (3–9). Moreover, the adsorption capacity study reveals that the adsorbent
hydrogel reaches the adsorption capacity (172.41 mg/g) at the highest adsorbent amount
(200 mg) after 350 min. Finally, the data obtained in the kinetic study reveal that the used
adsorbent may possess great applicative potential in environmental applications as a water
cleaning agent.

Heavy metal ions are another class of water pollutants, and their presence in drink-
able water poses serious problems to the health of living beings (plants and animals);
therefore, it is essential that water can be purified in a simple and effective way. Bur-
ratti et al. [5] successfully develop a hydrogel-based filter for removing Pb(II) ions from
water. Poly(ethylene glycol) diacrylate (PEGDA) hydrogels, modified with luminescent
silver nanoclusters (AgNCs), are synthesized through a photo-crosslinking procedure. This
type of filter is able to remove between 80% to 90% of the lead impurity. Their experimental
findings suggest that the adsorption of Pb(II) onto the modified filter is predominantly
driven by favorable chemisorption. Considering its exceptional contaminant uptake capac-
ity and cost-effectiveness, this hybrid system exhibits significant potential as an adsorbent
material for the efficient removal of Pb(II) ions from aqueous environments.

The versatility and unique qualities of thermo-responsive polymeric systems have led
to the application of these materials in a multitude of fields. Environmental remediation
can significantly benefit from the utilization of innovative and smart materials. Notably, the
multifaceted nature of poly(N-isopropylacrylamide) (PNIPAAm) systems, incorporating
PNIPAAm copolymerized with diverse cationic comonomers, holds the potential to selec-
tively target and attract negatively charged contaminants, such as perfluorooctanoic acid
(PFOA). In the study presented by E. M. Frazar et al. [6], the synthesis of a variety of thermo-
responsive cationic hydrogels is carried out. In this work, the effect of pH on the hydrogel
swelling behavior is studied and found to be insignificant for PNIPAAm and hydrogels
containing loading percentages of 1 and 5 mol% cationic comonomer. The inclusion of
cationic comonomers, however, alters the hydrogel swelling capacity, mostly due to losses
in the thermo-responsive behavior as the comonomer amount is increased. The adsorption
of PFOA is inversely related to buffered aqueous pH, while the cationic monomer type
has little noticeable consequence in the buffered solutions. These insights gained from
hydrogel performance under variable pH, buffer, temperature, and comonomer composi-
tions provide us with a deeper understanding of which polymer functionalities are most
beneficial when designing materials for the remediation of perfluoroalkyl substances in
aqueous environments.

Air contaminants, also known as air pollutants, are substances or particles present in
the air that can have harmful effects on human health, the environment, or both. Efforts to
reduce air contaminants often involve regulatory measures, technological advancements,
and changes in behavior to minimize emissions and exposure. A very interesting study is
presented by P. Chesler et al. [7], who develop two sensors, one based on cobalt and one
based on copper, to detect low concentrations of methane. The authors synthesize sensitive
films on an alumina substrate, with gold or platinum interdigital electrodes (IDE) printed
onto the alumina surface, using the sol–gel technique. The fabricated sensors exhibit
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stability, partial selectivity, and the ability to detect low concentrations of methane (5 ppm)
with a rapid response time of 250 s and complete recovery within the same timeframe. Some
response to interfering species (CO2 and humidity) is observed, but it is relatively modest,
counting for approximately 50% of the sensor’s response to methane. The cobalt-based
sensor demonstrates superior selectivity, particularly at elevated methane concentrations.

Nowadays, the detection and removal of the CO2 that naturally occurs in the Earth’s
atmosphere and is produced abundantly by many industrial processes in high demand,
since excessive concentrations can pose hazards to both human health and the environment.
Within this framework, H. Choi et al. [8] successfully fabricate novel macroporous hydrogel
particles comprising hyperbranched poly(amidoamine)s (HPAMAM) utilizing the oil-in-
water-in-oil (O/W/O) suspension polymerization technique. This method, known for
conferring a porous architecture to microparticles, results in hydrogel particles with a
rich abundance of amine groups embedded within the polymer matrix. Therefore, these
synthesized hydrogel particles demonstrate remarkable CO2 absorption capabilities, with
an absorption capacity of 104 mg/g, and exhibit rapid absorption rates in rigorous packed-
column tests.

Until now, the topics addressed have concerned the removal of pollutants of var-
ious kinds, but sometimes the material employed for purification can be fouled by or-
ganic/inorganic substances, consequently reducing the performance of the material enor-
mously. Developing solutions to avoid this type of problem is desirable. An interesting
study carried out by S. Sfameni et al. [9] concerns the development of hybrid functional
coatings for anti-biofouling and foul-release activity. Here, silica-based materials are
prepared using two alkoxysilane cross-linkers containing epoxy and amine groups in
combination with two functional fluoro-silanes, featuring well-known hydro repellent
and anti-corrosion properties. The efficacy of fouling the release properties is assessed by
subjecting the material to various microbial suspensions in seawater-based solutions and
within natural seawater microcosms. The newly formulated fluorinated coatings exhibit
antimicrobial capabilities. Notably, no biocidal effects are observed on the microorganisms,
specifically bacteria.

Finally, in their review, Z. Darban et al. [10] describe the methods employed in order
to recycle wastewater by exploiting hydrogel-based adsorbent materials. The synthesis
techniques and adsorption mechanisms are also explored, focusing on the regeneration,
recovery, and reuse of modified hydrogels.

In conclusion, because the evolution of technology and materials in this area is rapid
and extensive, as Guest Editors we realize that it is limiting to present them in a single
volume. However, the multidisciplinary nature and high quality of the articles allow us to
provide readers with an updated and broad panorama regarding functionalized gels for
environmental applications, which we are certain will arouse great interest.

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

Green Synthesis of Hydrogel-Based Adsorbent Material for the
Effective Removal of Diclofenac Sodium from Wastewater

Mariana Chelu 1,*,†, Monica Popa 1,†, Jose Calderon Moreno 1,*, Anca Ruxandra Leonties 1,

Emma Adriana Ozon 2, Jeanina Pandele Cusu 1, Vasile Adrian Surdu 3, Ludmila Aricov 1and Adina

Magdalena Musuc 1,*

1 “Ilie Murgulescu” Institute of Physical Chemistry, 202 Spl. Independentei, 060021 Bucharest, Romania;
pmonica@icf.ro (M.P.); aleonties@icf.ro (A.R.L.); jeanina@icf.ro (J.P.C.); laricov@icf.ro (L.A.)

2 Department of Pharmaceutical Technology and Biopharmacy, Faculty of Pharmacy, Carol Davila University of
Medicine and Pharmacy, 6 Traian Vuia Street, 020945 Bucharest, Romania; emma.budura@umfcd.ro

3 Department of Science and Engineering of Oxide Materials and Nanomaterials, Faculty of Applied Chemistry
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Abstract: The removal of pharmaceutical contaminants from wastewater has gained considerable
attention in recent years, particularly in the advancements of hydrogel-based adsorbents as a green
solution for their ease of use, ease of modification, biodegradability, non-toxicity, environmental
friendliness, and cost-effectiveness. This study focuses on the design of an efficient adsorbent
hydrogel based on 1% chitosan, 40% polyethylene glycol 4000 (PEG4000), and 4% xanthan gum
(referred to as CPX) for the removal of diclofenac sodium (DCF) from water. The interaction between
positively charged chitosan and negatively charged xanthan gum and PEG4000 leads to strengthening
of the hydrogel structure. The obtained CPX hydrogel, prepared by a green, simple, easy, low-cost,
and ecological method, has a higher viscosity due to the three-dimensional polymer network and
mechanical stability. The physical, chemical, rheological, and pharmacotechnical parameters of the
synthesized hydrogel were determined. Swelling analysis demonstrated that the new synthetized
hydrogel is not pH-dependent. The obtained adsorbent hydrogel reached the adsorption capacity
(172.41 mg/g) at the highest adsorbent amount (200 mg) after 350 min. In addition, the adsorption
kinetics were calculated using a pseudo first-order model and Langmuir and Freundlich isotherm
parameters. The results demonstrate that CPX hydrogel can be used as an efficient option to remove
DCF as a pharmaceutical contaminant from wastewater.

Keywords: hydrogel-based materials; adsorbents; removal of pollutants; isotherm; kinetic; diclofenac
sodium; water sustainability; adsorption

1. Introduction

Fresh water is a unique natural resource, essential for life and particularly precious for
the daily existence of humanity and for the surrounding flora and fauna. The global devel-
opment of the human activities determined by the continuous growth of the population
and the increase in pollution are great challenges that require imperative measures regard-
ing the decontamination of water [1]. Pharmaceuticals represent a category of emerging
pollutants that have revealed a potential risk to human health and the environment [2,3].
A variety of active ingredients (bisphenol-A, carbamazepine, clofibric acid, diclofenac,
ibuprofen, iopamidol, phthalates, polycyclic siloxanes, triclosan) are found in some of the
most widely used pharmaceuticals and personal care products (around 3000 registered) [4].
These compounds can contribute to various hormonal abnormalities in humans [5].

Wastewater treatment can be performed in a conventional way, mainly for the removal
of the total suspended solids and organic matter [6]. However, following the classical meth-
ods, only 94% of the total suspended solids are removed [7]. Therefore, pharmaceuticals

Gels 2023, 9, 454. https://doi.org/10.3390/gels9060454 https://www.mdpi.com/journal/gels5
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can be eliminated by the tertiary steps of adsorption, membrane separation, ozonation, and
advanced oxidation processes, or by the use of chemical disinfectants [8,9]. These proce-
dures also have disadvantages because they involve environmentally hazardous chemicals
(chemical disinfectants) or high costs. Modern membrane techniques have experienced
exponential development in recent years, facilitating the removal of micro- to nano-sized
contaminants [10,11] through methods such as electrodialysis, distillation, and direct os-
mosis [12–15] using various filtration characteristics (hydrophobicity, surface charge, pore
size). Adsorption-based pharmaceutical pollutants removal methods are becoming very
attractive for wastewater treatment, presenting advantages such as high efficiency, ease-of-
operation mode with fast response on a wide range of adsorbents (natural and artificial),
low costs, and non-toxic byproducts. As a result, various adsorption systems based on
materials such as clays, alumina, biomass, activated carbon, agricultural waste, silica gel,
polysaccharides, and zeolites have been studied and developed [16].

Recent developments in the biosorption processes use many sustainable biomaterials
as effective materials in the form of hydrogels, especially natural biopolymers, which are
bioavailable, renewable, and biodegradable [17]. Their main advantage is a high adsorption
capacity for contaminants from water and friendliness to the environment [18,19]. The 3D
polymer networks of hydrogels make them flexible, multifunctional, reusable, and possess
good physical and chemical stability [20,21]. They can be adapted to be more efficient
in several uses and to increase the adsorption speed, swelling, durability, porosity, and
stability [22–24].

Among the different biosorbents, chitosan (C) is an abundant and versatile natural
biopolymer with an essential contribution for wastewater treatment. It has in its composi-
tion two types of monomeric units, one with an amino group and other with an acetamido
group, as well as a considerable number of primary amines (–NH2) and hydroxyl groups
(–OH). These groups provide active sites for the efficient adsorption of anionic and cationic
contaminants. The use of chitosan in its native form as an adsorbent has some disadvan-
tages, such as low porosity and strength and a reduced surface area [25,26]. Therefore,
the properties of chitosan-based adsorbent materials have been improved through differ-
ent strategies to overcome these shortcomings [27]. Xanthan gum (X), an extracellular
anionic polysaccharide produced by the fermentation of glucose, sucrose, or lactose by
the bacterium Xanthomonas campestris (a Gram-negative bacterium), is currently used as
a thickening agent and emulsion stabilizer due to its thermal stability and pseudoplastic
behavior. In addition, it is a biodegradable and biocompatible biopolymer, and it has
been widely used to remove contaminants alone and in combination with other natural or
synthetic polymers [28].

Although in the literature there are many materials used for the adsorption of pharma-
ceuticals from wastewater [29–32], the scientific novelty of the present research is the design
of a green hydrogel as an economic adsorbent, easy to be prepared and easy to be modified,
and cost-effective, but with high efficiency for removing the pharmaceutical contaminants
from water. For this purpose, diclofenac sodium was chosen as a “model-drug system”.
In this regard, to achieve a hydrogel-based adsorbent with suitable properties and a good
performance, chitosan, polyethylene glycol 4000 (PEG4000), and xanthan gum were chosen
to achieve a crosslinked hydrogel network.

Worldwide, the global consumption of diclofenac (DCF), especially used in the treat-
ment of inflammation and pain [33], has been estimated at approximately 940 tons per
year, from which approximately 65% of the oral dose of this drug is released through urine
and feces, along with its active metabolites, and passes through conventional wastewater
treatment plants [34]. DCF is also found in waters due to improper disposal as solid waste
or due to ineffective conventional treatments through effluents from industrial and urban
wastewater treatment plants [35]. The European Commission defined limits of chronic
toxicity with respect to the annual average and acute toxicity for DCF, establishing the
maximum allowable concentrations between 0.1 and 0.01 μg/L for surface inland waters
and between 75 and 7.5 μg/L for coastal waters [8,36]. Recently, eliminating DCF from the
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aqueous environment has become a challenge for the scientific community, especially in
the context of the establishment by the United Nations organization of the positive impact
on many of the Sustainable Development Goals, due to its long-term importance for people
and the environment [6].

Adsorbent materials based on various hydrogels have been developed and studied to
remove sodium diclofenac from water. A hydrogel composed from bio-based egg albumin
(ALB) functionalized with a high density of amine adsorption sites via polyethyleneimine
(PEI) demonstrated excellent DCF removal capacity, i.e., 232.5 mg/g under optimal ex-
perimental conditions (pH~6; contact time~180 min; adsorbent dose~0.5 g/L) [37]. A
poly(methacrylic acid)/montmorillonite (PMA/nMMT)-based nanocomposite hydrogel
showed good adsorption capacity for the removal of amoxicillin (152.65 mg/g) and di-
clofenac (DCF) (152.86 mg/g) and an efficient regeneration [38]. Macroporous chitosan
hydrogels were synthesized by crosslinking with genipin and incorporated n-GO as effec-
tive adsorbents for DCF. The addition of n-GO has promoted the DCF adsorption process
and led to 100% removal of DCF after only 5 h [39]. Self-assembled reduced graphene
oxide (rGO) three-dimensional hydrogels demonstrated a removal efficiency of naproxen
(NPX), Ibuprofen (IBP), and diclofenac (DCF) between 70 and 80% at acidic pH and showed
fast adsorption kinetics [40]. GO nanoparticles were shown to act as both adsorbents and
crosslinking agents [41]. Reduced graphene oxide magnetite (r-GOM) has also demon-
strated efficacy in removing diclofenac sodium (5.249 mg/g adsorption capacity) and
aspirin (23.59 mg/g) from wastewater [42].

Here, the green synthesis of a hydrogel based on crosslinked chitosan and PEG4000
and using xanthan gum as a thickening agent was pursued as a new environmentally
friendly, efficient adsorbent material used for the removal of DCF from aqueous media.
Furthermore, the physical, chemical, rheological, and pharmacotechnical parameters were
determined, and the adsorption kinetics of DCF were analyzed to evaluate the drug
adsorption efficiency from the aqueous media.

2. Results and Discussion

2.1. Visual Examination

The hydrogel formation capability of xanthan gum is well known. Complex gel
polymers of chitosan and xanthan gum with enhanced properties have been reported
previously [43–49]. Figure 1 shows the CPX hydrogel obtained after the reaction between
chitosan, xanthan gum, and PEG4000, as prepared (wet) and dry. The dry hydrogel is
yellowish–white and has a gelatinous aspect. The complexation reaction between chitosan,
xanthan gum, and polyethylene glycol occurs due to interactions among the opposite
charges presented in the biopolymers: NH3

+ groups of chitosan, COO− groups of xanthan
gum, and HO− end-groups from PEG chains. When chitosan, xanthan gum, and polyethy-
lene glycol are mixed together in solution, they can form a complex through electrostatic
interactions among the positively charged chitosan and the negatively charged xanthan
gum and PEG. The complexation process can have as a result the changes in the properties
of each component from the mixture (hydrogel matrix). The interaction among chitosan,
xanthan gum, and PEG can help to strengthen the hydrogel structure, leads to an increase
in viscosity due to the formation of a three-dimensional polymer network, and improves
its chemical and mechanical stability, as well as its adhesive properties.
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Figure 1. Optical images of the CPX hydrogel: wet (left) and dry (right).

2.2. Infrared Spectroscopy Measurements

FTIR spectra of chitosan, xanthan gum, PEG4000, and the developed hydrogel CPX
are shown in Figure 2.

Figure 2. FTIR spectra of chitosan, xanthan gum, PEG4000, and the developed CPX hydrogel.

The main vibrational bands observed in the FTIR spectra of each individual component
include O–H stretching vibrations observed by the broad band at around 3500–3200 cm−1,
corresponding to the stretching of the hydroxyl groups (–OH) present in the polymer chain
for all compounds (red, green, and blue lines). Similar bands were noticed in the spectra of
the polyethylene glycol 4000, xanthan gum, and chitosan previously reported [50–57]. C–H
stretching vibrations were noticed by the band at around 3000–2800 cm−1, corresponding
to the asymmetric and symmetric stretching of the carbon–hydrogen (C–H) bonds present
in the (–CH3) groups, in agreement with previous reported bands observed in chitosan,
xanthan gum, and PEG4000 [50–53]. C=O stretching vibrations registered by the band
at around 1650 cm−1 in the chitosan spectrum (green line) corresponds to the stretching
of the carbonyl group (C=O) and is relatively weak compared to the other peaks in the
spectra, as also observed by Zajac et al. [50] and de Morais et al. [53] in chitosan. C–C
and C–O–C bending vibrations are represented by the bands at 1450–1470 cm−1, which
correspond to the bending of the carbon–carbon (C–C) and carbon–oxygen–carbon (C–
O–C) linkages. Weak bands in the same region were also noticed by Zajac et al. [50] and
Nirmala [55]. C–H bending vibrations are assigned to the weak bands at around 1410 cm−1
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and 1340–1360 cm−1, and they correspond to the bending of the carbon–hydrogen (C–H)
bonds. Bands corresponding to C–H bending vibrations were observed at 1422 cm−1 and
1325–1377 cm−1 by Zajac et al. [50]. The band observed at 1280 cm−1 is typically assigned
to the bending vibrations of the carbon–hydrogen (C–H) bonds present in the methylene
(–CH2–) groups in the PEG backbone (red line). This band was observed at 1262 cm−1 by
Zajac et al. [50]. C–O–C asymmetric stretching vibrations: the peak at around 1240 cm−1 is
characteristic of the asymmetric stretching of the ether linkages (–O–) present in the PEG
molecule. The C–O–C and C–O stretching vibrations are represented by the intense peak
at around 1100 cm−1, corresponding to the stretching vibrations of the carbon–oxygen
(C–O) bond present in the ether linkages (–O–). The 1150 cm−1 peak corresponds to the
asymmetric stretching of the C–O bond and is often referred to as the “C–O stretching” peak.
This band position correlates with other published spectra of the same polymers [56,57].
The intense peaks indicate the presence of multiple ether linkages in the polymer chain.
The peak at around 1040 cm−1 corresponds to the stretching of the carbonyl groups (C=O)
present and is relatively weak compared to the C–O–C stretching band. C–O–C rocking
vibrations: the intense peak at 850 cm−1 corresponds to the rocking of the ether linkages
(–O–) present in the PEG molecule (red line) and chitosan (green line), observed at 896 cm−1

by Zajac et al. [50] and Dey et al. [52]. In summary, the IR spectrum of PEG4000 (red line) is
characterized by intense and broad O–H stretching vibrations, intense C–O–C stretching
vibrations, and C–H and C=O stretching and bending vibrations.

The synthesized hydrogel spectrum (black line) exhibited some bands with slight
shifting and lower intensities compared with the PEG4000 spectrum, especially in the
main bands region in 2800–3000 cm−1, 1000–1200 cm−1, and 600–800 cm−1, overlapping
(in the 500–600 cm−1, 800–1000 cm−1 regions), or the appearance of some characteristic
peaks of pure components in the developed polymeric network (in 800–1000 cm−1 and
1200–1350 cm−1, 2700–2800 cm−1), which is a clear indication of interaction among the
components through intramolecular re-arrangement, hydrogen bonding, or alteration in
the positions of functional groups in the final hydrogel structure.

2.3. Raman Spectroscopy Results

As shown in Figure 3, the Raman spectra of the CPX hydrogel (Figure 3a) present
well-defined bands in the 800–1700 cm−1 spectral region that correspond to the vibration
modes of the gel components, shown in Figure 3b. The majority of the bands in Figure 3a
correspond to PEG4000, with a stronger Raman signal. The presence of chitosan or xanthan
gum is revealed by the wide Raman band centered at 1600 cm−1; the G band from C–C
bonds in the backbone of the polymeric structure, which is not present in the Raman spectra
of PEG4000; and a shoulder at 1082 cm−1 from xanthan gum. The peak at 851 cm−1 is
related to the superposition of a number of vibrations with the main contributions of the
CH2 rocking, C–O stretching, and C–C stretching vibrations. Therefore, the peak positions
of the Raman bands at about 851, 1140, and 1477 cm−1 can serve as a quantitative measure
of the molecular weight distribution for short PEG molecules. Their positions confirm
molecular weights over 2000 [58]. According to Matsuura [59,60], the bands at 868, 936,
1070, 1133, and 1150 cm−1 are also assigned to the superposition of a number of vibrations
with the main contributions of the CH2 rocking, C–O stretching, and C–C stretching of
terminal groups, while the bands observed at higher Raman shifts are assigned to CH2
modes: in-plane twisting at 1289 cm−1, out-of-plane wagging at 1392 cm−1, and scissoring
vibrations at 1441 and 1477 cm−1 [59–61].
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Figure 3. The Raman spectra of the CPX hydrogel (a) and the Raman vibration modes of the gel
components (b).

2.4. XRD Results

The X-ray diffraction method was used to examine the structure of CPX hydrogel. The
XRD patterns of the raw materials (chitosan, PEG4000, and xanthan gum) and the obtained
CPX hydrogel are shown in Figure 4.

Figure 4. XRD diffractograms of (a) chitosan, (b) PEG4000, (c) xanthan gum, and (d) the developed
CPX hydrogel.

The X-ray pattern of chitosan (Figure 4a) shows an intense reflection from (200) planes
at 2θ = 20.2◦, revealing a crystalline structure [62,63]. The pattern of PEG4000 (Figure 4b)
displays two sharp and strong diffraction peaks at approximately 19.6◦ and 23.4◦ [64,65].
Xanthan gum (Figure 4c) presents no sharp peaks, indicating its amorphous structure,
in agreement with the earlier reports [21,66]. The X-ray pattern of the CPX hydrogel
(Figure 4d) is dominated by the intense diffraction peaks of PEG4000; however, the peaks
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are slightly shifted and with modified intensities, as a result of the interaction among the
three components in the hydrogel network. Therefore, the observed XRD pattern is in good
agreement with the findings observed in the FTIR analysis.

2.5. Differential Scanning Calorimetry (DSC) Analysis

Figure 5 shows the DSC thermogram of the CPX hydrogel.

Figure 5. The DSC thermogram of the CPX sample.

The first thermal event from Figure 5 is a wide endothermic peak centered between 51
and 68 ◦C, with an onset at 51 ◦C. The values for the temperature and associated enthalpy
of the peak minimum are 62 ◦C and 577.08 mJ. The endothermic peak is associated to
dehydration, the loss of water associated with the hydrophilic groups of chitosan [67,68]. In
the solid state, chitosan-based polysaccharides have disordered structures and have a strong
affinity for water and, as a result, can be easily hydrated [69]. The hydration properties of
these polysaccharides depend on the primary and supramolecular structures [70,71]. This
peak indicates that the sample was not completely dried, and there was some bound water,
which was not removed during drying. Appelqvist et al. [72] and Gidley and Robinson [73]
reported an endothermic dehydration peak in a similar range of 60 ± 10 ◦C for a range
of polysaccharides at a moisture level between 5 and 25%, which they attributed to the
enthalpic association between water and carbohydrate.

The DSC thermogram of the sample also showed a small exothermic event between
270 and 300 ◦C, which can be attributed to scissions in the polymeric network of polysac-
charides [68]. The wide exothermic peak between 370 and 430 ◦C can be attributed to the
overall decomposition of highly substituted regions in polysaccharides. The exothermic
peak is assigned to the thermal degradation of the composite polymeric material (monomer
dehydration, glycoside bond cleavage, and decomposition of the acetyl and deacetylated
units) [74,75].

Thus, the observed DSC events are in good agreement with the thermal decomposition
profiles observed by TGA.

2.6. Thermogravimetric and Differential Thermal Gravimetric Analysis

Figure 6 shows the TG/DTG curves of the CPX hydrogel.
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Figure 6. Thermogravimetric and differential thermal gravimetric analysis of the CPX hydrogel.

A small (<5%) weight loss is observed in the TG curve between 20 and 100 ◦C, associ-
ated to the evaporation of water (moisture loss), being a continuous, progressive weight
loss, confirmed by the DTG curve. After dehydration, no further weight loss is observed
up to 370 ◦C, indicating a good thermal stability of the polymeric network. A substantial
weight loss occurs between 370 ◦C and 430 ◦C, indicating the complete pyrolysis of the
polymeric composite (chitosan, xanthan gum, and PEG4000) in a single thermal event.
TG measurements reveal a total mass loss of 99.37% at 550 ◦C, which confirms the full
decomposition of the composite polymer. Similar results were also reported [53,76,77].

A plateau of thermal stability was observed after the thermal decomposition of the
organic material of the components, whose weight loss started before finishing the dehy-
droxylation step. These results are compatible with the process of thermal degradation
of the polymeric network [78,79]. During the pyrolysis, a random split of the glycosidic
bonds occurs in the chitosan and PEG network, which is further followed by decomposition
forming acetic, butyric, and fatty acids [52].

2.7. SEM Analysis

SEM images of the dried CPX hydrogel show a fibrillar morphology (Figure 7), con-
sisting of bundles of two-dimensional stacked sheet-like structures (Figure 7a,b), with
lengths of tens of microns, as shown in more detail in Figure 7c–d, and thicknesses in
the nanorange (below 100 nm), illustrated in the inset of Figure 7d, a magnified image
(300,000×) at the edge of a bundle of stacked nanosheets, at the position marked with
an ‘x’. The combination of negatively charged (PEG with OH- groups and xanthan gum
with COO−) and positively charged (chitosan with NH3+ groups) electrolytes is known
to induce intimate mixing in ordered morphologies. Chitosan–xanthan gum composite
hydrogels have previously been shown to produce two-dimensional structures [80,81].
These two-dimensional ordered structures are highly advantageous for enhancing the
swelling capacity of hydrogels by filling and expanding the cavities between individual
sheets, while maintaining the structural integrity of the polymer network.
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Figure 7. SEM micrographs at different magnifications showing the microstructure of the CPX
hydrogel. (a,b) bundles of two-dimensional stacked sheet-like structures with lengths of tens of
microns, (c,d) magnified images with thicknesses in the nanorange (below 100 nm); a magnified
image (300,000×) at the edge of a bundle of stacked nanosheets, at the position marked with an ‘x’.

2.8. Rheology

The gel nature of the obtained hydrogel was confirmed using rheology analysis. The
dynamic rheological behavior of the CPX hydrogel was investigated, and the results are
presented in Figure 8.

The CPX hydrogel (Figure 8a) showed a linear viscoelastic response at a shear strain
less than 2%, with G′ and G” being independent of applied strain, and the elastic modulus
being 7 times greater than the viscous one. After a 2% strain stress, the non-linear viscoelastic
behavior occurs, although G′ remains the dominant part. After that, the elastic modulus
considerably decreases, and the viscous component takes control of the nonlinear behavior at
a strain amplitude of about 80% (the crossover point). The dependences of rheological moduli
on applied frequency at 0.5% stress strain are illustrated in Figure 8b. The CPX hydrogel
responded to frequency measurements with a gel-like response, with G′ higher than G”, and
both rheological moduli appear to be almost frequency-independent. The same behavior was
observed for other hydrogels used for adsorption of pharmaceuticals from water [31]. Further,
for the CPX hydrogel, the shear viscosity decreases as the shear rate increases (Figure 8c),
pointing to a non-Newtonian pseudoplastic fluid with shear-thinning properties.
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Figure 8. Rheological characterization of CPX hydrogel: (a) Storage and loss moduli vs. shear strain;
(b) Storage and loss moduli vs. frequency; and (c) Shear viscosity vs. shear rate.

2.9. Pharmacotehnical Characterization

The dry CPX hydrogel showed a tensile strength of 0.84 ± 0.09 kg/mm2 and 17.04 ± 0.12%
elongation. The low moisture content, 5.22 ± 0.43%, explains the reduced hardness and
flexibility, as expected for dehydrated hydrogels that contain little or no water.

The CPX hydrogel swelling degree over 6 h in 3 different media is shown in Figure 9.
Swelling performance is affected by different parameters, such as the hydrophilicity and
hydrophobicity of the polymers type, crosslinking density of the hydrogel network, and
pH conditions [82].

The CPX hydrogel swelling behavior is almost similar at different pH values, proving
that it is not pH-sensitive, and has the same performance in any medium. Similar results
were reported in the literature [43,83,84]. These studies described that the hydrogel network,
which was designed through the ionic interactions among the amino groups from chitosan
and the carboxyl groups from xanthan gum in the hydrogel matrix, which facilitates the
controlled adsorption of various molecules.

The swelling degree was demonstrated to be developed linearly for the first 4 hours
(83%), after which the increase slowed down, with the differences between 240 and 360 min
being essentially unimportant. The findings show that independent of pH conditions, the
swelling ability is the highest in the first 30 min.
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Figure 9. The CPX hydrogel swelling degree over 6 h at pH 3, pH 7, and pH 9.

2.10. Preliminary Adsorption Studies

Preliminary investigation of the adsorption tests was made using various dyes
(Figure 10a; gentian violet, methyl orange, and eosin), and the results are depicted in
Figure 10. A color change from the initial colors (Figure 10b) to lighter shades (Figure 10c)
after 24 h of contact time was visually observed, indicating that the dye was easily adsorbed
by the hydrogel.

Figure 10. Visual dye preliminary adsorption tests of CPX hydrogel. (1) Gentian violet; (2) methyl
orange; and (3) eosin; (a) stock solution; (b) initial time; (c) after 24 h.

2.11. Batch Adsorption Study

The effect of contact time on the adsorption of DCF on the CPX hydrogel is presented
in Figure 11.
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Figure 11. Effect of contact time on DCF adsorption on CPX hydrogel over time.

It was observed that the DCF is slowly adsorbed into the CPX hydrogel after 350 min,
reaching 45% in the highest adsorbent amount (200 mg) (Figure 11). During the adsorption
study, no blue or red shifting of the characteristic adsorption maximum of DCF was observed.
Since for all tested CPX hydrogel amounts, the behavior was quite similar, Figure 12 shows an
exemplification of the adsorbance variation in the considered time frame.

Figure 12. UV–Vis spectra of adsorption of DCF in presence of 50 mg CPX hydrogel during 330 min.

When chitosan, xanthan gum, and polyethylene glycol are mixed together in solution,
they can form a complex through electrostatic interactions among the positively charged
chitosan and the negatively charged xanthan gum and PEG. PEG4000 is considered to be
hydrophilic and is soluble in aqueous solutions. This is because PEG is a polar molecule,
with hydroxyl groups (–OH) along its polymer chain that can interact with water molecules
through hydrogen bonding. The hydrophilic properties of PEG can vary, depending on
the length of the polymer chain; shorter chains of PEG are more hydrophilic, while longer
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chains can become more hydrophobic due to the increased number of non-polar carbon
atoms in the polymer backbone. Nevertheless, PEG4000 is still generally considered to
be a hydrophilic compound. Xanthan gum contains numerous hydrophilic functional
groups, such as hydroxyl (–OH) and carboxyl (–COOH) groups. As a result, xanthan
gum is highly soluble in water and widely used as a thickener, stabilizer, and emulsifier.
Chitosan contains hydroxyl and amino groups that are hydrophilic and can interact with
water molecules through hydrogen bonding, as well as acetyl and amino groups that are
hydrophobic and can interact with non-polar molecules through van der Waals interactions.
DCF is a polar compound that contains both hydrophilic and hydrophobic functional
groups. It has a carboxylic acid (–COOH) group and a phenolic (–OH) group that are both
hydrophilic and can interact with water molecules through hydrogen bonding. However, it
also has two chloro (–Cl) substituents that are hydrophobic and can interact with non-polar
solvents through van der Waals interactions. Therefore, both electrostatic and hydrophobic
interactions may contribute to the adsorption of DCF.

Subsequently, the pseudo first-order model was employed to fit the experimental data
in order to study the DCF adsorption process (Figure 13).

 
Figure 13. The plot of the non-linear form of the pseudo first-order model for different amounts of
CPX hydrogel and 0.33 mg DCF [Solid lines represent the best fit of the experimental data points
using Equation (10)].

Meanwhile, Table 1 contains the corresponding model parameters of the fits for a
pseudo first-order kinetics. The pseudo first-order model assumes that the adsorption rate
is limited mainly by the diffusion step [85,86].

The pseudo second-order model for the adsorption of DCF in different amounts of
CPX hydrogel was also analyzed. The model was fitted using a linear equation. The results,
together with the errors, are shown in Figure S1 and Table S1 from the Supplementary
Materials. The adjusted R square is much lower than 1, suggesting that the adequate model
for the investigated systems containing DCF follows a pseudo first-order model.

Since the adsorption takes place at equilibrium, the experimental data were analyzed
by Langmuir [86] and Freundlich [87] models, and the type of adsorption that takes place
between the aqueous DCF species and adsorption sites was determined (Figure 13). Table 2
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provides the linear correlation coefficients (R2) and the isotherm constants (qmax, b, n, and
KF) for the Langmuir and Freundlich models. In addition, the equilibrium parameter (RL)
was calculated. The Langmuir and Freundlich isotherm graphical representation is shown
in Figures S2 and S3 from the Supplementary Materials.

Table 1. Pseudo first-order kinetic parameters of DCF adsorption on different masses of CPX hydrogel.

Pseudo First-Order
Parameters

[CPX]

10 mg 25 mg 50 mg 100 mg 200 mg

k1/(min−1) 0.018 0.012 0.013 0.004 0.006
qe /(mg × g−1) 208.67 202.44 189.93 187.06 175.01

R2 0.99 0.99 0.98 0.98 0.99

Table 2. Langmuir and Freundlich isotherm parameters.

Langmuir Isotherm Parameters Freundlich Isotherm Parameters

qmax b RL R2 KF n R2

172.41 0.0014 0.80 0.99 292.33 16.28 0.93

Obviously, the R2 value of the Langmuir model (0.99) is substantially higher than that
of the Freundlich model (0.93) and close to 1.0. Furthermore, the theoretical value of qmax
(172.41 mg/g) is in agreement with the experimental data. The RL parameter is lower than
1, which suggests that DCF adsorption is a favorable phenomenon. Similar results were
reported in the literature using different hydrogel-based adsorbent materials for DCF ad-
sorption studies [88,89]. The Langmuir model showed that the DCF adsorption process on
the CPX hydrogel matrix was close to monolayer adsorption [81]; the adsorption sites were
uniform and independent [81], with no interaction involving adsorption molecules [90].

The kinetic analysis indicates that the DCF adsorption process tends to follow a
Langmuir-type adsorption. Therefore, it is likely that the adsorption of DCF and dyes
involves mainly electrostatic interactions, governed by hydrogen bonds, with some contri-
bution of Van der Waals forces.

The data obtained in the kinetic study reveal that the used adsorbent may have a high
potential to be used in environmental applications as a water cleaning agent.

3. Conclusions

A green adsorbent hydrogel based on chitosan, polyethylene glycol 4000, and xanthan
gum was synthesized using a simple and easy aqueous solution method. The FTIR, Raman,
XRD, DSC, and TGA analyses confirmed the occurrence of interactions among the three
components, through the intramolecular rearrangement of hydrogen bonds and in the
modification of the positions of the functional groups, in the final hydrogel assembly. The
SEM analysis evidenced a two-dimensional ordered structure that has a great advantage in
improving the swelling capacity of CPX by approximately 83% after 360 min and does not
depend on the pH medium.

Preliminary adsorption tests showed that CPX has the capacity to adsorb different
dyes (gentian violet, methyl orange, and eosin) from water after 24 h of contact time,
evaluated by visual observation. The adsorption ability of the CPX hydrogel towards
the removal of pharmaceuticals from water was tested for DCF as the tested drug. CPX
hydrogel exhibited a remarkable adsorption capacity (172.41 mg/g) for DCF. For the tested
drug, the adsorption kinetics were found to follow the pseudo first-order model, while
the adsorption mechanism was explained by the Langmuir and Freundlich models. Taken
together as a first report, these results allow us to conclude that CPX-based adsorbent
hydrogel can be used as a promising facile, ecological, and cost-effective adsorbent for the
removal of pharmaceuticals from wastewater.
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4. Materials and Methods

4.1. Chemicals and Reagents

All materials were of analytical grade. Chitosan (C) (deacetylated chitin, poly(D-
glucosamine), medium molecular weight M.W. = 190,000–310,000 (MMWCH) and
viscosity = 200–800 cps in 1% acetic acid, degree of deacetylation 75–85%), acetic acid
(≥99.7%), and polyethylene glycol of molecular weight 4000 (PEG4000) were purchased
from Merck, Germany. Elemental SRL, Romania, supplied xanthan gum (X). The experi-
ments were performed with deionized (DI) water (resistivity of 18.2 Ω·cm at 25 ◦C). All
reagents were used as received, without further purification.

4.2. CPX Hydrogel Preparation

The hydrogel was prepared by a simple and easy mechanical mixing method in
aqueous solution and with a final light heat treatment, by using the minimum quantities of
materials able to promote the formation of hydrogel matrix. Firstly, 100 mL of an aqueous
solution containing 1% chitosan (w/v) in 1% acetic acid (w/v) was prepared and stirred
overnight until the chitosan was completely solubilized. Subsequently, 40% PEG4000 was
added to this solution under vigorous continuous stirring, at 800 rpm, for approximately 1 h
for homogeneous mixing. Next, 4% xanthan gum was added to the solution, under stirring,
and slightly warmed below 40 ◦C for approximately 30 min, until gelation occurred. Finally,
the obtained hydrogel, (notation: CPX, for its chitosan (1%)—PEG4000 (40%)—xanthan
gum (4%) composition) was left to rest at room temperature until the next day. After being
organoleptically examined, the synthesized CPX hydrogel was poured into Petri dishes
and kept until completely dry. Figure 14 presents a schematic illustrating the synthesis and
characterization of the hydrogel-based adsorbent material.

Figure 14. Schematic illustration of the synthesis procedure and the evaluation of the hydrogel-based
adsorbent material.

4.3. Methods
4.3.1. Visual Examination

The obtained hydrogel was examined regarding its specific properties, such as color,
appearance, homogeneity, consistency, and phase separation, or the presence of agglomera-
tions [21].

4.3.2. Physical and Chemical Analysis

Fourier Transform Infrared (FTIR) analysis was carried out using a Nicolet 6700 apparatus
in the range of 4000–400 cm−1. Potassium bromide KBr of spectroscopic grade was used for
mixing the samples. The measurements were obtained in absorbance mode, with a sensitivity
of 4 cm−1. For further qualitative analysis, the normalized spectra were used.
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A Horiba Jobin Yvon LabRam HR spectrometer (Horiba, Ltd., Kyoto, Japan) was used
for recording the Raman spectra. An excitation laser at 325 nm and a NUV 40× objective,
using an integration time of 60 s, was utilized.

XRD spectra were obtained using a PANalytical Empyrean diffractometer with a Cu
X-ray tube (λ Cu Kα1 = 1.541874 Ǻ), at room temperature. X-ray diffractograms were
collected using a 0.02◦ scan step, in the range of 20◦–80◦, in a Bragg–Brentano geometry.

Differential scanning calorimetry (DSC) analysis was recorded with a Mettler Toledo
DSC 3 calorimeter and carried out to obtain the DSC curves, in a nitrogen atmosphere with
a gas flow of 80 mL min−1. The samples were sealed in crimped Al pans with a pinhole in
the lid.

Thermogravimetric (TG/DTG) analysis was achieved with a Mettler Toledo TGA/
SDTA851e instrument, in a synthetic airflow atmosphere with a flow of 80 mL min−1, using
70 μL open alumina pans. The used heating rates for DSC and TG/DTG analyses were
10 ◦C/min.

Scanning electron microscopy (SEM) was carried out to study the morphology of dry
hydrogel in a Quanta 3D field emission microscope in secondary electron images, which
operate in high vacuum mode, at an accelerating voltage of 2 kV.

The rheological measurements were performed on a Kinexus Pro rheometer at 25 ◦C,
with a 0.8 mm gap using parallel plate geometry. The linear viscoelastic domain of storage
and loss moduli (G′ and G”) was determined at a constant frequency (1 Hz), as a function
of shear strain. The G′ and G” were evaluated as a function of frequency (0.1–10 Hz) in
the linear viscoelastic regime at a shear strain of 0.5%. Moreover, the shear viscosity was
investigated at applied shear rates ranging from 0.1 to 1000 s−1. Rheological data were
presented using a logarithmic scale.

4.3.3. Pharmacotechnical Characterization and Elongation Ability and Tensile Strength

The mechanical performance was tested with a digital tensile force tester used for
universal materials, produced by Lloyd Instruments Ltd., LR 10K Plus (West Sussex, UK).
Between the two plates positioned at a distance of 30 mm, the dry hydrogel was placed
vertically, and the breaking force was measured at a speed of 30 mm/min. The mechanical
characteristics were calculated using the following formulas:

Tensile strength (kg/mm2) =
Force at breakage (kg)

Film thickness (mm)× Film width (mm)
(1)

Elongation (%) =
Increased f ilm length

Inital f ilm length
× 100 (2)

Moisture Content

The moisture content was evaluated using an HR 73 Mettler Toledo halogen humidity
analyzer, produced by Mettler-Toledo GmbH (Greifensee, Switzerland), using the thermo-
gravimetric technique [91]. It was calculated as the drying loss (%). The measurements
were performed in triplicate.

Swelling Behavior

The swelling ability of hydrogel was evaluated by varying pH conditions, from an
acidic to a basic value. A total of 3 different mediums were prepared and used in the
analysis: HCl/H2O solution (pH 3), purified water (pH 7), and NaOH/H2O solution (pH
9). In each solution, 0.1 g of hydrogel was placed and kept at room temperature (22 ◦C).
At every hour, the samples were withdrawn and weighed. The swelling behavior was
determined at 6 h. The percentages of water absorption were calculated according to
Equation (3):

Swelling ratio (%) =
Wt
Wi

× 100 (3)
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where Wt is the sample weight at time t after the incubation, and Wi is the initial weight [92–94].
The experiments were performed in triplicates.

4.4. Preliminary Adsorption Studies

Initially, dye adsorption test studies were conducted to preliminarily assess the capac-
ity of adsorption of hydrogel-based material as an adsorbent. As a model for adsorption
assays, the following dyes were used: gentian violet, methyl orange, and eosin (purchased
from Merck, Germany). For adsorption experiments, 0.5 g of dry hydrogel was added to
10 mL of each dye solution, of concentration 20 mg/L, at room temperature, at pH 7. The
evaluation of the visual adsorption was determined after 24 h of contact time.

4.5. Batch Adsorption Study

A Carry Varian X100 spectrophotometer was used for the batch adsorption study. The
stock solution of DCF sodium salt of 1 mg per 1 mL was prepared with distilled water and
stored refrigerated. For adsorption experiments, certain amounts of CPX were weighed
out and left for 24 h in 10 mL of water to swell. After that, 0.33 mL of DCF stock solution
was added to each sample. At the desired time interval, the solutions containing DCF
were scanned in the 200–400 nm UV range using a 1 cm quartz cuvette. The residual
concentration of DCF from the aqueous solution was quantified by following the decrease
of the adsorption maximum of DCF at λ = 276 nm (ε = 9580 M−1 × cm−1).

The DCF removal efficiency and CPX adsorption capacity were estimated using the
following equations:

Ad(%) =
(C 0 − Ct)× 100

C0
(4)

qt =
(C0 − Ct)× V

W
(5)

qe =
(C0 − Ce)× V

W
(6)

where Ad (%) is the DCF removal efficiency of CPX; qe and qt are the adsorption capacity
expressed in (mg × g−1) at equilibrium and at time t (min), respectively; C0, Ct, and Ce are
the initial DCF concentration, the concentration of DCF that is still in the solution at a time
t, and the equilibrium DCF concentration (mg × L−1), respectively; V is the volume of the
aqueous solution (L); and W is the mass of the CPX adsorbent (g).

The curves obtained by plotting the qt function of t were fitted by nonlinear regression
using an equation that describes a kinetic model specific for liquid–solid phase adsorption,
a process of pseudo first order:

qt = qe

(
1 − e−k1t

)
(7)

The equation allowed the obtaining of k1, which is the rate constant of the pseudo
first-order sorption (min−1) and also the qe adsorption capacity at equilibrium (mg × g−1).

Furthermore, the Langmuir and Freundlich adsorption models were both employed
to correlate the obtained isotherm information.

The linearized Langmuir equation was expressed as:

Ce

qe
=

1
qmax

Ce +
1

bqmax
(8)

where qmax was the maximum monolayer adsorption capacity (mg × g−1), and b defines
the Langmuir adsorption constant (L × mg−1).

Using the parameters obtained with Equation (8), the equilibrium parameter (RL) by
means of Equation (9) was obtained [95]:

RL =
1

1 + bC0
(9)
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The Freundlich equation was also used to investigate the adsorption process on CPX at
the equilibrium condition. The theoretical Freundlich isotherm was used in the linearized
form as:

lnqe = lnKF +
1
n

lnCe (10)

where KF and n are the Freundlich parameters that are obtained from the graphical repre-
sentation of lnqe versus lnCe.
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www.mdpi.com/article/10.3390/gels9060454/s1, Figure S1: The plot of the non-linear form of the
pseudo second-order model for different amounts of CPX hydrogel and 0.33 mg DCF; Table S1: Pseudo
second-order kinetic parameters of DCF adsorption on different amounts of CPX hydrogel; Figure S2:
Langmuir isotherm representation of DCF adsorption in presence of different CPX amounts; Figure S3:
Freundlich isotherm representation of DCF adsorption in presence of different CPX amounts.
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Effect of Chitosan as Active Bio-colloidal Constituent on the
Diffusion of Dyes in Agarose Hydrogel
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Faculty of Chemistry, Brno University of Technology, Purkyňova 464/118, 612 00 Brno, Czech Republic;
klucakova@fch.vutbr.cz

Abstract: Agarose hydrogel was enriched by chitosan as an active substance for the interactions with
dyes. Direct blue 1, Sirius red F3B, and Reactive blue 49 were chosen as representative dyes for the
study of the effect of their interaction with chitosan on their diffusion in hydrogel. Effective diffusion
coefficients were determined and compared with the value obtained for pure agarose hydrogel.
Simultaneously, sorption experiments were realized. The sorption ability of enriched hydrogel was
several times higher in comparison with pure agarose hydrogel. Determined diffusion coefficients
decreased with the addition of chitosan. Their values included the effects of hydrogel pore structure
and interactions between chitosan and dyes. Diffusion experiments were realized at pH 3, 7, and 11.
The effect of pH on the diffusivity of dyes in pure agarose hydrogel was negligible. Effective diffusion
coefficients obtained for hydrogels enriched by chitosan increased gradually with increasing pH
value. Electrostatic interactions between amino group of chitosan and sulfonic group of dyes resulted
in the formation of zones with a sharp boundary between coloured and transparent hydrogel (mainly
at lower pH values). A concentration jump was observed at a given distance from the interface
between hydrogel and the donor dye solution.

Keywords: chitosan; agarose; dyes; diffusion; sorption

1. Introduction

Chitosan is a crystalline polysaccharide obtained by the deacetylation of chitin, a
by-product of the seafood industry [1,2]. As a result of the unique chemical structure,
chitosan and its derivatives have been paid close and extensive attention as a potential
bio-functional material [3] and they have prospective applications in many fields such as
biomedicine, wastewater treatment, functional membranes, and flocculation [4]. Most of
the commercial or practical applications of chitosan are confined to its unmodified forms [5].
However, synthesis of modified chitosan via N-substitution, O-substitution, free radical
graft copolymerization, and other modification methods are developed to improve the
application potential of this material [4–8]. Chitosan belongs to polyelectrolytes which
can be found anywhere around us. In the form of charged biopolymers, such as nucleic
acids and some polysaccharides and proteins, they form vital structural and functional con-
stituents of living organisms. Additionally, they represent the crucial component of many
non-living parts of nature, such as soils, waters, and sediments, where they—in the form of
humus—regulate environmental and biological uptake and transport of essential nutrients
as well as harmful pollutants. Similarly, chitosan can be used as an active substance able to
interact with many pollutants, immobilize them, and affect their migration [9]. Therefore,
it was chosen for this study as a representant of bio-polyelectrolytes able to interact with
different constituents and affect their migration ability. It can be applied in natural systems
as well as in artificial hydrogels. Agarose (a linear polysaccharide of red algae, made up
of the repeating monomeric unit of agarobiose) is proposed as material-of-choice for the
preparation of the hydrogel which can be enriched by an active substance for the inves-
tigation of the interactions during the transport [10,11]. The network of agarose chains
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can be interpenetrated by chitosan at higher temperatures where both compounds are
dissolved, and the mixture is then easily gelled by cooling to normal temperature. The
mechanical and textural properties of agarose hydrogels as well as the gelation mechanism
are well understood [12–14]. The diffusion in agarose hydrogels has already been subject
to vast concern [15–20]. Golmohamadi et al. [15] studied self- and mutual diffusion of
Cd2+ and charged rhodamine derivatives. Lead et al. [16] determined diffusion coefficients
of humic acids in agarose hydrogel and in water. They obtained values between 0.9 and
2.5 × 10−10 m2 s−1 which were generally 10–20% lower than in water. Gutenwik et al. [17]
measured the effective diffusion coefficients of lysozyme and bovine serum albumin. They
demonstrated the influence of pH and ionic strength on their diffusive properties. The
same proteins were studied by Liang et al. [18]. At the considered range of agarose concen-
tration (0.5–3.0 wt.%), the diffusion coefficients range from 4.98 to 8.21 × 10−11 m2/s for
BSA and 1.15 to 1.56 × 10−10 m2/s for lysozyme, respectively. Tan et. Al. [19] applied a
real-time electronic speckle pattern interferometry method to study the diffusion behavior
of levofloxacin mesylate. Their results confirmed that the diffusivity of solute decreased
with the increase of concentration of agarose. Its value extrapolated to infinite dilution was
equal to 5.3 × 10−10 m2/s. Labille et al. [20] used fluorescence correlation spectroscopy to
study the diffusion of nanometric solutes in agarose hydrogel and determined values of
diffusion coefficients between 0.5 and 2.8 × 10−10 m2 s−1. Their results showed that, at
the liquid/gel interface, a thin hydrogel layer is formed with characteristics significantly
different from those of the bulk gel. In particular, in this layer, the porosity of agarose fiber
network is significantly lower than in the bulk gel. The diffusion coefficient of solutes
in this layer is consequently decreased for steric reasons. The diffusion characteristics
are the crucial parameters reflecting the migration ability of diffusing particles which can
be affected not only by the hydrogel structure but also their interactions with the active
substance incorporated in the hydrogel. Chitosan, as the bio-functional material with high
affinity to many harmful substances, was used in this study for the functionalizing of inert
agarose hydrogel. The addition of chitosan as an active substance allowed to investigate
the interactions directly in the motion of diffusing particles. Thus, the interactions can be
included directly in the parameters obtained on the basis of diffusion experiments.

Studies dealing with the interactions of dyes with chitosan are often focused on tradi-
tional batch experiments (e.g., [21–27]). Some of them deal with hydrogels containing chi-
tosan as an active substance in combination with other materials such as gelatin [28], pectin,
DNA [29], activated carbon [30], Fe(III) [31], cellulose [32], and tri-polyphosphate [33]. Con-
cepts for developing physical gels of chitosan and of chitosan derivatives are summarized
in the review in [34]. As described in our previous study [9], the adsorption properties of
chitosan are attributed to high hydrophilicity (due to OH groups), primary amino groups
with high activity, and the flexible structure of polymer chains. This means that chitosan is
a material with good affinity to different substances, including dyes, which are the subject
matter of this study. Adsorbents based on chitosan have very good adsorption capacities
and relatively low cost.

The studies on the transport of dyes and diffusion processes in chitosan materials
are relatively scarce. Barron-Zambrano et al. [35] investigated the dynamic sorption of
Reactive Black 5 onto chitosan in fixed-bed column. The obtained breakthrough curves
were typical of systems that do not reach equilibrium which indicated that adsorption
was affected by mass transfer limitations, probably due to intraparticle diffusion. It had
a significant impact on column performance strongly affected by particle size. A smaller
particle size resulted in a faster pore diffusion rate because the diffusion path was shorter
and the resistance to diffusion was lower. Lazaridis and Keenan [36] used chitosan beads
as barriers to the transport of azo dye in soil column. The used non-equilibrium transport
models were divided into three parts: physical, chemical, and physical and chemical
non-equilibrium transport. The application of a chitosan barrier resulted in a strong
increase in the retardation factor of soil. García-Aparicio et al. [37] studied the diffusion
of three small molecules, caffeine, theophylline and caprolactam, in chitosan gels with
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different concentrations of water by means of proton-localized NMR spectroscopy. The
measured concentration profiles were in agreement with the Fickian law. The values of the
diffusion coefficients ranged from 6.1 × 10−10 to 3.4 × 10−10 m2 s−1, depending on chitosan
concentration and type of diffusant molecule. Cheung et al. [38] realized batch adsorption
experiments with Orange 10, Acid Orange 12, Acid Red 18, Acid Red 73, and Acid Green 25.
They concluded that the adsorption mechanism was predominantly intraparticle diffusion,
but there was also a dependence on pore size as the dye diffuses through macropore,
mesopore, and micropore, respectively. Similarly, two distinct linear parts were observed
in plots of data obtained for the adsorption of Reactive Blue 4 dye onto Chitosan 10B.
The initial linear portion may be attributed to the macropore diffusion and the second
linear part to the micropore diffusion [21]. The intraparticle diffusion was presented as
the rate-limiting process in the adsorption of dyes on double network gelatin/chitosan
hydrogel [28], Reactive Black 5 on quartzite/chitosan composite [39], Rhodamine-6G on
chitosan, nanoclay and chitosan–nanoclay composite [40], malachite green on chitosan
beads [25,41], and indigo carmine on functional chitosan and β-cyclodextrin/chitosan
beads [26]. Bilal et al. [42] developed Agarose-chitosan hydrogel-immobilized horseradish
peroxidase and studied its bio-catalytic activity and effectivity in degradation of dye
(Reactive Blue 19). Except for the main goals, the study provided detailed characteristics of
hydrogel properties such as morphology and thermal stability.

Other studies are focused on the diffusion through chitosan membranes and
films [15,43–47]. Hartig et al. [43] studied the diffusion of fructose in precipitated chi-
tosan membranes using diffusion cells. They determined a diffusion coefficient which was
dependent on the concentration and ranged between 6.2 × 10−10 and 2.1 × 10−10 m2 s−1.
Yang et al. [44] performed permeation studies of model drug through preswollen chi-
tosan/PVA blended hydrogel membranes using side-by-side diffusion cells. Similarly,
Yang and Su [15] investigated the diffusion of 5-Fluorouracil through four kinds of chitosan
membranes. They determined the permeability coefficient which was indirectly propor-
tional to chitosan content. Waluga and Scholl [45] determined diffusion coefficients of
different sugars and the sugar alcohol sorbitol in chitosan membranes and beads. Ob-
tained diffusion coefficients ranged from 1.1 × 10−10 to 2.3 × 10−10 m2 s−1 for chitosan
membranes, and from 1.4 × 10−10 to 2.4 × 10−10 m2 s−1 for chitosan beads. Xu et al. [46] in-
corporated four types of polyhedral oligosilsesquioxanes into chitosan by solution blending
to fabricate composite membranes, and permeation studies were conducted for riboflavin.
Their diffusion coefficients varied between 1.0 × 10−12 m2 s−1 and 2.7 × 10−12 m2 s−1.
Carlough et al. [47] produced chitosan films and determined diffusion coefficients for Direct
Red 81, Green 26, Blue 75, and Black 22. Their values (for 60 ◦C and pH 9) differed in
magnitude and ranged from 4.5 × 10−15 m2 s−1 (Green 26) to 4.5 × 10−14 m2 s−1 (Black 22).

Our study is focused on the reactivity mapping of chitosan distributed in hydrogel
during the dye migration. Since chitosan is considered a material with high potential
to immobilize dyes, it is desirable to investigate the interactions in detail. In order to
distinguish between the diffusivity through reactive and non-reactive medium, agarose
hydrogel was chosen as the basic non-reactive material. Agarose hydrogel proved to be
the suitable medium for the investigation of diffusion of different substances [10,11,47–49].
It can be enriched by an active substance which can interact with diffusing particles and
(partially) immobilize them. Therefore, the interactions of diffusing dyes with active
substance incorporated in the hydrogel can be studied in their motion. The main aim of
this study is thus the detailed analysis of these two parallel processes.

2. Results and Discussion

In Figure 1, the time development of a concentration profile in pure agarose hydrogel
for Direct blue 1 is shown. Experimental data are fitted by Equation (1) derived on the basis
of on Fick’s laws [9,50–53] and initial and boundary conditions listed in Table 1.

c = cserfc
x

2
√

Dht
, (1)
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where t is time, x is distance from interface, c is concentration of dye, cs is concentration at
interface, and Dh is the diffusion coefficient of dye in pure agarose hydrogel. If Equation (1)
is applied for the data obtained for the diffusion of dyes in hydrogels enriched by chitosan,
the diffusion coefficient Dh in Equation (1) and (following) Equation (2) should be replaced
by effective diffusion coefficient Def (including interactions between dyes and chitosan).
Both diffusion coefficients can be determined from the slope of the dependence of the total
diffusion flux mt on the square root of time [9,50–53]:

mt = 2cs

√
Dht
π

(2)

Figure 1. Concentration profiles of Direct blue 1 in agarose hydrogel after 24 h (blue), 48 h (red), and
72 h (green). Experimental data are fitted by Equation (1).

Table 1. Initial and boundary conditions of diffusion experiments.

Time t Distance x Concentration c

t = 0 x > 0 c = 0
t > 0 x = 0 c = cs
t > 0 x → ∞ c = 0

As can be seen, the concentration between the donor solution and hydrogel remained
constant during the whole experiment as it agrees with the boundary condition (Table 1).
Similarly, the hydrogel can be considered as the semi-infinite medium. This means that
the hydrogel closer to the bottom of the cuvette remained free of dye during the whole
diffusion experiment. The initial condition was that the initial concentration of dye in
hydrogel was equal to zero. The conditions listed in Table 1 were valid for all realized
experiments (for both types of hydrogels and all three dyes).

The comparison of concentration profiles obtained for pure agarose hydrogel and the
enriched one is shown in Figure 2. As can be seen, the profiles differ mainly in the distances
close to the interface and the surface concentration cs is higher for the hydrogel enriched by
chitosan. It was found that the surface concentrations are higher for hydrogel enriched by
chitosan for all studied dyes and pH values.
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Figure 2. Concentration profiles of Direct blue 1 in agarose hydrogel (red), and hydrogel enriched by
chitosan (black) after 72 h at pH 11. Experimental data are fitted by Equation (1).

The ratio between surface concentration in hydrogel enriched by chitosan and pure
agarose hydrogel is strongly affected by character of dye and pH value (see Figure 3a). The
ratios decreased with increasing pH values for all dyes, and they are not dependent on
the duration of the experiment. It means that the surface concentration is constant for the
given dye and given pH value. The ratios obtained for Reactive blue 49 at pH 7 and 11
are practically the same. The highest values were achieved for Sirius red F3B, the lowest
ones for Reactive blue 49. However, the differences between dyes are negligible at pH 11.
The results showed that the increase in diffusion rates and concentrations of dyes in the
hydrogel enriched by chitosan (in comparison with pure agarose hydrogel) was caused
mainly by the increase in surface concentration, which is a crucial factor determining the
concentrations in hydrogels, as can be deduced from Equation (1). Another crucial factor is
the (effective) diffusion coefficient which is lower in the hydrogel enriched by chitosan than
in the pure agarose hydrogel (see Tables 2 and 3). Therefore, the effect of the increase in
the surface concentration preponderated over the effect of the decrease in the diffusivities
of dyes.

Table 2. Values of diffusion coefficient (Dh) determined for pure agarose hydrogel.

Dye
Dh (pH 3)
(m2 s−1)

Dh (pH 7)
(m2 s−1)

Dh (pH 11)
(m2 s−1)

Direct blue 1 (1.51 ± 0.05) × 10−10 (1.55 ± 0.07) × 10−10 (1.54 ± 0.10) × 10−10

Sirius red F3B (2.05 ± 0.12) × 10−10 (2.04 ± 0.10) × 10−10 (2.03 ± 0.12) × 10−10

Reactive blue 49 (2.98 ± 0.09) × 10−10 (2.90 ± 0.13) × 10−10 (3.02 ± 0.07) × 10−10

Table 3. Values of effective diffusion coefficient (Def) determined for hydrogel enriched by chitosan.

Dye
Def (pH 3)

(m2 s−1)

Def (pH 7)

(m2 s−1)

Def (pH 11)

(m2 s−1)

Direct blue 1 (6.32 ± 0.37) × 10−11 (1.00 ± 0.05) × 10−10 (1.34 ± 0.11) × 10−10

Sirius red F3B (4.64 ± 0.22) × 10−11 (7.42 ± 0.37) × 10−11 (1.72 ± 0.13) × 10−10

Reactive blue 49 (2.36 ± 0.13) × 10−10 (2.52 ± 0.05) × 10−10 (2.67 ± 0.08) × 10−10
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(a) (b) 

Figure 3. (a) The ratio between surface concentrations in hydrogels enriched by chitosan cs (AG-CH)
and pure agarose hydrogels cs (AG); (b) the ratio between effective diffusion coefficient Def (for
hydrogel enriched by chitosan) and diffusion coefficients Dh for pure agarose hydrogel; Direct blue 1
(blue), Sirius red F3B (red), and Reactive blue 49 (green).

The values of diffusion coefficients Dh in Table 2 agree with values published for dyes
in hydrogels [10,11,48,49,54–59]. Values of Def obtained for hydrogels enriched by chitosan
are lower as mentioned above (see Table 3 and Figure 3b). The highest diffusivity was
determined for Reactive blue 49, the lowest for Direct blue 1. As can be seen, the diffusion
coefficients Dh changed with pH only slightly. They are practically independent from
pH because errors of their determination are higher than the differences between values
obtained for different pH values. The effective diffusion coefficients include the effect of
interactions of dyes with chitosan. If we assume that the pore structure of hydrogel did not
change with the addition of chitosan, the differences between Dh and Def should be caused
mainly by the interactions. Rheological behaviour of agarose hydrogels and the hydrogels
enriched by chitosan was investigated in detail in previous work [9]. Its results showed
that the rheological behaviour of hydrogels was changed by the addition of chitosan. The
changes were influenced by two contrary effects. The storage modulus was higher than the
loss one and elastic character predominated for all studied hydrogels. However, the addi-
tion of chitosan caused the hydrogels to become more liquid and therefore, more permeable
for diffusing particles. This effect can slightly suppress the decrease in the diffusivity of
dyes in hydrogel containing chitosan. On the other hand, the decrease in Def values (in
comparison with Dh ones) should be caused mainly by the dye–chitosan interactions.

While the ratio between surface concentrations in enriched and pure hydrogel de-
creased with increasing pH, the effect of pH on the mobility of dyes is the opposite. The
common feature is that the diffusivities of studied dyes are comparable at pH 11. In neu-
tral and acidic pH values, the decrease in diffusivity was stronger for Sirius red F3B and
Reactive blue 49 and Direct blue 1 (in comparison with Reactive blue 49). The addition of
chitosan into inert agarose hydrogel thus resulted in the increase in surface concentration
and the decrease in the diffusion coefficient. Both parameters are mostly affected by the chi-
tosan addition for Sirius red F3B. In this case, the biggest increase in surface concentration
and the biggest decrease in diffusion coefficient were observed. The diffusivity of Sirius red
F3B as well as its surface concentration are strongly influenced by pH value. In contrast,
the effect of pH on the parameters determined for Reactive blue 49 was much weaker.

Both discussed parameters (surface concentration and diffusion coefficient) influenced
the distribution of dyes in hydrogel in the diffusion. In Figure 4, the concentration profiles
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of Sirius red F3B in pure agarose hydrogel and hydrogel enriched by chitosan are compared.
We can see that the profiles differed only slightly with pH changes when dyes were diffused
in inert agarose hydrogel. In contrast, the changes in hydrogel containing chitosan as active
substance are dramatical. The surface concentration at pH 3 is really high, which influenced
the distribution of concentration in whole hydrogel. The difference between distribution of
the dye in inert agarose hydrogel and hydrogel enriched by chitosan is shown in Figure 5.
We can see that the dye particles diffuse in hydrogel containing chitosan as a layer with a
sharp interface between hydrogel containing diffusing dye particles and hydrogel without
them. We suppose that the reason for the formation of zones with a sharp boundary
between coloured and transparent hydrogel are the electrostatic interactions between
the amino group of chitosan and the sulfonic group of the dye. The amino groups are
protonated at lower pH values [5,6,24,60], which resulted in their higher reactivity with dye
and the formation of a concentration jump at a given distance from the interface between
hydrogel and the donor dye solution. A similar sharp interface was observed for Direct
blue 1.

 
(a) (b) 

Figure 4. (a) The concentration profiles of Sirius red F3B in pure agarose hydrogel after 48 h; (b) the
concentration profiles of Sirius red F3B in hydrogel enriched by chitosan after 48 h; pH 3 (blue), pH 7
(red), and pH 11 (green). Experimental data are fitted following Equation (1).

On the basis of the obtained results, mainly having observed sharp interfaces between
hydrogel containing dye and hydrogel without that, it was decided to realize additional
diffusion experiments with Direct blue 1 and hydrogels with different contents of chitosan
(similarly to previous work [9]). The obtained results are listed in Table 4. We can see
that the diffusion coefficient gradually decreased with increasing content of chitosan.
Simultaneously, the distribution of dye in hydrogel changed gradually into the sharply
bordered dye layer as chitosan content gradually increased (see Figure 6). This effect is
probably caused by electrostatic interactions between the amino group of chitosan and the
sulfonic group of dyes. Since pure agarose hydrogel does not contain an active substance,
the formation of zones with a sharp boundary between coloured and transparent hydrogel
was not observed. The sharp interface was observed for all chitosan additions and this
phenomenon was more pronounced for its larger amounts. Simultaneously, a deceleration
of diffusion (related to a decrease in effective diffusion coefficient) was observed.
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Figure 5. The concentration distribution of Sirius red F3B in hydrogel enriched by chitosan (left) and
pure agarose hydrogel (right) after 72 h.

Table 4. Values of diffusion coefficient (Dh) and effective diffusion coefficient (Def) determined for
Direct blue 1 and pH 3 for different contents of chitosan.

Dh (m2 s−1) Def (m2 s−1)

Without Chitosan 0.2 mg g−1 0.5 mg g−1 1 mg g−1

(1.51 ± 0.05) × 10−10 (1.32 ± 0.03) × 10−10 (9.83 ± 0.16) × 10−11 (6.32 ± 0.37) × 10−11

Since the effective diffusion coefficient is strongly affected by the interactions between
dyes and chitosan as the active substance in the enriched hydrogel, we can analyse their
relationship on the basis of the mathematical model published in previous work [9] and
considering Fickian laws and a simple equilibrium between immobilized and free movable
dye particles [50–53]. The relationship between the diffusion coefficient of dyes in pure
agarose hydrogel (Dh) and effective diffusion coefficient of dyes in hydrogels enriched by
chitosan (Def) can be expressed by the following equation [9,50–53]:

De f =
Dh

cim
c f ree

+ 1
=

Dh
K + 1

=
μD

K + 1
. (3)

In Equation (3), the apparent equilibrium constant K represents the ratio between
immobilized cim and free movable cfree dye particles. It is supposed that the immobilization
is caused by the interactions between dyes and chitosan. This simple equilibrium can be
included into Fickian laws [9,50–53] and the value of K can be determined on the basis of
Equation (4):

K =
Dh
De f

− 1. (4)

The values of apparent equilibrium constants K are listed in Table 5. As can be seen,
the values of K depended on the type of dye and pH value. In some cases, the values
of K are greater than 1, which means that immobilized dye particles predominate over
free mobile ones. In the opposite case (K < 1), most of the dye remains free and can
migrate in hydrogel. Sirius red F3B can be strongly immobilized at acidic and neutral pH
values, although the fraction of immobilized particles decreased, and free mobile particles
predominated in alkaline environment. In contrast, free mobile particles predominated
in the case of Reactive blue 49 and the decrease of K with increasing pH is only gentle.
Direct blue 1 can be strongly immobilized in acidic conditions, but free mobile particles
predominate in neutral and alkaline environment. Nevertheless, the local equilibrium
between free movable and immobilized dyes cannot be considered as a stable state. It is
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dynamic, therefore, the values obtained here can be considered as average and effective.
Another aspect is that it is assumed that chitosan particles are incorporated in hydrogel and
trapped in their positions due to its non-diffusive dynamic state being strongly influenced
by thermodynamic parameters (entropic traps) [61]. Chitosan, because of its structure, can
fluctuate in its conformational arrangement, which can affect its reactivity.

 

Figure 6. The concentration distribution of Direct blue 1 in hydrogels with different contents of
chitosan after 72 h at pH 3.

Table 5. Values of effective diffusion coefficient (Def) determined for hydrogel enriched by chitosan.

Dye K (pH 3) K (pH 7) K (pH 11)

Direct blue 1 1.39 ± 0.08 0.55 ± 0.03 0.15 ± 0.01
Sirius red F3B 3.42 ± 0.23 1.75 ± 0.12 0.18 ± 0.01

Reactive blue 49 0.25 ± 0.01 0.15 ± 0.01 0.13 ± 0.01

Portions of free mobile fraction and immobilized dye fraction in hydrogel enriched
by chitosan are shown in Figure 7. The calculation was based on the K values. We can see
graphically the predomination of free mobile fraction for Reactive blue 49 as well as the
strong immobilization in the case of Sirius red F3B (pH 3 and 7) and Direct blue 1 (pH 3).
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Figure 7. The portions of free mobile fraction (empty dotted columns) and immobilized dye fraction
(full columns) in hydrogel enriched by chitosan; Direct blue 1 (blue), Sirius red F3B (red), and Reactive
blue 49 (green).

Additional sorption experiments were conducted with both types of hydrogels in
order to determine the efficiency of chitosan in agarose hydrogel for studied dyes. The
results are listed in Table 6.

Table 6. Adsorption efficiency of pure agarose hydrogels and hydrogels enriched by chitosan.

Dye Pure Agarose Hydrogels Enriched Hydrogels

Direct blue 1 (0.84 ± 0.02)% (21.26 ± 0.61)%
Sirius red F3B (1.14 ± 0.03)% (24.48 ± 0.44)%

Reactive blue 49 (3.37 ± 0.06)% (12.70 ± 0.17)%

Experiments were conducted with aqueous solutions and no pH values were adjusted.
Their aim was to compare adsorption efficiency of individual dyes (as such) without the
presence of other substances and ions. As expected, the efficiency of enriched hydrogel
was higher for Sirius red F3B and Direct blue 1 in comparison with Reactive blue 49. The
results obtained for these dyes were comparable. Reactive blue 49 differed in the efficiency
of pure agarose hydrogel as well as enriched one. The obtained values are in agreement
with the results of diffusion experiments.

3. Conclusions

In this work, the transport properties of Direct blue 1, Sirius red F3B, and Reactive
blue 49 in hydrogels were studied. Inert agarose hydrogel was enriched by chitosan as an
active substance for the interactions with dyes. It was found that the presence of chitosan
strongly affected the diffusion of dyes, mainly in the cases of Sirius red F3B and Reactive
blue 49. Electrostatic interactions between the amino group of chitosan and the sulfonic
group of dyes resulted in the formation of dye layers with a sharp interface between
coloured hydrogel containing dye and transparent hydrogel without it. This effect was
better observed in an acidic environment. The specific interaction between chitosan and
dyes resulted in an increase in surface concentration and decrease in diffusivity. The
decrease in diffusion coefficient caused by the interactions provided information about
apparent equilibrium constant defined as the ratio between immobilized dye and free
movable dye particles as well as their portions in enriched hydrogel. Immobilized particles
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predominated over dyes able to migrate in the cases of Sirius red F3B in acidic and neutral
conditions and Direct blue 1 at pH 3.

The results obtained in this study provided information on reactivity mapping of dyes
in hydrogel enriched by chitosan as an active substance. The advantage of this approach is
the possibility to investigate the interactions of dyes with chitosan directly in their diffu-
sion and characterize their transport affected by the interactions by means of a relatively
simple mathematical model. The model is also usable for different bio-functional materials
containing active sites for the immobilization of diffusing particles. Concentrations of free
movable dyes were measured directly in hydrogels in defined distances from interfaces
between hydrogel and donor solution. The experimental concentration profiles of dyes in
hydrogels provided data for the determination of effective diffusion coefficients in which
the effect of chemical interactions is included. Comparing with results obtained for inert
agarose hydrogel, the fractions of free movable and immobilized particles can be calculated.
This method is universal, its main requirements are the formation of hydrogel with defined
size and shape, the possibility to determine a concentration profile in hydrogel, and the
experimental arrangement corresponding with initial and boundary conditions given for
the mathematical model.

4. Materials and Methods

4.1. Chemicals

Chitosan (medium molecular weight), agarose (routine use class), and Direct blue
1 were purchased from Sigma Aldrich (St. Luis, MO, USA). Sirius red F3B and Reactive
blue 49 were purchased from Synthesia (Pardubice, Czech Republic). Acetic acid for the
preparation of chitosan solution was purchased from Lachner (Neratovice, Czech Republic).
Disodium hydrogen phosphate, sodium dihydrogen phosphate, citric acid, and sodium
hydroxide for the preparation of buffer solutions were purchased from Penta (Chrudim,
Czech Republic).

The exact molecular weights of chitosan and agarose were determined by means of
size exclusion chromatography coupled with multiangle static light scattering, differential
refractive index, and UV/VIS detection (SEC chromatographic system from Agilent Tech-
nologies, detectors from Wyatt Technology). The exact molecular weights were 251 ± 4 kDa
for chitosan and 146 ± 3 kDa for agarose.

The deacetylation degree of chitosan was determined by potentiometric titration as
described by Garcia et al. [62]. The degree was determined as 83.8 ± 0.2% mol.

4.2. Preparation of Hydrogels

The preparation of hydrogels was based on the thermo-reversible gelation of agarose
solution described in previous works [9,50–53]. Agarose hydrogel gelatinized from the
solution of agarose in water. The agarose content in hydrogel was 10 mg g−1. The mixture
was slowly heated with continuous stirring up to 80 ◦C, stirred at this temperature in
order to obtain a transparent solution, and finally sonicated (1 min) to remove gasses.
Afterwards, the mixture was slowly poured into the PMMA spectrophotometric cuvette
(inner dimensions: 10 × 10 × 42 mm). The cuvette orifice was immediately covered with
a pre-heated plate of glass to prevent drying and shrinking of gel. The flat surface of the
boundary of resulting hydrogels was provided by wiping an excess solution away. Gentle
cooling of cuvettes at the laboratory temperature led to the gradual gelation of the mixture.

Agarose–chitosan hydrogels were prepared from agarose solution mixed with the
solution of chitosan. An accurately weighed amount of chitosan was dissolved in 50 cm3 of
acetic acid (5% wt.) The solution was titrated by 1M NaOH up to pH equal to 7 and diluted
by distilled water (the final volume was 100 cm3). The agarose content in hydrogel was
10 mg g−1, the content of chitosan was 1 mg g−1.
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4.3. Diffusion Experiments

Two cuvettes (with both types of hydrogels) were placed into 250 cm3 of dye solution.
Dye solutions were prepared in buffers with pH equal to 3, 7, and 10. Buffers were com-
posed of disodium hydrogen phosphate, sodium dihydrogen phosphate, citric acid, and
sodium hydroxide in appropriate ratios. The bulk concentration of dyes was 50 mg dm−3.
The solution was stirred continuously by the magnetic stirrer and the dye were left to diffuse
from the solution into the hydrogels through the square orifices of the cuvettes. Diffusion
experiments were triplicated, it means that three different vessels for the same type of dye
were used. The durations of the diffusion experiments were 24, 48 and 72 h. In these time
intervals, the cuvettes were taken out of the solution and the UV-VIS spectra were measured
in dependence on distances from the interface between hydrogel and donor solution. Varian
Cary 50 UV–VIS spectrophotometer (Agilent Technologies, Palo Alto, CA, USA) equipped
with the special accessory providing controlled fine vertical movement of the cuvette in
the spectrophotometer was used for this purpose [21,28,40]. The concentration of dyes
was determined at different positions in the hydrogels by means of a calibration line. The
spectra were calibrated for the hydrogels with the known concentration, homogeneously
distributed in the whole volume of the hydrogel.

The experiments were performed at laboratory temperature (25 ± 1 ◦C). Data are
presented as average values with standard deviation bars.

4.4. Sorption Experiments

Glass tubes (length and diameter, 1 cm) were filled by hydrogels and placed separately
into vessels with 20 cm3 of dye solution. Vessels were closed and covered by parafilm
to prevent evaporation. Diffusion experiments were triplicated, which means that three
different vessels for the same type of dye and the same type of hydrogel were used.
Hydrogels were taken out after 6 days and the UV-VIS spectra of solutions were collected.
The decrease in concentration and the sorption efficiency were determined on the basis of
calibration line.

Experiments were performed at laboratory temperature (25 ± 1 ◦C). Data are presented
as average values with standard deviation bars.

Funding: This research was funded by the National Program for Sustainability I (Ministry of Ed-
ucation, Youth and Sports), grant number REG LO1211, Materials Research Centre at FCH BUT
Sustainability and Development.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available on request.

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

References

1. Falk, B.; Garramone, S.; Shivkumar, S. Diffusion coefficient of paracetamol in a chitosan hydrogel. Mater. Lett. 2004, 58, 3261–3265.
[CrossRef]

2. Molinaro, G.; Leroux, J.; Damas, J.; Adam, A. Biocompatibility of thermosensitive chitosan-based hydrogels: An in vivo
experimental approach to injectable biomaterials. Biomaterials 2002, 23, 2717–2722. [CrossRef] [PubMed]

3. Wang, J.; Wang, L.; Yu, H.; Zain-Ul-Abdin; Chen, Y.; Chen, Q.; Zhou, W.; Zhang, H.; Chen, X. Recent progress on synthesis,
property and application of modified chitosan: An overview. Int. J. Biol. Macromol. 2016, 88, 333–344. [CrossRef] [PubMed]

4. Jayakumar, R.; Prabaharan, M.; Reis, R.L.; Mano, J.F. Graft copolymerized chitosan—Present status and applications. Carbohydr.
Polym. 2005, 62, 142–158. [CrossRef]

5. Ji, J.; Wang, L.; Yu, H.; Chen, Y.; Zhao, Y.; Zhang, H.; Amer, W.A.; Sun, Y.; Huang, L.; Saleem, M. Chemical modifications of
chitosan and its applications. Polym.-Plast. Technol. Eng. 2014, 53, 1494–1505. [CrossRef]

6. An-Chong, C.; Shin-Shing, S.; Yu-Chuang, L.; Fwu-Long., M. Enzymatic grafting of carboxyl groups on to chitosan—To confer on
chitosan the property of a cationic dye adsorbent. Bioresour. Technol. 2004, 91, 157–162.

7. Kyzas, G.Z.; Bikiaris, D.N. Recent modifications of chitosan for adsorption applications: A critical and systematic review. Mar.
Drugs 2015, 13, 312–337. [CrossRef]

38



Gels 2023, 9, 395

8. Kausar, A. Scientific potential of chitosan blending with different polymeric materials: A review. J. Plast. Film Sheeting 2017, 33,
384–412. [CrossRef]
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53. Klučáková, M.; Pekař, M. Study of diffusion of metal cations in humic gels. In Humic Substances: Nature’s Most Versatile Materials,

1st ed.; Ghabbour, E.A., Davies, G., Eds.; Taylor & Francis: New York, NY, USA, 2004; pp. 263–273.
54. Maekawa, M.; Kamada, C. Mixture diffusion of sulfonated dyes into cellulose membrane: IV. Effects of complex formation

between a couple of dyes. Colloids Surf. A Physicochem. Eng. Asp. 2003, 216, 83–90. [CrossRef]
55. Mansurov, R.R.; Zverev, V.S.; Safronov, A.P. Dynamics of diffusion-limited photocatalytic degradation of dye by polymeric

hydrogel with embedded TiO2 nanoparticles. J. Catal. 2022, 406, 9–18. [CrossRef]
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Abstract: Poly(ethylene glycol) diacrylate (PEGDA) hydrogels modified with luminescent silver
nanoclusters (AgNCs) are synthesized by a photo-crosslinking process. The hybrid material thus
obtained is employed to filter Pb(II) polluted water. Under the best conditions, the nanocomposite
is able to remove up to 80–90% of lead contaminant, depending on the filter composition. The
experimental results indicate that the adsorption process of Pb(II) onto the modified filter can be
well modeled using the Freundlich isotherm, thus revealing that the chemisorption is the driving
process of Pb(II) adsorption. In addition, the parameter n in the Freundlich model suggests that
the adsorption process of Pb(II) ions in the modified hydrogel is favored. Based on the obtained
remarkable contaminant uptake capacity and the overall low cost, this hybrid system appears to be a
promising sorbent material for the removal of Pb(II) ions from aqueous media.

Keywords: silver nanoclusters; fluorescent nanoclusters; poly(ethylene glycol) diacrylate;
PEGDA hydrogel; hybrid material; water remediation; heavy metal ions filtering; Pb(II) ions

1. Introduction

Heavy metals pollution has become one of the most serious environmental issues
nowadays. Pb(II) ions are commonly present in many types of industrial effluents and
are responsible for environmental contamination. The toxic effect and bioconcentration
of lead ions represent an important issue for the health of many ecosystems [1,2]. Lead
is a particularly hazardous heavy metal because once it enters the human body, it
disperses immediately and causes harmful effects wherever it lands. For instance, Pb(II)
can accumulate in many organs, such as the kidneys, adversely affecting the nervous,
immune, reproductive, and cardiovascular systems [3,4]. Lead toxicity also impacts
vegetation health as it reduces leaf growth by decreasing the level of photosynthetic
pigments, alters the chloroplast structure, and decreases the enzymatic activity of CO2
assimilation [5,6]. Many industrial processes, such as battery manufacturing, pigments
and printing, metal plating and soldering materials, ceramic and glass industries, and
iron and steel manufacturing units, are the main sources of lead contamination in
wastewater [7,8]. Limiting lead pollution is of paramount importance for human health,
as well as environmental and economic considerations.

The most commonly used techniques to eliminate heavy metal ions (HMIs) from
water are represented by adsorption, membrane-based filtration and separation, chemical
separation, and electric-based separation [9].

In the adsorption process, the adsorbent material, through chemical interaction with
the functional groups (such as carboxyl, phenyl, etc.) on its surface, can adsorb HMIs.
The materials principally used as adsorbents are carbon-based materials [9,10], which
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sometimes are very expensive. Mineral adsorbents, such as zeolite, silica, and clay, show a
high cation exchange capacity [11], and synthetic materials, such as MOFs (metal-organic
frameworks), which show stability in water and toxicity, can be a serious problem for the
depuration of polluted water [12].

Other techniques involve the use of membranes for the filtration and the extraction
of HMIs, such as Pb(II), using membrane pores larger than the HM ions; in this case,
additives bonded to metal ions to enlarge the size can be used, while ultrafiltration and
polymer enhanced ultrafiltration are developed [13–15]. Chemical methods involve the use
of hydroxides and sulfides that allow for HMI precipitation; in this case, the main problem
is the great dosage of precipitating agent and the large volume of sludge [16]. Coagulation
and flocculation methods are also used, followed by a sedimentation process in order
to obtain clean water [17,18]. Finally, electrochemical methods such as electrochemical
reduction, electrocoagulation, electroflotation, and electrooxidation can also be used [19,20].

Among all methods, adsorption is the most used and studied due to its ease of opera-
tion, low cost, and high adsorption capacity. The adsorption method can be divided into
two types depending on the type of interactions between the adsorbent and adsorbate (pol-
lutant): chemisorption and physisorption. Chemisorption is an irreversible process where
the driving force is the strong chemical interaction between the adsorbate and adsorbent
surface [21]. Conversely, physisorption is a reversible process where weak intermolecular
physical forces are involved between the adsorbate and adsorbent, such as π-π and dipole–
dipole interactions, van der Waals forces, hydrogen bonding, etc. [22]. Several factors,
such as the surface area of the adsorbent, temperature, pH, type of interactions between
adsorbent and adsorbate, contact time, adsorbent dosage, etc., significantly influence the
adsorption efficiency and affect the removal of pollutants from effluent [23].

Adsorbent materials can be divided into several categories [24]: gels (hydrogels,
aero-gels), layered nanomaterials (nanoclays, layered double hydroxides (LDH)), car-
bon nanomaterials (fullerene, graphene), nanoparticles (metal nanoparticles, magnetic
nanoparticles), polymer-based nanomaterials (biopolymers, conjugated polymers), and
conventional materials (activated carbon, silica gels), and it is also possible to combine two
materials to increase the adsorption performances [25–27]. Noble metal nanomaterials such
as nanoparticles [28,29] or fluorescent nanoclusters [30–32] are already employed in many
fields of science and engineering [33–37] thanks to their different properties from those of
bulk metal [38,39], but only recently they have been combined with adsorbent matrices to
boost the adsorption of water pollutants [40–43].

To synthesize the hydrogel adsorbent matrix, many materials are available; among
these, cellulose is available, which is the most abundant natural polymer on Earth. Cellu-
lose has different useful features, such as biocompatibility, biodegradability, non-toxicity,
good mechanical properties, etc. [44,45]. The synthesis of the cellulose-based hydrogel
consists of several steps and chemical processes as described in the literature [46,47], in-
cluding copper(I) as a catalyst [48]. Nonetheless, the employment of poly(ethylene glycol)
derivatives such as poly(ethylene glycol) diacrylate (PEGDA) represents a valid alternative
to the classic cellulose-based hydrogels. PEGDA is a synthetic biopolymer widely used
in different fields of research [49–51], and its low cost and ease of hydrogel synthesis
by photo-polymerization techniques (one-step process) make it suitable for a variety of
practical applications. Moreover, these techniques can be easily scaled up to synthesize 3D
scaffold hydrogels with different dimensions and shapes [52,53].

In the present work, we synthesized adsorbent materials based on poly(ethylene glycol)
diacrylate with silver nanoclusters capped with poly(methacrylic acid) [AgNCs-PMAA],
and we compared their properties with those of the unmodified matrix. For matrix
synthesis, a photo-polymerization process was exploited using a UV source to activate
the photoinitiator (Irgacure® 184), which reacts with the acrylate moieties of PEGDA and
cross-linking the polymeric chains. The modified matrix was obtained by mixing the
previously synthesized AgNCs-PMAA with PEGDA and Irgacure® 184 before the UV
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exposition. The two types of hydrogels (with and without AgNCs) were characterized
by UV-Vis absorption, emission spectroscopy, and scanning electron microscopy (SEM).

The main aim of this study was to improve the removal efficiency (RE) towards Pb(II)
ions of unmodified PEGDA hydrogel by adding the AgNCs-PMAA. The adsorption ca-
pacities for both types of hydrogels have been evaluated and compared. In addition, we
performed equilibrium studies using different isotherm models, which show an improve-
ment in the RE for the AgNCs-modified filters.

2. Materials and Methods

2.1. Chemicals

Silver nitrate (AgNO3), poly(methacrylic acid) sodium salt water solution (PMAA,
MW = 9500, 30% in wt), poly(ethylene glycol) diacrylate (PEGDA, Mn = 700), ethanol
(>99.8%), nitric acid HNO3 (70%), and lead nitrate [Pb(NO3)2, > 99.0%] were purchased
from Sigma-Aldrich. The photoinitiator Irgacure® 184 (Irg.184) was purchased from Ciba
Specialty Chemicals. All reagents were used without any further purification. All the
water solutions were prepared with deionized water with resistivity equal to 18.2 MΩ·cm
(Semplicity® UV, MERCK, Darmstadt, Germany).

2.2. Synthesis of Silver Nanoclusters (AgNCs-PMAA)

Silver nanoclusters were synthesized according to the previous papers [54,55],
where a fresh water solution of AgNO3 was prepared and mixed with a solution of
PMAA. The pH was adjusted to reach the value of 4 by adding HNO3. A volume equal
to 3.5 mL was poured into a Petri dish and exposed to strong UV radiation (300 W,
NEWPORT, Oriel Instruments, Irvine, CA, USA.) for 6 min to promote the reduction
reaction of silver ions to silver metal [56,57]. To hamper the AgNCs surface oxidation,
UV exposition took place under a flux of nitrogen gas. The colloidal solution was
then purified by centrifugation for 20 min at 10,000 rpm (Thermo Scientific, Heraeus
Megafuge 8, Waltham, MA, USA) and was applied in order to obtain, as far as possible,
a monodispersed solution of AgCNs. Only the supernatant solution was collected and
subsequently used for the synthesis of PEGDA/AgNCs-PMAA filters. The final solution
was kept in the dark at T = 4 ◦C before use.

2.3. Synthesis of PEGDA/AgNCs-PMAA Filters

Filters in the final form were obtained via a photo-crosslinking process under UV
irradiation (λ = 366 nm, 1.2 mW/cm2 at 10 cm of distance, MinUVIS, DESAGA company,
Germany). In a typical synthesis, the Irg.184 was dissolved in ethanol and PEGDA and
stirred for 5 min in the dark. Subsequently, the AgNCs-PMAA solution was added dropwise
and mixed with the previous precursor solution for 5 min. A volume of 2 mL of the
photoactive solution was poured into a square box of 2.7 × 2.7 × 1.0 cm3 until complete
photo-reticulation. For a given PEGDA to Irg.184 amount ratio, the photo-crosslinking
process was optimized by varying the UV exposure time in the range of 2–6 min. Other
filters were prepared as references using deionized water instead of the AgNCs solution.
In this case, the filters were fully formed after 2 min of UV exposure time. The details of
the investigated compositions and exposure times can be found in Table 1.

Before the filtration tests, all hydrogels were cleaned in ethanol for 24 h to remove
unreacted Irgacure and PEGDA, followed by 5 days in H2O, changing the deionized water
every 24 h. Figure S1 of the Supporting Information shows a digital picture of both types
(unmodified and modified) of dried filters.
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Table 1. Composition of the investigated samples and the UV exposure time.

Sample PEGDA (% in wt.) AgNCs (in mg) UV Exposure Time (min)

1–0 14 0 2
1-A 14 180 6
1-B 14 225 6
1-C 14 255 6
2–0 19 0 2
2-A 19 180 4
2-B 19 225 4
2-C 19 240 4
3–0 24 0 2
3-A 24 180 2
3-B 24 225 2

2.4. Filtering Tests

Pb(II) filtering tests were carried out in static conditions: a single filter was immersed
in a beaker containing 10 mL of Pb(II) polluted water for 24 h and at T = 25 ◦C. To select the
best composition of filter, the quantities of PEGDA (14%, 19%, and 24% in wt.) and AgNCs
(from 0 to 255 mg) were varied. These hydrogels were kept in contact with a solution
of 1500 ppm of Pb(II) ions, and subsequently, the adsorption percentage was evaluated
to select the best composition of sorbent material. The RE percentage was calculated by
applying the following formula:

RE (%) =

(
Ci − Ce

Ci

)
∗ 100, (1)

where Ci and Ce represent the initial and equilibrium concentrations of metal ion (mg/L),
respectively, measured by inductively coupled plasma–mass spectrometry (ICP-MS).

The performance of the filters with the best composition was further investigated
by varying the Pb(II) concentration from 1500 ppm to 50 ppm. The same investigation
was replicated for the filters without AgNCs for comparison. The number of metal
ions adsorbed per unit mass of the sorbent material (mg/g) was evaluated with the
following equation:

qe =

(
Ci − Ce

m

)
∗ V, (2)

where qe (mg/g) is the adsorption capacity at equilibrium; Ci and Ce have the same meaning
as in Equation (1), while V is the volume of adsorbate solution in liters, and m is the mass
of the filter in grams. The error analysis is reported in the Supporting Information.

2.5. Instrumentation

All filters were dried in an oven at 40 ◦C overnight before being characterized. Optical
absorption in the range of 300–700 nm was measured with a spectrophotometer (Perkin-
Elmer, Lambda 750), and the photoluminescence (PL) spectra were obtained with a custom-
made apparatus equipped with a LED (Light-Emitting Diode) source peaked at 430 nm
with a 17 nm bandwidth (Thorlabs, M430L4). The excitation light was focalized onto the
sample surface, and the PL was collected and analyzed by a grating monochromator (ARC,
SpectraPro-300i). A long pass filter at 500 nm (Melles Griot, 03LWP003) at the entrance slit
prevented the excitation wavelength from entering the monochromator. A photomultiplier
tube (Hamamatsu Photonic Corp., R2949) was employed for detection. The output signal
was analyzed by a lock-in amplifier (Stanford Research System, model SR830 DSP) in the
spectral range of 500–800 nm. A computer running a LabView program controlled the
whole setup. A full description of the apparatus can be found in the reference [58].

Morphological analyses were performed using a Zeiss Leo SUPRA 35 field emission
scanning electron microscope (FE-SEM), while elemental analysis was performed by
energy dispersive X-ray spectroscopy (EDX, INCAx-sight, Model: 7426, Oxford Instru-
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ments, Abington, UK). Hydrogels were treated in an oven at 120 ◦C for 24 h. Once
completely dried, samples were cut into 1 mm-thick slices and gold-sputtered prior to
the FE-SEM and EDX analyses.

The concentrations of Pb in the filtered water were measured with ICP-MS analysis.
All the samples were diluted with an appropriate amount of aqueous HNO3 (Supra Pure)
1% v/v. The measurement was carried out by Agilent Technologies 7500cx Series ICP-MS.
The analysis was performed under the following conditions: power 1550 W; carrier gas
1.11 L/min; sample depth 7.5 mm; nebulizer pump 0.1 rps; spray chamber temperature
2 ◦C. The concentration of Pb was calculated as the sum of 208Pb, 206Pb, and 207Pb.

3. Results and Discussion

3.1. Optical Characterization

Figure 1 shows the optical characterizations: Figure 1a represents the UV-Vis absorp-
tion spectra of AgNCs-PMAA (black curve), while the red and blue curves refer to the
hydrogels with and without AgNCs, respectively. The colloidal solution presents an orange
color after synthesis, but its spectrum does not show peculiar features in the analyzed
range. The hydrogel with only PEGDA is colorless in the visible range; indeed, there are
no absorption bands in this range. The spectrum of the hydrogel with AgNCs-PMAA
shows an increasing optical absorption as the wavelength decreases. Figure S1 shows the
difference in the color of both filters. In Figure 1b, we report the normalized photolumi-
nescence emission spectra of the three samples in the range of 500–800 nm by exciting at
λ = 430 nm. The colloidal solution exhibits an emission band centered at approximately
660 nm with an FWHM of roughly 150 nm (black curve in the graph). The same emission
belongs to the NCs-based hydrogel (red curve in the figure), underlining that the insertion
of the silver nanomaterial was successful and without modification of the AgNCs’ optical
properties. Finally, the hydrogel (blue curve in the graph) shows a null PL. The spectra
shown in Figure 1 refer to the hydrogels samples 1–0 and 1-C (see Table 1), and the overall
behavior is the same for all the investigated compositions.

Figure 1. Optical characterizations: (a) UV-Vis optical absorption of AgNCs-PMAA colloidal solution
(black curve), dried hydrogels with (red line) and without (blue curve) AgNCs-PMAA; (b) normalized
photoemission spectra excited at λ = 430 nm of AgNCs-PMAA colloidal solution (black curve), dried
hydrogels with (red line) and without (blue curve) AgNCs-PMAA.

3.2. Optimization of PEGDA/AgNCs-PMAA Composition

In Table 1, we list the explored compositions and the time needed to polymerize the
entire volume poured in the square box.

Figure 2 shows the removal efficiency for 1500 ppm of Pb(II) solution as a function of
filter composition as listed in Table 1; the red bars represent the filters with AgNCs-PMAA
and the blue ones those without nanoclusters. For all PEGDA compositions, the presence
of AgNCs inside the filter increases the removal percentage of Pb(II) and the efficiency
increases by lowering the PEGDA content. Indeed, the best removal efficiency (83%)
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corresponds to the filter 1-C. Within the same percentage of PEGDA, by raising the AgNCs
content, the Pb(II) adsorption increases. In hydrogels without AgNCs, RE is low and almost
constant (on average 26%) for all compositions. The hydrogel with composition 1-C was
then selected for the adsorption capacity study.

Figure 2. Removal efficiency as a function of filter composition after the filtration of a 1500 ppm of
Pb(II) solution. Red bars represent the filters with AgNCs-PMAA, while blue bars correspond to
those without AgNCs.

3.3. Morphological and Elemental Characterizations

The morphology and the elemental composition of samples with and without
AgNCs-PMAA were investigated. The SEM images of modified and unmodified hydrogels
are similar and independent of PEGDA percentage, as shown in Figure 3. SEM images
at higher magnifications are reported in Figures S2 and S3 of the Supporting Information
file. The first two panels of Figure 3 refer to the samples with 14% wt. of PEGDA without
silver nanoclusters (1–0, a) and with 255 mg of AgNCs-PMAA (1-C, b). Here, the structures
of both hydrogels are similar. The last two panels of Figure 3 display the case of 24% wt.
containing PEGDA unmodified (3–0, c) and modified with 180 mg of AgNCs (3-A, d) filters.
A similar morphology is present in both cases.

According to SEM analyses, the morphology of the hydrogel does not affect the
volumetric adsorption of lead ions, while the presence of AgNCs and especially of the
carboxylic groups of the capping agents seems to play a crucial role.

EDX analyses were performed on the cross sections of the samples after the Pb(II)
filtration process to investigate the element distributions in the hydrogel volume: both on
the surface and in bulk. The micrographs of samples 1–0 and 1-C (without and with AgNCs),
together with Pb distributions, are reported in Figure 4, while the weight percentages of
the detected elements are shown in Table 2. In both hydrogels (without and with AgNCs),
the main elements are C and O, as expected, due to the presence of PEGDA (C, O, and
Ag EDX maps are reported in Figure S4 of the Supporting Information file). In the case of
the unmodified filter, the Pb distribution underlines that the adsorption occurred mainly
on the surface of the hydrogel, as shown in the Pb panel of Figure 4a, with a total Pb
uptake of 0.97%. In the case of AgNCs-based hydrogel, Figure 4b, the Pb content (9.37%)
is approximately one order of magnitude higher compared to that of the filter without
AgNCs, as reported in Table 2. The amount of detected silver in the AgNCs-based hydrogel
is approximately 1% on average, and Ag distribution appears homogeneous throughout
the hydrogel, as shown in Figure S4 of the Supporting Information.
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Figure 3. SEM images of (a) sample 1–0 with 14%wt of PEGDA and without AgNCs; (b) sample 1-C
with 14%wt of PEGDA and 255 mg of AgNCs-PMAA; (c) sample 3–0 with 24%wt of PEGDA and
without AgNCs; (d) sample 3-A with 24%wt of PEGDA and 180 mg of AgNCs-PMAA (scale bar 1 μm).

 

Figure 4. EDX analyses results of 14% PEGDA samples without (1–0, (a)) and with (1-C, (b)) after
the filtration of 1500 ppm Pb(II). For each sample, the SEM image of the recorded area and the Pb
distribution map are reported. The yellow boxes in the third panel underline the areas where the
localized EDX spectra were acquired. The obtained elemental distributions of localized analyses are
reported in Table S1.
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Table 2. Elemental composition of the AgNCs-free and AgNCs hydrogels after the filtration of a
1500 ppm of Pb(II) solution.

Sample Element % in Weight

1–0

C 56.00 ± 1.63
O 42.73 ± 1.71

Au * 0.30 ± 0.06
Pb 0.97 ± 0.40
Tot. 100.00

1-C

C 57.34 ± 3.00
O 29.92 ± 1.29

Au * 1.51 ± 0.64
Na † 0.81 ± 0.26
Ag 1.04 ± 0.54
Pb 9.37 ± 2.73
Tot. 100.00

* The presence of Au is due to the metallization of the samples. † The Na element is the counter ion present in the
PMAA solution; it results from the synthesis of AgNCs.

In the AgNCs-hydrogel, the Pb signal shows a high intensity not only on the surface
but also inside the bulk of the filter. Thus, indicating that the presence of AgNCs-PMAA
plays a key role in the enhancement of the Pb(II) uptake.

By focusing the analysis on three different areas of each sample (top, center, and
bottom), the elemental composition was recorded in localized spots of 10 μm width. In the
unmodified sample, the local amount of Pb is higher on the top surface (1.77%) than in the
rest of the sample (only 0.57% for the center and bottom, see Table S1 of the Supporting
Information file for details). This can be explained considering that the top surface was in
direct contact with most of the volume of Pb(II) solution during the filtration test, while the
bottom part was in contact with the glass of the beaker. On the other hand, in the modified
sample, the Pb local distribution is higher at the center (14.50%), as compared to the top
(8.43%) and bottom (5.18%). The same trend was observed for silver distribution in the
filter (Table S1), showing that, indeed, silver nanoclusters are responsible for the higher
Pb(II) uptake.

3.4. Adsorption Capacity and Equilibrium Studies

The adsorption capacity study was carried out using different aqueous concentra-
tions of Pb(II) from 50 to 1500 ppm. Figure 5a shows the adsorption capacity as a function
of the Pb(II) equilibrium concentration of the unmodified filter. In addition, the best fits
of the experimental points are reported: the red line is the Henry isotherm; meanwhile,
the green line represents the Freundlich model. Figure 5b shows the adsorption capacity
as a function of the Pb(II) equilibrium concentration of the AgNCs-hydrogel filter. In
this case, the best fits of the experimental points are reported: the red line is the Henry
isotherm, the green line represents the Freundlich isotherm, and the blue curve refers to
the Langmuir isotherm.

The parameters obtained by the best fits are listed in Table 3 for both filter types.
The Henry isotherm is defined as follows [59]:

qe = KHE ∗ Ce, (3)

where KHE represents Henry’s partition coefficient calculated by the slope of the exper-
imental fit. This constant is related to the interaction that occurs among adsorbate and
adsorbent, or in other words, how the adsorbate is partitioned between the solution and
the filter. The Henry model describes a weak interaction between adsorbate and adsorbent
of the electrostatic or van der Waals kind or hydrophobic interactions [59].
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Figure 5. Plot of adsorption capacity (qe) as a function of equilibrium concentration Ce for:
(a) AgNCs-free filter, blue points and (b) AgNCs modified filter, orange points; the isotherm best
fit are also shown in the graphs: red line Henry model, green line Freundlich model, and blue line
Langmuir model.

Table 3. Isotherm parameters determined by fitting the experimental points.

Sample Isotherm Model Parameters Sample Isotherm Model Parameters

1–0

Henry KHE = 6.1 ± 0.4 l/kg

1-C

Henry KHE = 13 ± 9 l/kg
R2 = 0.996 R2 = 0.494

Freundlich
KF = 0.008 ± 0.003 mg/g

Freundlich
KF = 1.6 ± 0.2 mg/g

n = 1.04 ± 0.06 n = 3.4 ± 0.5
R2 = 0.991 R2 = 0.942

Langmuir Does not converge Langmuir
KL = 0.05 ± 0.02 l/mg

qm = 16 ± 3 mg/g
R2 = 0.899

The Freundlich isotherm is defined as follows [59]:

qe = KF ∗ C
1
n
e , (4)

where KF is Freundlich’s coefficient and is related to the adsorption capacity, while n is
related to the strength constant of the isotherm model. The Freundlich isotherm model
describes a reversible and non-ideal adsorption process and defines the heterogeneity
of the surface as well as the exponential distribution of the energies of the active site.
Unlike the Langmuir isotherm model, the Freundlich one does not predict the saturation
of the adsorbent material; hence, infinite surface coverage is mathematically predicted,
indicating that multilayer adsorption on the surface is possible. The Freundlich model
describes adsorption of a single layer when chemisorption is the fundamental adsorption
mechanism; otherwise, it describes multilayer adsorption when physisorption is the
main mechanism [59].

The values of 1/n 1
n depend on temperature and indicate adsorption conditions

such as adsorption intensity or surface heterogeneity. The adsorption process is favored
if 1

n is between 0 and 1, disadvantaged if it is greater than one, and irreversible if it
equals one [60].

The Langmuir isotherm is defined as follows [59]:

qe =
qm ∗ KL ∗ Ce

1 + KL ∗ Ce
, (5)

where qm (mg/g) is the maximum adsorption capacity, and KL (l/mg) is the Langmuir
isotherm constant. The main point of the Langmuir isotherm assumes that the thickness
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of the adsorbed layer is one molecule (monolayer adsorption) in which the process of
adsorption occurs at identical and equivalent definite localized sites, and the active sites
are identical in terms of activation energy.

For the unmodified filter, by considering the R2 factors of both models, the best
fit is represented by the Henry isotherm (R2 = 0.996) compared to the Freundlich one
(R2 = 0.991). By considering the chemical structure of PEGDA (see Figure S5.a of the
Supporting Information), we can suppose that the electrostatic interaction takes place on
the oxygen atoms present in the PEGDA molecule.

Regarding the filter with AgNCs-PMAA, from Figure 5b and Table 3, it appears that
the best model is the Freundlich isotherm (R2 = 0.942). From the experimental points, it
is evident that the Henry model (R2 = 0.494) does not describe what happens during the
interaction between the AgNCs-based filter and Pb(II) ions. Moreover, the Langmuir model
(R2 = 0.899) does not interpolate the experimental points well, and the precision (defined as
the relative error) in the estimation of KL and qm is lower than that of KF and n.

Therefore, the best model that describes the adsorption process in the case of
AgNCs-based filters is the Freundlich one. In fact, the process is favored (0 < 1

n < 1),
and the presence of the nanomaterial enhances the filtering effect since the carboxyl groups
of PMAA (see Figure S5b of the Supporting Information), which are very close to each
other, act as a chelating agent for the Pb ions. The interaction mechanism between Pb(II)
and AgNCs-PMAA has already been investigated in previous work [54], where it was
reported that the carboxylic groups exactly chelated the ions. In the literature, the chelating
action is considered chemisorption [61,62]; thus, we can conclude that the main adsorption
mechanism is chemisorption, which is assumed in the Freundlich isotherm. Finally, the
values of KF and n obtained from the fit are compared with those of the literature, and they
are in good agreement with the values previously found [63–66].

4. Conclusions

In this work, the insertion of AgNCs-PMAA into a PEGDA matrix by a photo-
polymerization process was proven. Once inserted in the hydrogel, the AgNCs-PMAA
showed the same optical properties as the original colloidal solution, demonstrating that
the incorporation took place successfully. The optimization process of the composition
revealed that the filters with 14% in weight of PEGDA and 255 mg of AgNCs-PMAA have
the best performance by removing 90% of the Pb(II) ions present in the water solution. This
value represents an efficiency 60% larger compared to that of the filters without active nano-
material [RE ≈ 25%, for 1500 ppm of Pb(II) solution]. The study of the adsorption capacity
revealed that the Pb(II) adsorption mechanisms are different in the case of unmodified
and modified filters with AgNCs. The performed best fits for PEGDA hydrogels suggest
an electrostatic interaction between Pb(II) ions and oxygen atoms of the polymeric chains
(Henry model). Meanwhile, in the case of PEGDA/AgNCs-PMAA filters, the absorption
model follows the Freundlich isotherm, demonstrating that the presence of the nanoma-
terial enhances the filter effect through the carboxyl groups (from PMAA), giving rise to
a strong chelating action towards the Pb(II) ions (chemisorption). As a final remark, the
employment of a light-curable polymer such as PEGDA opens new possibilities regarding
the synthesis of three-dimensional structured materials to increase the surface interaction
between water pollutants and filters.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9020133/s1, Figure S1. Picture of dried filters: unmodified
PEGDA hydrogel (left); modified with AgNCs-PMAA hydrogel (right). Figure S2. SEM images at
different magnifications of samples with 14%wt of PEGDA and without NCs (a)–(d) (from left to right:
10kX scale bare 1 μm, 50kX scale bar 1 μm, 100kX scale bar 100 nm, 500kX scale bar 100 nm); and
with 255 mg of AgNCs-PMAA (e)–(h) (from left to right: 10kX scale bare 1 μm, 50kX scale bar 1 μm,
100kX scale bar 100 nm, 500kX scale bar 100 nm). Figure S3. SEM images at different magnifications
of samples with 24%wt of PEGDA and without AgNCs (a)–(d) (from left to right: 10kX scale bare
1 μm, 50kX scale bar 1 μm, 100kX scale bar 100 nm, 500kX scale bar 100 nm); and with 180 mg of
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AgNCs-PMAA (e)–(h) (from left to right: 10kX scale bare 1 μm, 50kX scale bar 1 μm, 100kX scale bar
100 nm, 500kX scale bar 100 nm). Figure S4. Map distributions of chemical elements of hydrogel
samples after the filtration of 1500 ppm of Pb(II): (a) unmodified and (b) modified filters. Table S1.
Elemental composition of filters as a function of different areas of interest. Figure S5. Chemical
structure of PEGDA molecule (a) and PMAA molecule (b).
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Citation: Klučáková, M. How the

Addition of Chitosan Affects the

Transport and Rheological Properties

of Agarose Hydrogels. Gels 2023, 9,

99. https://doi.org/10.3390/

gels9020099

Academic Editors: Luca Burratti,

Paolo Prosposito and Iole Venditti

Received: 22 December 2022

Revised: 10 January 2023

Accepted: 18 January 2023

Published: 23 January 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Article

How the Addition of Chitosan Affects the Transport and
Rheological Properties of Agarose Hydrogels
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Faculty of Chemistry, Brno University of Technology, Purkyňova 118, 612 00 Brno, Czech Republic;
klucakova@fch.vutbr.cz

Abstract: Agarose hydrogels enriched by chitosan were studied from a point of view diffusion and
the immobilization of metal ions. Copper was used as a model metal with a high affinity to chitosan.
The influence of interactions between copper and chitosan on transport properties was investigated.
Effective diffusion coefficients were determined and compared with values obtained from pure
agarose hydrogel. Their values increased with the amount of chitosan added to agarose hydrogel
and the lowest addition caused the decrease in diffusivity in comparison with hydrogel without
chitosan. Liesegang patterns were observed in the hydrogels with higher contents of chitosan. The
patterns were more distinct if the chitosan content increased. The formation of Liesegang patterns
caused a local decrease in the concentration of copper ions and concentration profiles were affected
by this phenomenon. Thus, the values of effective diffusion coefficient covered the influences of pore
structure of hydrogels and the interactions between chitosan and metal ions, including precipitation
on observed Liesegang rings. From the point of view of rheology, the addition of chitosan resulted
in changes in storage and loss moduli, which can show on a “more liquid” character of enriched
hydrogels. It can contribute to the increase in the effective diffusion coefficients for hydrogels with
higher content of chitosan.

Keywords: chitosan; copper; diffusion; Liesegang pattern; solubility product; immobilization

1. Introduction

Chitosan is a hydrophilic polyelectrolyte obtained by the deacetylation of chitin,
which is widely spread among marine and terrestrial invertebrates and in lower forms
of the plant kingdom. It has unique properties as biocompatibility, bioactivity, and
biodegradability [1–4]. It has low toxicity, hemostatic potential, and a good ability to form
films [5–8]. It can be used in many industrial and biomedical applications, e.g., [9–15].
Chitosan is one of the most efficient adsorbents, receiving considerable interest for heavy
metals removal due to its very good adsorption capacities and relatively low cost [4,7,8,16].
Its adsorption properties are attributed to high hydrophilicity (due to OH groups), primary
amino groups with high activity, and flexible structure of polymer chains [17]. Major
sources of heavy metals in nature are mainly from industry, mining, metal plating, cor-
rosion, and electronic device manufactures. Waste streams from these workings may
contain considerable amount of toxic and polluting metal ions. Copper is one of the
most widespread metal contaminants in nature [8]. Copper is extensively used in the
electrical industry, production of fungicides, and anti-fouling paints. Additionally, it is
an essential trace element for people, although it can be harmful when a large dosage is
ingested [4,18,19]. It is not biodegradable and can accumulate in living organisms. It can
cause various toxicological effects, e.g., gastrointestinal irritation, hypertension, sterility,
and intellectual disability [19–21]. The adsorption of metal ions is a widely used method
for removing metal ions from nature. The use of chitosan is also widely used for these
purposes [16,19,21–25], although its adsorption capacity for copper shows significant differ-
ences among published studies [16]. Chitosan can be physically and chemically modified
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to improve their mechanical properties [4]. They can be used in the forms of hydrogel
beads [4,16,18], resin [26], nanoparticles [12], and membranes [8]. Detail analysis of ad-
sorption of copper (and other metal ions) on chitosan and chitosan-based materials can be
found in [22–25,27].

As mentioned above, many authors deal with chitosan as the material has a good
affinity with different substances, including metal ions. However, published papers are
mainly focused on the adsorption and the use of chitosan as an important constituent of
adsorbents. The studies on the mobility of metal ions and diffusion processes in chitosan
materials are scarce. Some authors observed an influence of intraparticle diffusion on the
adsorption kinetics of metal ions on chitosan [4,28–31]. In general, the adsorption can
include additional steps of external and intraparticle diffusion: film or external diffusion,
pore diffusion, and surface diffusion. The external diffusion is usually not the major limiting
step in the adsorption, so the attention is mainly focused on simple intra-particular diffusion
models [4,27–29]. All of the above-mentioned approaches relate to the adsorption processes.
The diffusion in chitosan materials as the main topic is studied only in several works [32–34].
In ref. [32], chitosan membranes were prepared, then characterized from point of view of
the permeation of KCl. Concentration changes in the donor and acceptor compartments
were determined on the basis of conductivity measurements. It means that measured
values of conductivity included influence of all present ions. No diffusion coefficient
was calculated. It was stated that results can be influenced by changes in the membrane
structure during experiments and the occurrence of osmosis. Krajewska et al. [33] studied
diffusion of 15 metal ions through several types of hydrogel chitosan membranes. The
diffusive permeability coefficients of metal ions were strongly influenced by the treatment
of membrane. This value was determined as 1.8 × 10−11 m2 s−1 for the diffusion through
pure chitosan membrane, and decreased for the membrane treated by glutaraldehyde
to 1.6 × 10−12 m2 s−1. The permeability coefficient is a product of the solute solubility
coefficient in the membrane (a dimensionless number expressed by ratio of solute content
in membrane and in solution), and the solute diffusion coefficient. The salt diffusive
permeability coefficients were obtained from the recorded steady states of salt diffusion
through the membranes. It was found that, except for the diffusion of Cu(II) and Ni(II) ions
through chitosan membranes, the steady states were established within a short time. For
the diffusion of Cu(II) and Ni(II) through chitosan membranes, time lags between 10 and
20 min were observed. These results were attributed to high affinity of chitosan to these
metal ions.

Yoshida et al. [34] dealt with the diffusion of potassium sorbate through chitosan
and palmitic acid chitosan films. They obtained diffusion coefficient in the range from
1.22 × 10−13 to 1.16 × 10−12 m2 s−1 in the dependence of membrane type, and used
a mathematical model. Modrzejewska et al. [35] proposed the sorption kinetic model,
which combine chemical reaction and intraparticle diffusion. The chemical reaction was
characterized by the rate constant (1.69 × 10−5 s−1), and by the diffusion coefficient
(6.23 × 10−10 m2 s−1). This value is only slightly higher than the diffusion coefficient of
chitosan (4.0 × 10−10 m2 s−1) determined on the basis of laser refraction experiment [36].

As described above, published studies are mainly focused on the adsorption pro-
cesses [4,27–31]. Some of them deal with the diffusion through chitosan membranes and
films [32–35]. Our approach is different. Since chitosan is considered as the material with
high potential to immobilize toxic metal ions, it is desirable to investigate the interactions in
detail. This study is focused on the reactivity mapping of chitosan in combination with the
passing of diffusing metal ions through material containing chitosan as the active substance.
In order to distinguish between the diffusivity through reactive and non-reactive medium,
agarose hydrogel was chosen as basic non-reactive material. Agarose hydrogel proved to
be the suitable medium for the investigation of diffusion of different substances. [37–39]. It
can be enriched by active substance which can interact with diffusing particles and partially
immobilize them. Therefore, the interactions of diffusing metal ions with active substance
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incorporated in the hydrogel can be studied in their motion. Thus, the main aim of this
study is the detailed analysis of these two parallel processes.

2. Results and Discussion

2.1. Diffusion Experiments

The main goal of this study was to investigate the effect of chitosan on the mobil-
ity of copper(II) ions in agarose hydrogel. The diffusion experiments presented in this
paper follow previous works which investigated the barrier effects of other biopolymer-
humic acid on the transport of copper(II) ions by means of different methods [37,38,40–42].
We expected a similar effect of chitosan on the migration of metal ions as in the case
of adding humic acids to hydrogel caused by interactions between copper(II) ions and
biopolymer because of its chelating ability. Interactions of chitosan with metal ions can
be realized due to its hydroxyl and amino groups, which participate in their adsorption
processes [4,12,16,17,23,35]. The functional groups represent coordination and binding sites
in chitosan structure. In general, other approaches to interactions between copper(II) ions
and chitosan can be discussed. The first approach proposes the coordination site formed
by four amino groups, another considers two amino and two hydroxy groups [16]. The
chelation can be also realized by means of functional groups from the same chitosan chain,
different chitosan chains, or by one amino group and one hydroxy group in coordination
with two water molecules [12,43,44]. The ion exchange can participate in the interactions of
chitosan with metal ions [26,45].

In Figure 1a, the concentration profiles of copper(II) ions in hydrogel enriched by
chitosan (0.5 mg g−1) is shown two different times. The increase in concentration (at a
given distance from the interface) with prolongation of diffusion experiments was observed.
A similar increase in the time development of concentration profiles was observed for pure
agarose hydrogel. In Figure 1b, the comparison of concentration profiles for pure agarose
hydrogel and hydrogel enriched by 1 mg g−1 of chitosan is shown. The concentration
profiles were fitted by a mathematical model based on Fick’s laws [46–48] and the following
assumptions. In beginning, the cuvettes with hydrogel (free of copper(II)ions) were covered
by the donor solution with initial concentration c0. Hydrogels can be considered as semi-
infinite mediums. It means that the hydrogel closed to bottom of cuvette remained free of
copper(II) ions during whole diffusion experiment. The concentration changes of diffusing
metal ions at the interface between hydrogel and donor solution are negligible (the maximal
calculated decrease in the amount of copper(II) ions in donor solution is 0.5 %). It means
that a concentration at the interface cs can be considered as constant. The assumptions
can be expressed as initial and boundary conditions in Table 1. In the case of non-reactive
hydrogel, the time development of the concentration profile in hydrogel can be thus be
expressed as Equation (1):

c = cserfc
x

2
√

Dht
(1)

where t is time, x is distance from interface, c is concentration of copper(II) ions, cs is
concentration at interface, and Dh is the diffusion coefficient of copper(II) ions in hydro-
gel [47,48]. The total diffusion flux mt then depends on the square root of time according
to Equation (2):

mt = 2cs

√
Dht
π

(2)

Table 1. Initial and boundary conditions of diffusion experiments.

Time t Distance x Concentration c

t = 0 x > 0 c = 0
t > 0 x = 0 c = cs
t > 0 x → ∞ c = 0
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(a) (b)

Figure 1. (a) Concentration profiles of copper(II) ions in agarose hydrogel enriched by chitosan
(0.5 mg g−1) after 24 h (blue) and 72 h (red). (b) Concentration profiles of copper(II) ions in pure
agarose hydrogel (black) and hydrogel enriched by chitosan (1 mg g−1; green) after 72 h. Experimental
data are fitted by Equation (1).

Concentration profiles in Figure 1 are fitted by Equation (1). The diffusion coeffi-
cient used for the fitting was determined on the basis of Equation (2) from the slope of
dependency shown in Figure 2.

Figure 2. Experimental data fitting for the calculation of effective diffusion coefficients. The depen-
dence of total diffusion flux of copper(II) ions in pure agarose hydrogel (black) and hydrogel enriched
by chitosan (1 mg g−1; green) on square root of time. Experimental data are fitted by Equation (2).

The diffusion coefficient Dh is valid for the diffusion in non-reactive hydrogel and
its value is affected by the pore structure of hydrogel. If the particles diffuse in hydrogel,
their motion is influenced by size of pore volume accessible for the diffusion. It can be
expressed as the porosity ϕ; meaning that a portion of free volume joins the bulk volume of
hydrogel. The diffusion in pores, which are not straight, also requires a longer diffusion
path in comparison with the diffusion in homogeneous medium as, e.g., water [36–39].
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The longer diffusion path can be characterized by tortuosity factor τ which is the ratio of
squares of a real (effective) diffusion path in pore Lef and a macroscopic distance L:

τ =

( Le f

L

)2

(3)

Thus, the diffusion coefficient in non-reactive hydrogel can be calculated as the product
of the structure factor of hydrogel (μ), and the diffusion coefficient of copper(II) ions in
water (D):

Dh = μD =
ϕ

τ
D. (4)

If the hydrogel is enriched by an active substance able chemically interact with diffus-
ing particles, the determined value of diffusion coefficient also includes the influence of
the interactions. If we assume a simple equilibrium between bound immobilized particles
(concentration cim) and free movable particles (concentration cfree), an apparent equilibrium
constant K as the ratio between these two forms of particles can be included in the effective
diffusion coefficient Def [38,39,46]:

De f =
Dh

cim
c f ree

+ 1
=

Dh
K + 1

=
μD

K + 1
. (5)

The symbol Dh in Equations (1) and (2) can be replaced by the effective diffusion
Def, and the modified equations can be used in the case of the hydrogel containing active
substance. The apparent equilibrium constant then can be calculated as:

K =
Dh
De f

− 1 (6)

The values of diffusion coefficients and concentration at interfaces for pure agarose
hydrogels and hydrogels containing different amounts of chitosan are listed in Table 2.

Table 2. Values of concentration of copper(II) ions at interfaces and diffusion coefficients determined
for studied hydrogels.

Chitosan Content
(mg g−1)

Concentration at Interface
(mmol dm−3)

Diffusion Coefficient
(m2 s−1)

0 37.73 ± 0.62 (6.25 ± 0.06) × 10−10

0.2 38.48 ± 0.86 (6.03 ± 0.13) × 10−10

0.5 38.86 ± 1.15 (6.98 ± 0.24) × 10−10

1 40.15 ± 1.12 (7.41 ± 0.22) × 10−10

It can be seen that both quantities depend on the content of chitosan in hydrogel.
The concentration of Cu(II) ions in the interface gradually increases from pure agarose
hydrogel up to the hydrogel with the highest chitosan content. The dependence of diffusion
coefficient on the chitosan content is more complicated. According to Equation (5), the
effective diffusion coefficient determined for hydrogel enriched by an active substance
should be lower than the diffusion coefficient of the same diffusing particles in non-reactive
hydrogel and in water. All calculated diffusion coefficients in Table 1 are lower than
diffusion coefficient of Cu(II) ions in water [49]. This means that the pore structure of
hydrogel decelerated the diffusion rate as a result of smaller pore volume accessible for
the diffusion and longer diffusion paths in comparison with the diffusion in homogeneous
medium as, e.g., water [36–39]. On the other hand, interactions between Cu(II) ions and
chitosan in more enriched hydrogels had opposite effect than it was expected.

The ratios between values obtained for hydrogels containing chitosan and pure agarose
hydrogel are shown in Figure 3. We can see that the ratio of diffusion coefficients is less than
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1 only for the lowest chitosan content; other ratios are higher than 1. Effective diffusion
coefficient of copper(II) ions in hydrogels enriched by chitosan were determined in the
range of (6–7.5) × 10−10 m2 s−1. The values obtained in this work are similar to the
diffusion coefficient determined for copper(II) ions in water (7.1 × 10−10 m2 s−1) [48,49].
Kyzas et al. [48] determined diffusion coefficients of copper(II) ions in cross-linked chitosan
and grafted chitosan derivatives with poly(acrylamide) and poly(acrylic acid). They used
the model of swollen spherical particles combining adsorption and diffusion processes.
Obtained values were 3.64 × 10−10 m2 s−1, 2.52 × 10−10 m2 s−1, and 9.88 × 10−10 m2 s−1.
Their results were in the same magnitude as our values. The authors also observed an
increase in the diffusivity in chitosan grafted with poly(acrylic acid) (comparing with
the diffusion in water). Zhang et al. [50] published diffusion coefficients in hydrogels
used in DGT and DET techniques. The values were 6.20 × 10−10 m2 s−1 for pure agarose
hydrogel and 6.38 × 10−10 m2 s−1 for water. The diffusion coefficient of copper(II) ions
in hydrogel beads based on chitosan was determined as 6.23 × 10−10 m2 s−1 [35]. Thus,
our results agree with some previous works and determined diffusion coefficients have
values characteristic for hydrogel samples. In contrast, our results do not agree with
hypothesis expressed by Equations (5) and (6), which include a simple equilibrium between
immobilized and free movable particle.

(a) (b)

Figure 3. The ratios between effective diffusion coefficient Def obtained for hydrogels containing
chitosan and Dh obtained for pure agarose hydrogel (a), and ratios between concentration of copper(II)
ions at interface cs obtained for hydrogels containing chitosan, and cs0 obtained for pure agarose
hydrogel (b).

Thus, an explanation can be found in the more complex mechanism of interactions
between copper(II) ions and chitosan. The affinity of chitosan to metal ions is well-known.
Published studies are focused mainly on adsorption batch experiments, e.g., [17,19,25,27].
Some works combined adsorption models with intraparticle diffusion [4,35,51] or deals
with the diffusion through chitosan membranes and films [8,34]. Our approach is different.
We are focused on the interaction directly realized in the motion of copper(II) ions in
hydrogel containing chitosan as an active substance. The mechanism of interactions is
relatively complex, and influenced by many factors as heterogeneity of chitosan and ionic
environment of aqueous solution.

As mentioned above, the interactions of chitosan with metal ions include adsorption,
ion exchange, and chelation. The most important reaction and coordination sites are amino
and hydroxyl groups [4,31,35,51,52]. The interaction between metal ions and chitosan is
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comprised of more reaction steps for the protonation or dissociation of functional groups,
formation of chelate rings, and others. Modrzejewska [52] described several models of
copper-chitosan complexes, and discussed its probability, binding possibility, and structure.
On the basis of her own data and published results, she stated that the complexation of
copper(II) ions is more effective for oligomers, and a polymerization degree is required. She
proposed mechanisms of complexation for different functional groups of chitosan (NH2
and OH). Guzman et al. [53] pointed to many differences in the abundant literature about
metal binding on chitosan. They stated that an important underestimated parameter of the
binding mechanism is the metal ion speciation (affected by pH). Similarly, this influence
was discussed by Guibal et al. [27,28]. Published results showed that the interactions
between chitosan and copper(II) ions cannot be described by a simple equilibrium between
immobilized and free movable metal ions, and an apparent equilibrium constant K in
Equations (5) and (6). The mechanism not only includes one reversible reaction, but it can
be comprised of more consecutive reactions in the interactions can form more intermediates
and final products (including, e.g., eliminating of ions). Nevertheless, the ratio between the
diffusion coefficient in pure agarose hydrogel (Dh), and the hydrogel enriched by chitosan
(Def) represents the important characteristics of interactions and their influence on the
mobility of metal ions in hydrogel.

In addition, the interaction of copper(II) ions with chitosan contained in the hydrogel
can result in insoluble or slightly soluble products. The products can be observed as colored
layers shown in Figure 4. We can see that the Liesegang patterns [54–56] are stronger with
higher amount of chitosan in hydrogel. In contrast, no colored layers were observed in pure
agarose hydrogel. The Liesegang phenomena are probably the reason why the measuring
error of concentration profiles measured in hydrogels enriched in chitosan is higher in the
region closed to the interface (Figure 1). The formation of Liesegang structures in systems
containing chitosan was studied in several works [57–60]. The Liesegang pattern occurs
when a precipitation reaction is coupled to the mass transport of reagents in hydrogel [61].
The phenomenon is usually described by means of the spacing law assuming that the
precipitate zones are members of a geometrical series and the time law expressing that
the zones are directly proportional to square root of time [56,57,60]. Simultaneously, the
chemical mechanism is described by simple model comprised of two consecutive reaction
steps: the formation of soluble intermediate (I), and its transformation to precipitate (P):
A(aq) + B(aq) → I(aq) → P(s). Although this model is widely used, the mechanism is not
able to express the mechanism of interaction between metal ions and chitosan. The first
“imperfection” of the model is an absence of an equilibrium between precipitated and
dissolved forms of metal-chitosan complexes. The periodic precipitation occurs when
particles (ions) dissolved in water diffuse through hydrogel and can form a weakly soluble
substance (complex, salt) with other substance containing in hydrogel. The hydrogel
medium is important to prevent the sedimentation of formed precipitate [61]. In the case
of ionic reaction, the soluble salt is formed in the initial step as the intermediate, and its
transformation to precipitate proceeds if the product of concentrations of reacting ions (e.g.,
[A+] × [B−]) exceeds the so-called solubility product Ksp [61,62]. The solubility product
represents the simplest theoretical approach to the weakly soluble substances. It considers
precipitate as salt, which can partially dissociate: AB(s) ↔ A+

(aq) + B−
(aq). The solubility

product is then defined as the product of activities of both ions in its saturated solution.
The activities can be (under certain circumstances) replaced by their concentrations [63]:

Ksp = aA+ .aB− ∼= [
A+

][
B−] (7)

The value of Ksp is constant under given temperature and pressure. The solubility
product is in fact a special type of equilibrium (dissociation) constant. Its value includes only
activities (concentrations) of dissociated ions because the chemical potential of solid phase
is constant and can be included in the equilibrium constant Ksp. This is formally expressed
as its unit activity. In the case of dilute solution, the activities equal to concentrations can
be supposed.
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Figure 4. Formation of Liesegang patterns in agarose hydrogel enriched by chitosan.

The described simple dissociation model thus represents the reversible reaction char-
acterized by the equilibrium constant Ksp. As mentioned above the model of chemical
mechanism of Liesegang phenomena comprised of two consecutive reaction steps is lack-
ing in an equilibrium between dissolved particles and precipitate. On the other hand, the
equilibrium between solid salt and their dissolved ions is lacking in a soluble interme-
diate, and is too simple to characterize the Liesegang phenomenon, and the interactions
between copper(II) ions and chitosan in studied hydrogels. Nevertheless, our findings
showed that it is necessary to include reverse reactions and equilibrium between solid
and dissolved particles into the reaction mechanism. In general, the above-described
mechanism can be modified in the model of two consecutive reaction steps, which are
both reversible reactions: A(aq) + B(aq) → I(aq) → P(s). Both reaction steps can be character-
ized by its own equilibrium constant. This model can be re-written in the ionic form as:
A+

(aq) + B−
(aq) ↔ AB(aq) ↔ AB(s). A direct equilibrium between precipitate and dissociated

ions is not involved here. It is an open-ended question if the solid precipitate can dissociate
and form dissolved ions without the formation of dissolved intermediate. It was reported
that some precipitation reactions are not governed by solubility product Ksp, but by the
threshold of aggregation, which is related to the nucleation threshold concentration of
AB(aq) intermediate (c*) [61,62,64]. One example is the reaction system, where the precip-
itate can be dissolved in an excess of one reagent. In these systems, the mechanism also
consists of two consecutive reaction steps: the precipitation A(aq) + B(aq) → P(s), and the
dissolution of precipitate accompanied by the formation of its complex with the dissolved
reagent P(s) + A(aq) → P-A(aq). This type of reaction proceeding diffusion through hydrogel
can result in a seemingly moving precipitation zone [64,65].

The combination of precipitation reaction with mass transport of a reagent through
hydrogel containing active substance can lead to more complex reaction mechanism in-
volving reverse reactions and potential redissolution of precipitate. In the case of known
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reaction mechanism, we can modify Fick’s law and add the reaction rate r into the equation
for non-stationary diffusion.

∂c
∂t

= Dh
∂2c
∂x2 + r (8)

Then, we can express the rate of decrease in the concentration of diffusing particles
according to the reaction mechanism. In the simplest case (reaction A + B without reverse
reaction), the reaction rate r can be expressed as the product of rate constant k, concentration
of diffusing particles and concentration of active substance in hydrogel. The problem is
that Equation (8) is not directly (analytically) soluble. An analytical solution can only be
obtained for the simple equilibrium between free movable and immobilized particles (see
above). As it was found, our results are not in agreement with this simple model. Some
authors derived more complex mathematical models for the description of Liesegang phe-
nomenon, and used numerical methods for their solution [56,61,64]. Iszák and Lagzi [56]
suggested a new universal model for the formation of Liesegang patterns based on the
time dependent quantities of the precipitate. Saad et al. [64] stated that Liesegang sys-
tems with re-dissolving reaction exhibit deterministic chaos in the dynamic oscillations
of the numbers of bands. Nabika et al. [61] reviewed existing models of the Liesegang
phenomenon including different pre- and post-nucleation scenarios. They discussed also
the model including three consecutive processes (reaction, nucleation, and aggregation):
A(aq) + B(aq) → I(aq) → I(s) → P(s). The model calculates with three different “threshold”
constants, rate constants, and diffusion coefficients.

As can be seen, the situation in the hydrogel systems in which the diffusion is accom-
panied by the chemical reaction and precipitation is complicated. In most cases, suggested
mechanisms and models involved more consecutive steps without reverse reactions. In
contrast, they assumed a supersaturation or exceeding of the solubility product and dif-
ferent “threshold” constants which can be considered as equilibrium constants. The aim
of this study is not to solve the mechanism of Liesegang phenomenon; it is discussed in
connection with the effective diffusion coefficient. In beginning, we assumed the simple
equilibrium between free diffusing copper(II) ions and their immobilized form, but this
equilibrium should lead to the decrease in diffusion coefficient, which was not confirmed.
It is a question if the decrease in diffusion coefficient obtained for hydrogel containing the
lowest amount of chitosan means a different mechanism of Liesegang phenomena. Accord-
ing to Equation (6), the apparent equilibrium constant K should be equal to 3.72 × 10−2. It
is relatively small value showing on very low degree of immobilization. Since the donor
solutions with the same initial concentration were used in our experiments, the differences
between diffusion coefficients determined for pure and enriched hydrogels should be
caused by the different content of chitosan.

Some published models of Liesegang mechanism assume the re-dissolving of pre-
cipitate caused by an excess of diffusing ions. In contrast, the content of active substance
(chitosan) incorporated in hydrogels changed in our experiments obtained a “break” in
the ratio between Def and Dh (see Table 2 and Figure 3); thus, it probably cannot be caused
by changing the mechanism from a simple immobilization equilibrium into more complex
mechanism involving the re-dissolution. As mentioned above, we can define two deficien-
cies: an absence of reverse reactions (and related equilibriums) in proposed mechanisms,
and too many parameters in published models, which can only be solved numerically.
The other problem is that our results cannot be explained by the re-dissolving because the
diffusivity of metal ions is dependent on the content of chitosan “fixed” in hydrogel. We
have also to take into consideration that the decrease in diffusion coefficient is not neces-
sarily connected with the decrease in the diffusion rate. The rate of diffusion is strongly
dependent on the concentration gradient, and it increases with the immobilization of metal
ions. The reason is that if the copper(II) ion is immobilized by chitosan, it disappears
from the solution and cannot participate on the diffusion. The resulting diffusion rate is
a combination of both influences. Although the effective diffusion coefficient Def cannot
by simply expressed by means of the apparent equilibrium constant K, we believe that
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its value can be considered as a parameter characterizing degree of interactions between
diffusing metal ions and chitosan as active substance incorporated in hydrogel. In the given
conditions, a more precise definition of Def is not possible. Different published models and
mechanisms require numerical methods for solution and modified Fick´s law, Equation (8),
together with initial and boundary conditions, defined on the basis of the experimental
arrangement and selected mechanism, cannot provide an analytical solution. Therefore, we
are not able to directly express Def as a function of parameters characterizing proceedings
chemical reactions (equilibrium and rate constants).

2.2. Rheological Experiments

The diffusion of metal ions in agarose hydrogel is influenced by two basic factors:
their interactions with chitosan as active substance (if incorporated), and the structure of
hydrogel. It is not easy to distinguish between the effect of hydrogel structure and the
effect of their reactivity. It is well-known that diffusivity of spherical particles is dependent
on their size (radius r) and viscosity of the diffusion medium η [46,47,63,66]:

D =
kbT

6πηr
(9)

where kb is Boltzmann constant and T is temperature. Equation (9) can be used in the case
of Newtonian liquid medium characterized by one value of dynamic viscosity η at given
temperature T. Rheological behavior of hydrogels is usually more complex [3,37,66]. They
can be considered as viscoelastic substances combining behavior of viscous liquids and
elastic materials. Therefore, their rheological behavior cannot be characterized by one value
of viscosity. Our rheological measurements provided information about the viscoelasticity
of the studied hydrogels and changes caused by the addition of chitosan.

Figure 5 shows the dependencies of the storage and loss moduli on the frequency.
The strain (0.1 %) was chosen from linear viscoelastic region, where the moduli are strain
independent. The storage modulus G’ proportional to the elastic properties increased with
increasing oscillation frequency for both types of hydrogels. As can be seen, its values are
much higher for pure agarose hydrogel. They decreased gradually with increasing content
of chitosan (not shown) up to approximately 60% of their initial values. It means that the
addition of chitosan resulted in more liquid character of hydrogel and the pure agarose
hydrogel is the most resistant to mechanical stresses. The frequency dependencies of loss
modulus G´´ had different shapes. While its values measured for hydrogel containing
chitosan are approximately constant up to 0.1 Hz, then strongly increases, the dependence
obtained for pure agarose hydrogel had a flat maximum around 0.2 Hz.

Values obtained for pure agarose hydrogel are much lower in comparison with hy-
drogels containing chitosan which confirmed its high resistance to stresses. The frequency
dependence of ratio between both moduli had, for pure agarose hydrogel, am identical
shape as the loss modulus (Figure 6). A maximum was also observed for hydrogel enriched
with chitosan. The “most liquid character” of chitosan was achieved at lower oscillation
frequency 0.14 Hz. In contrast to pure agarose hydrogel, the ratio then decreased up to
0.63 Hz, and increases at higher frequencies. The highest value of G′ ′/G′ ratio was compara-
ble with the maximum. The complex viscosity was lower for hydrogels containing chitosan
and decreased gradually with increasing oscillation frequency for all studied hydrogels.

There was no cross-point of storage and loss moduli was observed, and the elastic
character predominated at all frequencies for all studied hydrogels. Our results showed
that the rheological behavior of hydrogels was changed by the addition of chitosan. The
behavior of enriched hydrogels shifted gradually to more liquid character as the chitosan
content increased. There was no break in rheological properties when its addition was
observed. All changes were gradual. As can be seen, the complex viscosity decreases with
frequency gradually, the dependence is linear in logarithm axis (Figure 7). This means
that the changes in rheological behavior of hydrogels cannot directly result in the break
in the diffusivity of copper(II) ions described above. On the other hand, the transport
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properties of hydrogels were affected by a combination of two influences–rheological
character of hydrogels and their reactivity (if contained chitosan as active substance). The
hydrogels containing chitosan had lower abilities to resist mechanical stresses, which can
be connected with their higher permeabilities. This effect can prevail over the effect of
interactions between chitosan and copper(II) ions. The shifting to more liquid character
for hydrogels containing chitosan can resulted in their higher permeability connected with
higher effective diffusion coefficients obtained for more enriched hydrogels. The effect of
chemical interactions in enriched hydrogels was strong and visually observable. On the
other hand, the contents of chitosan in hydrogels were low. It means that the amounts
of active sites in hydrogels were limited and the portion of copper(II) ions which can by
immobilized. According to the value of apparent equilibrium constant K determined in
previous chapter, only less than 4% of copper(II) ions can be immobilized.

(a) (b)

Figure 5. Storage modulus (a) and loss modulus (b) measured for pure agarose hydrogel (black) and
hydrogel enriched by chitosan (1 mg g−1; green). Measurement was realized in linear viscoelastic
region (strain 0.1 %).

Figure 6. The ratio between loss (G′ ′) and storage (G′) moduli (pure agarose hydrogel–black; hydrogel
enriched by chitosan (1 mg g−1)-green).
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Figure 7. Complex viscosity measured for pure agarose hydrogel (black) and hydrogel enriched by
chitosan (1 mg g−1; green). Measurement was realized in linear viscoelastic region (strain 0.1 %).

3. Conclusions

Despite the contents of chitosan in the hydrogels were very low, its addition resulted
in changes in their viscoelasticity and permeability. The changes were influenced by two
contrary effects. Although the storage modulus was higher than the low one and the elastic
character predominated for all studied hydrogels, the addition of chitosan caused the
hydrogels to become more liquid, and, therefore, more permeable for diffusing particles.
In contrast, the interactions of copper(II) ions in chitosan and formation of precipitate
caused the decrease in free movable ions in hydrogel and changes in the effective diffusion
coefficient. The value of Def included both the influence of hydrogel structure and the
effect of immobilization of copper(II) ions. These contrary effects influenced final value of
diffusivity in varying degrees according to the given content of chitosan. Its low content
resulted in the decrease in the value of Def. We can believe that the effect of immobilization
of copper(II) ions prevailed above the changes in theological character of hydrogel and
its “more liquid character” can be considered less strong. Higher amounts of chitosan
in hydrogels shifted their rheological behavior more to liquid, and the permeability of
hydrogels were much higher than the effect of chemical interactions between copper(II)
ions and chitosan. Although the simple model of the equilibrium between immobilized
and free copper(II) ions cannot express the mechanism of the interactions, we can state
that the portion of immobilized metal ions is relatively low. It means that the possibility
to immobilize metal ions is limited by the content of chitosan. The diffusion of copper(II)
ions in hydrogels enriched by chitosan can thus be accelerated by the more liquid character
of hydrogel, and the increase in concentration gradient or the diffusion, which can be
suppressed by the decrease in the diffusion coefficient as the effect of chemical reaction.

4. Materials and Methods

4.1. Chemicals

Chitosan (medium molecular weight), agarose (routine use class) and copper(II) sulfate
(p.a.) were purchased from Sigma Aldrich (St. Luis, MO, USA). Acetic acid for the
preparation of chitosan solution was purchased from Lachner (Neratovice, Czech Republic).

The exact molecular weights of chitosan and agarose were determined by means of
size exclusion chromatography, coupled with multiangle static light scattering, differential
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refractive index, and UV/VIS detection (SEC chromatographic system from Agilent Tech-
nologies, detectors from Wyatt Technology). The exact molecular weights were 251 ± 4 kDa
for chitosan and 146 ± 3 kDa for agarose.

Deacetylation degree of chitosan was determined by potentiometric titration described
by Garcia et al. [67]. The degree was determined as 83.8 ± 0.2% mol.

4.2. Preparation of Hydrogels

The preparation of hydrogels was based on the thermo-reversible gelation of agarose
solution described in previous works [36–39,66]. Agarose hydrogel gelatinized from the
solution of agarose in water. Agarose content in hydrogel was 10 mg g−1. The mixture
was slowly heated with continuous stirring up to 80 ◦C, stirred at this temperature order
to obtain a transparent solution, and finally sonicated (1 min) to remove gasses. After-
wards, it was slowly poured into the PMMA spectrophotometric cuvette (inner dimensions:
10 × 10 × 42 mm). The cuvette orifice was immediately covered with a pre-heated plate of
glass to prevent drying and shrinking of gel. The flat surface of the boundary of resulting
hydrogels was provided by wiping an excess solution away. Gentle cooling of cuvettes at
the laboratory temperature led to the gradual gelation of the mixture.

Agarose-chitosan hydrogels were prepared from agarose solution mixed with the
solution of chitosan. An accurately weighed amount of chitosan was dissolved in 50 cm3

of acetic acid (5% wt.). The solution was titrated by 1M NaOH up to pH equal to 7 and
diluted by distilled water (the final volume was 100 cm3). Agarose content in hydrogel was
10 mg g−1, the contents of chitosan were 0.2, 0.5, and 1 mg g−1, respectively.

4.3. Diffusion Experiments

Three cuvettes containing the same type of hydrogel were placed into 300 cm3 of donor
solution (0.1 M CuSO4). The solution was stirred continuously by the magnetic stirrer
and the copper(II) ions were left to diffuse from the solution into the hydrogels through
the square orifices of the cuvettes. Diffusion experiments were triplicated, meaning that
three different vessels for the same type of hydrogel (nine cuvettes in total) were used.
The durations of the diffusion experiments were 24, 48, and 72 h, respectively. In these
time intervals, the cuvettes were taken out of the solution, and the UV-VIS spectra were
measured in dependence on distances from the interface between hydrogel and donor
solution. The cuvettes were taken out of the solution and the spectra were measured on
Varian Cary 50 UV–VIS spectrophotometer (Agilent Technologies, Palo Alto, CA, USA)
equipped with the special accessory providing controlled fine vertical movement of the
cuvette in the spectrophotometer [38,39]. Concentration of the copper(II) ions was deter-
mined at different positions in the hydrogels by means of calibration line. The spectra were
calibrated for the hydrogels with the known concentration, homogeneously distributed in
the whole volume of the hydrogel.

All experiments were performed at laboratory temperature (25 ± 1 ◦C). Data are
presented as average values with standard deviation bars.

4.4. Rheological Experiments

The hydrogels were sliced to obtain cylindrical samples suitable for rheological mea-
surements (1 mm in thickness). Each hydrogel sample was placed between two titanium
plates (40 mm in diameter) of an AR-G2 rheometer (TA Instruments, Ltd., New Castle,
DE, USA) equipped with Rheology Advantage Instrument Control AR software. (v5.5.24,
TA Instruments, Ltd., New Castle, DE, USA). Silicon oil was used to prevent drying of
the hydrogels. The hydrogels were left to relax for 15 min before measurements were
made. Measurements were performed at 25 ± 1 ◦C. Rheological behavior of hydrogels
was characterized with respect to their viscoelastic character. The storage modulus G′
(proportional to the extent of the elastic component), loss modulus G′ ′ (proportional to
the extent of the viscous component), and complex viscosity η* were determined. All
experiments were triplicated, and average values are presented.
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Abstract: Methane is a colorless/odorless major greenhouse effect gas, which can explode when
it accumulates at concentrations above 50,000 ppm. Its detection cannot be performed without
specialized equipment, namely sensing devices. A series of MOX sensors (chemiresistors type), with
CoO and CuO sensitive films were obtained using an eco-friendly and low-cost deposition technique
(sol–gel). The sensing films were characterized using AFM and SEM as thin film. The transducers
are based on an alumina wafer, with Au or Pt interdigital electrodes (IDE) printed onto the alumina
surface. The sensor response was recorded upon sensor exposure to different methane concentrations
(target gas) under lab conditions (dried target and carrier gas from gas cylinders), in a constant gas
flow, with target gas concentrations in the 5–2000 ppm domain and a direct current (DC) applied
to the IDE as sensor operating voltage. Humidity and cross-sensitivity (CO2) measurements were
performed, along with sensor stability measurements, to better characterize the obtained sensors. The
obtained results emphasize good 3-S sensor parameters (sensitivity, partial selectivity and stability)
and also short response time and complete sensor recovery, completed by a low working temperature
(220 ◦C), which are key factors for further development of a new commercial chemiresistor for
methane detection.

Keywords: sol–gel; thin films; alumina wafer; IDE; lab conditions; 5 ppm CH4; low-cost/eco-friendly;
cross-sensitivity/humidity test

1. Introduction

Methane (CH4) is a gas with a major greenhouse effect, being predominantly present
in the agricultural areas of the planet. It can accumulate gradually, up to explosive con-
centrations (50,000 ppm or 5% volume), its formation being particularly favored by warm
climates and humidity. Human activities that emit methane include leaks from natural gas
systems and the existence of landfills on the outskirts of human settlements. In industry,
methane is emitted during LPG refining or from mining activities (coal). Methane is also
emitted from natural sources, such as natural wet areas (swamps). Natural processes in the
soil and chemical reactions in the atmosphere help to remove CH4 from the atmosphere.
The lifetime of methane in the atmosphere is much shorter than that of carbon dioxide
(CO2), but CH4 is more efficient at capturing radiation than CO2. Quantitatively speak-
ing, the comparative impact of CH4 is 25 times greater than that of CO2 over a period of
100 years [1].

NIOSH (National Institute for Occupational Safety and Health’s) established a maxi-
mum limit of 1000 ppm [2], for an exposure time of 8 h at the workplace, so its detection
is very important for safety reasons. Detection of methane without special devices is
impossible, methane being odorless and colorless.

The development of gas detectors has increased dramatically in the past decades,
starting in 1953, when Brattain and Bardeen discovered that when a gas is adsorbed on
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the surface of a semiconductor, a change in the electrical conductance of this material
occurs [3]. In 1968, Taguchi released the first commercially available gas sensor for the
detection of hydrocarbons [4]. Since then, gas sensors, having the advantage of being
reduced in size [5] and also cheap devices that can be mass-produced, were used to monitor
environmental pollution, obtain global contamination maps [6], monitordomestic safety,
ensure public security, monitor automotive safety, monitor air quality and more recently,
make medical diagnoses, such as exhaled breath analysis [7]. Gas detectors have been
fabricated in many different ways (electrochemical and optical approaches), and solid-state
gas sensors contain various gas sensing materials (e.g., metal oxides or MOX). For MOX gas
sensors, the most widely accepted sensing mechanism can be explained by the resistance
change, which is caused by the surface reaction between the target gas and the sensitive
material deposited on the surface of the sensor (in this particular case the sensors are named
chemiresistors), upon sensor exposure to different gaseous atmospheres [7]. Chemiresistors
based on semiconductor metal oxides with low-costs, easy production, a compact size
and simple electronics are the most widely used in gas detection applications, however,
MOX-resistive sensors typically operate at high working temperatures, which limits their
application as sensitive materials and leads to sensing material instability, increased power
consumption and response drifts [6]. The key for obtaining an economically viable sensor
is mainly the low-cost of the final product, which implies abundant raw materials for the
sensor components and low-cost preparation techniques (sol–gel, hydrothermal, etc.) for
the sensing element, combined with sensor working temperatures as low as possible (ideally
room temperature). Ideal materials for gas-sensing applications should be characterized
by high 3-S parameters (sensitivity, selectivity and stability). Other key features are fast
response/recovery time [7].

Although CuO and CoO in different combinations were previously used as sensitive
materials [8] for different gases (detection for VOC’s, NH3, carbon oxides, H2S were
summarized in ref. [7]), methane detection (in the percent concentrations range) using
these oxides was very rarely reported, and usually high-cost preparation techniques are
used to obtain the sensing oxides from their precursors (microwave in ref. [8], thermal
oxidation in ref. [9].

In ref. [10], methane detection using Cu-doped CoO was reported, and sol–gel was
used in the preparation of the sensitive pellets (compressed powders with silver painted
electrodes on each pellet side), but no humidity/cross-sensitivity measurements were taken.
Moreover, powder pellets imply usage of large quantities of sensitive material, a non-viable
element from an economical point of view. Working temperature of the sensor was also
high (300 ◦C), another important disadvantage.

The aim of this paper was to obtain a cheap, stable, highly sensitive and energy-
efficient methane chemiresistor, using thin films of cobalt oxide (CoO) and copper oxide
(CuO) as sensitive materials, deposited via a low-cost/eco-friendly technique on an own-
design alumina transducer, having Au or Pt IDE’s imprinted on the surface, for the purpose
of excellent electrical conductivity. The oxides were used in pristine state, and the sensing
performance was then evaluated in each separate case to see which sensor performs better
for methane detection. Humidity and cross-sensitivity tests (with CO2) were also performed
to better define sensor characteristics.

2. Results and Discussion

2.1. Sensor Characterization

The sensor samples were investigated from a morphological point of view by Atomic
Force Microscopy (AFM) after sensing experiments. Figure 1a,b present AFM images of
the CoO film deposited by the sol–gel method on alumina substrates configured with
Pt interdigitated electrodes (see the Materials and Methods section). The CoO film is
characterized by a very high root mean square (RMS) roughness, ~350 nm at the scale
of (8 × 8) μm2, respectively, a peak-to-valley parameter of ~2477 nm, being the highest
values recorded in this series of samples. The surface of the sample is characterized by
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the presence of protruding massive formations of material (“mountain”-like) but also by
random valleys (“pits”)—see the 2D (Figure 1a) and 3D (Figure 1b) AFM images from
Figure 1, presented in so-called enhanced contrast view. Scanning a smaller area region,
as shown in Figure 1b, suggests that there is a tendency to texturize the film, in the form
of “ridges”. At the small scale of (2 × 2) μm2, the roughness parameters are significantly
reduced, the CoO film having an RMS roughness of ~54 nm, respectively, a peak-to-valley
parameter of ~291 nm. Figure 1c,d show AFM images of the CuO film deposited by sol–
gel on Pt/alumina interdigitated electrodes. The CuO film shows uniform hills–valleys
alternation, as depicted by the profile line from Figure 1c-right, with a level difference
of about 900 nm along the selected line. On the entire scanned area of (8 × 8) μm2, the
global corrugation parameters have the following values: 306 nm for the RMS roughness,
respectively, ~2104 nm for the peak-to-valley parameter. Thus, it can be noted that both
films prepared by sol–gel are very rough. Scanning a smaller area of (2 × 2) μm2 highlights
the granular morphology of the CuO film, with a majority population of particles with
a diameter in the range of 100–300 nm. The high roughness of the CoO and CuO films
evidenced by AFM is an important advantage from the gas sensing point of view, surface
roughness being a promoter for the gas adsorption process.

(a) 

  

 

(b) 

  

 

(c) 

  

 

Figure 1. Cont.
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(d) 

  

 

Figure 1. AFM images of the CoO sensitive films at the scale of (8 × 8) μm2—(a) and
(2 × 2) μm2—(b) and, respectively, of the CuO sensitive films at (8 × 8) μm2—(c) and
(2 × 2) μm2—(d).

The sensors were then characterized by SEM (Figure 2a,b). The acquired high-RES
images confirmed the facts evidenced by AFM investigations: both investigated sensing
films having rough surfaces. The morphology of the sensing films deposited by sol–
gel adapts very well to the morphology of polycrystalline IDE (Pt/Au) and also to the
alumina substrates.

(a) 

   

(b) 

   

Figure 2. SEM images of: (a) CoO sensitive film; (b) CuO sensitive film, at different magnification
factors; last two images of each group (a,b) are tilted.

The pores are more visible in SEM images, a network of surface channels being better
evidenced in the case of CoO. The third image (tilted) in the Figure 2a group shows the
low thickness of the CoO sensitive film (below 1 micron thickness value—the sensitive film
may be characterized as thin; it appears as a gray coating with a white edge) deposited on
a Pt interdigit, which appears to be much thicker than the deposited sensitive layer. As
stated before, this increases the accessibility towards the surface adsorption centers for the
target gas molecules, increasing the overall sensing capabilities of the oxide film.

2.2. Gas Sensing Experiments

All sensing tests were performed in triplicate to ensure signal reproducibility. The
following sensors were prepared (listed in Table 1) and abbreviated accordingly (as resulted
from the synthesis process):
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Table 1. The investigated sensors and their composition.

Sensor Abbreviation Sensitive Film Transducer (IDE/Wafer)

S3 CuO Au/Al2O3
S4 CuO Pt/Al2O3
S5 CoO Pt/Al2O3

It can be observed that the sensors having CuO sensitive film are available with two
IDE types, gold (Au) or platinum (Pt), in order to investigate the influence that the IDE
material may have over the sensing experiment. Figure 3a shows the response/recovery
characteristics of the sensors presented in Table 1. The sensor with Pt IDE (S4) has a
slightly higher working temperature—Tw (220 ◦C, comparing with 210 ◦C for the other
two sensors-S3 and S5). Sensor response is comparable when using Pt or Au as IDE
(S4, S3) except in the methane high-concentration range, where cobalt-based sensor-S5
seems to be performing slightly better than the copper-based sensors -S3, S4, thus support-
ing the literature findings regarding cobalt oxide [11]. In Figure 3b, a working temperature
experiment is depicted for 2000 ppm of CH4 injected in the sensing cell equipped with S5.
It can be observed that with the increasing working temperature, the response/recovery of
the sensor decreases; therefore 210 ◦C is considered Tw for this sensor.

 
(a) (b) 

Figure 3. (a) The response/recovery of the tested sensors for CH4 concentrations in the range of
5–2000 ppm at Tw specific to the investigated sensors (210–220 ◦C); (b) response/recovery of the S5

sensor for 2000 ppm CH4 at various working temperatures (Tw).

Sensor response increases with increasing target gas concentrations (Figure 3a), the
highest response being recorded for the concentration of 2000 ppm. All sensors also detect
CH4 in extremely low concentrations (5 ppm). These detection limits do not represent the
lower/higher sensor detection limits, but they are imposed by the technical limitations
of the experimental setup, the target gas from the cylinder being diluted by the carrier
gas (from 5000 ppm in inert gas, as provided by the gas manufacturer, to a maximum
concentration of 2000 ppm or a minimum of 5 ppm, according to the mass-flow controller
calibration curves). The response of the sensors is fast (250 s), and the recovery is complete
(250 s), making it possible to resume the experiments after the corresponding recovery
cycle without sensor replacement.

Cross-Sensitivity Tests (Relative Humidity and CO2 Measurements)

To better characterize the sensors, cross-sensitivity tests were performed. Thus, the
sensors were exposed firstly to a humid atmosphere containing a standard 52% relative
humidity (52% RH). Secondly, the sensors were exposed to CO2, having concentrations
in the 5000–20,000 ppm range, limits imposed by the MFC system in the experimental
setup, as stated before. Both these analytes usually accompany methane in the atmospheric
environment, being also the main products resulting from the burning of methane when
used as gas fuel. The reaction that stands as the basis for the methane principle of detection
occurs with an electrical resistance variation, which means there is a change in the charge
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carrier concentration detected by the measuring equipment (RLC bridge). This mechanism
is proposed by Shaalan et al. [8].

CH4 + 4O(ads)
− → CO2(gas) + 2H2O(gas) + 4e− (1)

The increasing resistance upon p-type sensitive materials (CuO or CoO) exposure
to CH4 is explained in the mentioned reference as follows: “firstly, the gas reacts with
adsorbed negative oxygen ions on the surface, leading to electron injection into p-type
oxide. Secondly, this injected electron recombines with a hole in the oxide, reducing its
positive free carriers, thus an increase in sensor electrical resistance occurs”. The influence
of humidity on the gas sensing properties of metal-oxide-based devices has been extensively
investigated, particularly for tin oxide SnO2 but is still not comprehensively understood to
date [12]. The sensor response to humidity and CO2 is shown in Figures 4 and 5.

  
(a) (b) (c) 

Figure 4. The response/recovery characteristics for 3 successive injections of 52% RH at correspond-
ing Tw: (a) S3 sensor, Tw = 210 ◦C; (b) S4 sensor Tw = 220 ◦C; (c) S5 sensor, Tw = 210 ◦C.

  
(a) (b) (c) 

Figure 5. The response/recovery characteristics for 3 successive injections of CO2 (5000–20,000 ppm) at
corresponding Tw: (a) S3 sensor, Tw = 210 ◦C; (b) S4 sensor Tw = 220 ◦C; (c) S5 sensor, Tw = 210 ◦C.

Figure 6 shows the cross-response of the investigated sensors for the main target gas
and the interfering species (resulting from the oxidation reaction that takes place on the
surface of the sensor), products which may affect sensor response. It can be seen that
for all the investigated sensors responses to 2000 ppm, CH4 is almost twice the response
to the other interfering species (52% RH and 20,000 ppm CO2). The best selectivity is
recorded again for the S5 cobalt-based sensor, where response for CH4 is more than double
compared with its response towards CO2 and humidity. This particular sensor may be
considered as partially selective for methane.

As seen in Figure 7, the sensor is stable over a 6-month period between tests, the re-
sponse to methane in identical experimental conditions being virtually unchanged. Taking
into account the results presented in Figures 4–7, we can state that the sensors meet the
3-S parameter requirements: sensitivity, selectivity (partial, for the S5 sensor sample) and
stability, completed by a relatively low working temperature and also short response and
full sensor recovery characteristics.
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Figure 6. S3, S4, S5 cross-response for different tested target gas concentrations.

Figure 7. S3 sensor stability test (6-month period).

3. Conclusions

Sensors with CoO and CuO (MOX based chemiresistors) sensitive films have been
prepared and characterized. The surface of the sensitive oxide has a high-roughness degree
and a large network of channels and pores, as evidenced by AFM and SEM measurements.
The films are thin (below 1 micron thick, as shown by SEM). All these characteristics
promote gas sensing.

The prepared sensors are stable, partially selective and capable of detecting low concen-
trations of methane (5 ppm), with fast response (250 s) and a full recovery
(250 s). Response for interfering species was recorded (CO2 and humidity), but it was rela-
tively low (about 50% from sensors response to methane). Better selectivity was recorded
for the cobalt-based sensor towards high methane concentrations. A detection mech-
anism was formulated in agreement with literature findings. All the investigated sen-
sors are energy-efficient, being characterized by a relatively low working temperature
(max. 220 ◦C). Amongst the investigated sensors, the CoO-based chemiresistors are charac-
terized by higher 3-S parameters (sensitivity, selectivity and stability) compared to the CuO
based chemiresistors, which place them in a favorable position for further development of a
new commercial methane detection MOX based chemiresistor.
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4. Materials and Methods

Thick sensitive films were obtained using the sol–gel spinning method
(1000 rotations/min). As precursors, the basic carbonates of the respective metals
were used Cu(CO3)2Cu(OH)2 for CuO and Co(CO3)Co(OH)2 for CoO.

The deposited film was stabilized by heating it at 400 ◦C for 10 min.
Own-design alumina transducers were used, with the following dimensions:

5 × 10 × 0.6 mm (Figure 8). The transducers contained Pt or Au IDE’s on one side
and a Pt heater on the opposite side of the transducer. They were imprinted on the alumina
surface using serigraphy-based technology.

 
 

(a) (b) 

Figure 8. Alumina transducer prototypes for the obtained methane sensors: (a) platinum or gold
IDE and platinum heater circuit; (b) actual S3 sensor sample compared with various objects for
sizing purposes.

All sensor measurements were performed under laboratory conditions using dry, high
purity gases (5.0), purchased from specialized gas-suppliers (SIAD Romania). The gas
concentrations in the cylinders were: 5000 ppm CH4 and 50,000 ppm for CO2 (both in inert
gas), as stated by the certification labels. The operating voltage of the sensor was set at
1.5 V direct current (DC), the tested working temperatures (Tw) were in the range situated
between room temperature and 220 ◦C (specific for each sensor used), and the sensing
experiments were carried out in a continuous flow of gas (maximum 180 mL/min).

Two separate gas lines were used for the sensing experiments, one ensuring the flow
of the carrier gas (dry air), the other ensuring the flow of the target gas. The target gas
concentrations were achieved using a calibrated system of mass-flow controllers (MFC).
The two separate gas flows were mixed inside a special glass vessel, shown in the scheme
of the experimental installation (Figure 9), using an on-off valve system, thus diluting the
target gas with the carrier gas.

The gas route continues to an own-design sensor cell, which contains the investigated
sensor. In the sensor cell, a chemical reaction takes place on the surface of the sensor, which
leads to a change in its electrical resistance, a variation recorded by the Hioki 3522-50
RLC bridge connected to the sensing cell. This bridge uses a “custom-made” acquisition
software [13–15], based on the Labview platform, developed by our group. Thus, the
analog signal taken from the chemiresistor was converted into a digital signal using a GPIB
interface connected to the output of the RLC bridge. The resulting digital signal is then
transformed into an xy graph using the data acquisitioning computer [16–18].
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Figure 9. Schematic representation of the gas sensing experimental setup.

The sensors were characterized (after sensing experiments) by AFM and SEM to
observe surface morphology for the sensing CuO and Co O films.

AFM measurements were carried out in non-contact mode [19] with XE-100 (Park
Systems), using sharp tips (NCHR from Nanosensors), having less than 8 nm tip radius,
~125 μm length, ~30 μm mean width, thickness ~4 μm, ~42 N/m force constant and
~330 kHz resonance frequency. The XEI (v.1.8.0) image processing program developed by
Park Systems was used for displaying the images and subsequent statistical data analysis.

The microstructure of the samples was investigated by SEM using a high-resolution
microscope (FEI, Quanta 3D FEG). The analyses were performed in high vacuum mode at
high accelerating voltages (30 kV), and the sensors were analyzed directly [19–22] (samples
were immobilized on a double-sided carbon tape, without coating).
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Abstract: The removal of dyes and pharmaceuticals from water has become a major issue in recent
years due to the shortage of freshwater resources. The adsorption of these pollutants through nontoxic,
easy-to-make, and environmentally friendly adsorbents has become a popular topic. In this work, a
tetrapeptide–pyrene conjugate was rationally designed to form hydrogels under controlled acidic
conditions. The hydrogels were thoroughly characterized, and their performance in the adsorption
of various dyes and pharmaceuticals from water was investigated. The supramolecular hydrogel
efficiently adsorbed methylene blue (MB) and diclofenac (DCF) from water. The effect of concentration
in the adsorption efficiency was studied, and results indicated that while the adsorption of MB is
governed by the availability of adsorption sites, in the case of DCF, concentration is the driving force
of the process. In the case of MB, the nature of the dye–hydrogel interactions and the mechanism of the
adsorption process were investigated through UV–Vis absorption spectroscopy. The studies proved
how this dye is first adsorbed as a monomer, probably through electrostatic interactions; successively,
at increasing concentrations as the electrostatic adsorption sites are depleted, dimerization on the
hydrogel surface occurs.

Keywords: peptide; hydrogel; supramolecular gel; water remediation; dye adsorption; pharmaceuticals
adsorption; diclofenac; methylene blue

1. Introduction

Pharmaceutically active compounds (PhACs) are emerging contaminants that can
be found in industrial and domestic wastewater, surface water, ground water, and, more
problematically, in drinking water [1]. They include nonsteroidal anti-inflammatory drugs
(NSAIDs) (ibuprofen, diclofenac, naproxen), antibiotics (amoxicillin, ciprofloxacin, ery-
thromycin, nalidixic acid), anticonvulsants (carbamazepine, primidone), antidepressants
(diazepam, meprobamate), and hormones (estrogen), among others. Tonnes of pharma-
ceutically active compounds are used every year to treat human and animal diseases in
hospitals, households, aquaculture, or feedstock facilities. However, they are not fully
adsorbed, and the unmetabolized drugs are excreted, entering wastewater or surface and
groundwater. Inappropriate disposal of unwanted drugs is another source of contamina-
tion [2]. These wastewaters end up in wastewater treatment plants (WWTPs), which are not
able to efficiently remove this class of pollutants before final recirculation as drinking water.
For example, a concentration of 67 μg/L of carbamazepine was found in the effluents of a
WWTP in Madrid, which treats water in an area where there is a university campus, several
pharmaceutical industries, and a hospital [3]. Furthermore, leaching or inappropriate
waste management in the pharmaceutical industry also contributes to the introduction of
PhACs into the environment. For example, a concentration of 17.48 mg/L of ciprofloxacin
was detected in wastewater effluents from a pharmaceutical industry in Croatia [4]. Low
concentrations of PhACs in drinking water do not constitute an immediate public health
risk; however, the effects due to long-term exposure are not known. On the other hand, the
adverse effects of PhACs in the environment have already been reported in the literature,
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including the development of antibiotic resistance [5]. Thus, the development of processes
for the removal of PhACs has become of major importance. New processes are needed to
remove low concentrations of PhACs (ng to μg per liter) arriving to WWTPs, but there is
also a need for in situ facilities that are capable of removing higher concentrations of these
pollutants in industry effluents (μg-mg per liter) [6].

In addition to PhACs, dyes are a critical source of water pollution that make water unfit
for drinking. They are widely used in different industries, particularly the textile industry.
Due to their toxicity, the presence of organic dyes in water causes health disorders and
disrupts aquatic life [7]. Among these dyes, methylene blue (MB) is released in quantity by
industry into water sources, posing a health threat due to its toxicity, non-biodegradability,
and carcinogenic property [8].

Various advanced technologies have been developed for the removal of dyes and
PhACs from water, including advanced oxidation techniques, membrane filtration, adsorp-
tion, and membranes with sorption capacities [9–11]. Adsorption stands out due to its low
energy consumption, easy operation, and high efficiency [12,13]. In this context, hydrogels
have emerged as a suitable alternative. Hydrogels are ideal adsorbents because of their
high hydrophilicity, large surface area, and the presence of multiple functional groups on
the porous structure [14–16].

Short peptide self-assembly is a rapidly extending research field. Short peptides combine
inherent biocompatibility and biodegradability with ease of synthesis and scalability. In addi-
tion, peptide self-assembly is well-understood, and both properties and self-assembly can be
tuned through control of the peptide sequence [17–22]. Short peptides self-assemble in water,
through a combination of different noncovalent interactions, to give hydrogels [23–25]. These
supramolecular soft materials have mainly found applications in biomedical fields [26–29], but
also find applications in the development of conductive materials [30,31], catalysis [32], crystal
growth [33], and water remediation. The efficiency of peptides and peptide-based hydrogels
for oil spill recovery [34–36], removal of dyes [37–39], and metal cations [38,40] from water is
well-documented in the literature. However, their application to the removal of PhACs from
water is still at its beginning. Only recently, Giuri et al. reported the use of Boc-protected
tripeptide hydrogels for the removal of diclofenac from water [41].

We recently reported the pyrene–pentapeptide conjugate 1 (Figure 1), and demon-
strated that metal cations trigger its self-assembly in water to form metallo-hydrogels that
efficiently adsorbed cationic dyes from water [42]. Although hydrogel formation was also
achieved by simple pH variation in the absence of cationic metals, these pH-triggered
hydrogels suffered from low mechanical stability and fell apart upon dye adsorption. To
increase the environmental compatibility of the adsorbent, it is desirable to develop a
metal-free peptide hydrogel. In this paper, we report a novel pyrene–tetrapeptide conjugate
2 able to form self-supporting hydrogels at acidic pH. The hydrogels efficiently removed
cationic and zwitterionic dyes from water, and promising results were obtained for the
adsorption of PhACs (Figure 1).
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Figure 1. Structure of previously reported peptide 1, and structures of peptide 2, dyes, and PhACs
employed in the present work.

2. Results and Discussion

2.1. Peptide Design and Synthesis

The structure of peptide 2 has alternating polar charged glutamic acids and hydropho-
bic phenylalanine residues. This pattern is known to favor the formation of β-sheets [43].
Here, the C-terminal has been amidated, while the N-terminal has been capped with a
pyrene moiety, so the solubility of 2 in water is governed by the charge state of the Glu
side chains. The large aromatic surface of pyrene can establish additional π–π interactions
that facilitate self-assembly and interaction with aromatic pollutants. In addition, the
fluorescence of this chromophore may provide information about self-assembly and allows
for easy detection of peptide leaching [44]. The main differences between molecules 1 and
2 are the absence of the Gly residue in 2 and the introduction of a larger methylene spacer
between the chromophore and the peptide. These structural modifications favor hydrogel
formation at a lower gelator concentration of 2 compared to 1.

Peptide 2 was synthesized using standard Fmoc-based solid-phase peptide synthesis
protocols on rink-amide resin, as described in the Materials and Methods section. The peptide
was obtained in 85% yield, and its identity was assessed by nuclear magnetic resonance
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spectroscopy (NMR), electrospray mass spectrometry (ESI-MS), and Fourier transform infrared
spectroscopy (FT-IR) (see Scheme S1 and Figures S2–S4 of the Supporting Information).

2.2. Gelation Ability

The presence of two hydrophilic pH-sensitive amino acid residues (Glu) provides
good solubility in basic water and introduces pH responsiveness.

As expected, 2 is not soluble in Milli-Q water alone (even after heating), but a trans-
parent solution was obtained after the addition of 1.8 equivalents of NaOH 1M solution in
combination with sonication. Acidification of the solution using both HCl and glucono-
δ-lactone (GdL) led to the formation of self-supporting hydrogels, as assessed by the vial
inversion test (Figure 2A and Figures S5 and S6 of the Supporting Information). HCl
gels were formed in 10 min, while GdL gels required up to 18 h. Visually, the HCl gel
was non-homogeneous, whereas the GdL gel was semitransparent and uniform. This
phenomenon is well-known in the literature. When a strong acid such as HCl is used
to trigger gelation, gel formation takes place faster than the diffusion of the acid in the
solution, and gel spots can be found where the acid was added. Instead, GdL dissolves and
diffuses into the solution before hydrolysis, leading to homogeneous gels. The minimum
gelation concentration was found to be 0.1% for the GdL gel and 0.3% for the HCl gel.
Interestingly, a gel–sol transition was not observed when heating any of the gels (Tgel);
instead, at temperatures above 70 ◦C, the gels shrank, expelling part of the entrapped water
(see Figure S5 of the Supporting Information).

Figure 2. (A) Photographs of vials containing from left to right: the peptide at 0.5% in solution, the
GdL gel, and the HCl gel; (B) frequency sweep of the HCl gel (blue) and the GdL gel (red) at 0.5%
concentration, where G’ values are indicated with filled circles and G” is indicated with open circles;
(C) strain sweep of the GdL gel at 0.5% concentration; (D) dynamic strain amplitude cyclic test of the
GdL gel at 0.5% concentration.

2.3. Gel Characterization

The following studies were performed at a concentration of 0.5%, as the gels could be
manipulated without damage.

The gel nature of the samples was confirmed by oscillatory rheology. Frequency
sweep experiments (Figure 2B) showed that the elastic modulus (G’) of both gels was
almost independent of the frequency in the studied range, and approximately one order
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of magnitude higher than the viscous modulus (G”), as expected for supramolecular
gels [45]. Notably, the behavior of the two samples in amplitude sweep experiments
differed significantly. The GdL gel displayed a linear viscoelastic behavior up to 1% of
strain. Along with increasing applied strain, both G’ and G” deviated progressively from
linearity until the crossover point was reached at 30% of the strain, where the gel–sol
transition took place (Figure 2C). In contrast, we were unable to obtain amplitude sweep
tests for the HCl sample, since hydrogel fracture occured even at low strain values. Again,
the differences between the two samples may be related to the different gelation kinetics.
The formation of macroscopic gel domains in the case of HCl gels also resulted in the
formation of regions that were weaker and easily broken under strain. We also evaluated
the self-recovery ability of the GdL gel using dynamic strain amplitude experiments
(Figure 2D). The gel was subjected to several cycles of high strain values (150% strain) to
force the gel–sol transition, which were alternated with low strain values (0.1% strain) to
allow recovery. As shown in Figure 2D the GdL gel maintained its stability and showed
mechanical recovery, though the storage modulus decreased by 8% after three cycles.

Because of the superior mechanical properties and reproducibility of gelation of GdL
gels, we decided to continue our studies using exclusively these samples (Data for the HCl
gels are given in Figures S7–S9 of the Supporting Information). From the morphological
point of view, the GdL gel was investigated via transmission electron microscopy (TEM).
Micrographs of the xerogels showed the formation of dense networks of tape-like fibrils
(Figure 3). A closer look reveals narrower flat structures sprouting from the tape-like fibrils.
Because this peptide is expected to give β-sheet bilayer structures, with the hydrophobic
residues buried inside, a possible packing mode is the formation of β-sheet bilayers that
are associated through edge-to-edge interactions, mediated by pyrene moieties [46].

 

Figure 3. TEM micrographs of GdL xerogels at 0.5% concentration.

The π–π interactions were studied using UV–Vis absorption and emission spectro-
scopies (Figure 4A and Figure S10 of the supporting Inormation). First, we investigated
the behavior of a 50 μM solution of peptide at basic pH. The solution displays the typical
absorption profile of pyrene: the S0→S2 transition gives an intense band between 360 nm
and 290 nm with the 0-0 peak at 343 nm, whereas the peaks at 327 nm, 313 nm, and 300 nm
are the vibronic replicas [44]. At a higher concentration (0.5%), the UV–Vis of the basic
solution is characterized by a broadening and redshift of the absorption band. The 0-0 peak
moves to 352 nm, and the relative intensity between 0-0 and its vibronic replicas changes.
Concerning the emission spectra, the diluted solution shows a band ranging from 350 nm
to 500 nm, which corresponds to the nonaggregated pyrene monomer. On the other hand,
the 0.5% solution exhibits a broad and unstructured profile with a peak located at 420 nm
and a long tail up to 650 nm. For the gelled sample, the broadening of the absorption
band further increases, while in the emission spectra, a new broad band ranging from
350 to 700 nm appears. On the basis of these results, we can support the hypothesis that
peptide monomers exist only in diluted basic solutions, while at higher concentrations,
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the hydrophobic pyrene cores tend to interact to each other through π–π stacking, an
interaction that is reinforced upon gelation.

Figure 4. (A) UV–Vis absorption (solid line), emission spectra (dotted line), and (B) CD spectra of
peptide 2 in solution and the GdL gel.

The secondary structure was studied by CD spectroscopy (Figure 4B). In the monomer
state, the CD spectrum shows the typical profile of a random coil with disordered structure,
characterized by a minimum at 204 nm. When the concentration of the solution was
increased to 0.5%, a minimum at 225 nm was observed, indicating the formation of β-
sheet structures [47,48]. However, the spectrum is dominated by strong Cotton effects
observed in the absorption region of the pyrene chromophore, which are one order of
magnitude more intense than the band at 225 nm. Thus, in agreement with absorption and
emission data, CD suggests that in concentrated solution, strong π–π interactions between
pyrene moieties become established, resulting in a supramolecular chiral arrangement of
the chromophores [49]. Upon gelation, the negative band moves to shorter wavelengths,
suggesting an increase of β-sheet content. Cotton effects are still observed in the pyrene
absorption region, but with an intensity comparable to that of the β-sheet band.

2.4. Adsorption of Dyes

First, GdL gels were tested for the adsorption of methylene blue (MB). Three different
experiment setups were investigated: (a) the gel was placed inside a syringe, and the
MB solution was allowed to flow through the gel (Figure 5); (b) a preformed gel was
immersed in a beaker containing the MB solution; (c) the gel was formed in a vial and the
MB solution was casted on top of it. These preliminary studies were carried out under
the same conditions (1 mL of GdL gel, 5 mL of MB solution at 50 mg/mL). A simple
comparison by the naked eye of the solutions of pollutants after 24 h confirmed that,
between the three setups, the first gave the best performances. Therefore, it was adopted
for the subsequent studies (see Supporting Information for more details).

Next, we extended our studies to methyl orange (MO) and rhodamine B (RhB) and
determined the dye removal efficiency (RE) by UV–Vis absorption spectroscopy using
Equation (1) as follows:

RE (%) =
(C0 − Cf)

C0
× 100 (1)

where C0 is the initial concentration of pollutant and Cf is the concentration of pollutant in
the eluted solution. A very good efficiency was obtained for the adsorption of MB (RE of
90%), while for both MO and RhB, the gel showed a poorer performance. The RE was 50%
for RhB and only 16% for the negatively charged MO (Table 1, entries 1–3). No leaching of
the gel components was detected in any case and the gel maintained its mechanical stability
after dye adsorption, as assessed by inversion of the syringe (Figure 5C and Figure S11 of
the Supporting Information). The better adsorption of MB can be justified by electrostatic
interactions between the positively charged MB and deprotonated sites present on the
GdL gel, which act simultaneously to hydrogen bonding, while the acidic groups present on
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RhB and MO may prevent efficient adsorption because of electrostatic repulsions between
negative charges.

 
Figure 5. Adsorption experiment setup: (A) the gel is placed inside a syringe; (B) the solution of MB
is allowed to flow through the gel; (C) upon elution, the gel maintains its mechanical stability and
does not flow when the syringe is turned upside down.

Table 1. Removal efficiency of dyes. 1 mL of GdL-gel at 0.5% (adsorbent dosage 5 mg) was used.

Entry Dye C0 (mg/L) V (mL) mdye (μg) RE 1 (%)

1 MO 50 5 250 16
2 RhB 50 5 250 50
3 MB 50 5 250 90
4 MB 25 5 125 100
5 MB 100 5 500 91
6 MB 50 2.5 125 99.5
7 MB 50 10 500 90

1 Average values over 3 tests.

In the case of MO, UV–Vis analysis revealed not only a decreased concentration of
the pollutant but also a red-shift of the absorption maxima. Analysis of the pH showed
that the solution of the pollutant is more acidic upon contact with the hydrogel (pH 4.5).
We attributed the shift of the absorption band to the acidic conditions, and, in agreement,
the UV–Vis spectrum of MO registered at pH 4.5 was superimposable to that registered
upon elution through the gel (see Supporting Information for details). At this pH, MO
(pKa = 3.47) is not fully protonated, but both the neutral and anionic forms coexist.

The effect of the initial concentration of the dye on adsorption was investigated for
MB. Data are summarized in Table 1, entries 3–5. To investigate the effect of concentration,
additional solutions at 25 mg/L and 100 mg/L were prepared, and 5 mL were eluted
through 1 mL of gel. Data reveal that RE decreases when increasing the initial concentration
of MB from 25 to 50 mg/L, and then increases slightly when going from 50 to 100 mg/L.

The decrease of RE as initial concentration of MB increases can be related to the
saturation of active adsorption sites on the hydrogel. The increase of RE with initial
concentration deserves more attention. It is noted in the literature that depending on the
concentration, MB exits in aqueous solution as monomer, dimer, trimer, or tetramer [50].
Moreover, it may adsorb to the adsorbent surface in any of its forms [51–53]. To gain
more insight, we registered the UV–Vis spectra of the adsorbed dye and compared them
to the UV–Vis spectra of the initial solutions of MB. Figure 6 shows the UV–Vis spectra
of MB in aqueous solution at 25 and 50 mg/L (the one at 100 mg/L gave a saturated
signal) and adsorbed MB on the hydrogel after elution of 5 mL of initial solutions of
different concentrations.
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Figure 6. UV–Vis absorption spectra of the initial MB solutions (dotted line) and MB adsorbed on the
hydrogel (solid line) upon elution of 5 mL of a 25 mg/L (black), 50 mg/L (red), and 100 mg/L (blue)
solution of MB, and upon elution of 10 mL of a 50 mg/L (green) solution of MB.

In the initial solutions (Figure 6, dotted lines), MB shows two bands at 664 nm and
610 nm that have been attributed to the monomer and dimer forms, respectively [50]. As
initial concentration decreases, the intensity of the monomer band increases at the expense
of the dimer band, indicating, as expected, a decrease in dimer content as MB concentration
decreases. In the UV–Vis absorption spectrum of the hydrogel upon elution of a 25 mg/L
solution, the dimer band is attenuated significantly, and the spectrum resembles those
reported for the monomeric MB in aqueous solution or adsorbed on a surface [54]. Thus,
MB initially adsorbs as a monomer even if the initial solution has a high content of dimer.
We hypothesized that this first adsorption process is governed by strong MB-adsorbent
electrostatic interactions that predominate over the MB–MB interaction responsible for
the dimer formation. Upon elution of a 50 mg/L solution, the hydrogel shows that the
dimer band intensity increases slightly. When dye concentration is further increased to
100 mg/L, the spectrum changes significantly. The absorption band is broader; monomer
and dimer bands have similar intensities, and an intense blue-shifted tail appears. Thus,
at higher concentrations, MB first saturates electrostatic adsorption sites, and only the
monomer form is found on the surface of the hydrogel. Afterwards, probably with the
high concentration as driving force, extra MB molecules are adsorbed, now through π–π
interactions and formation of the dimeric form of MB on the surface of the adsorbent is
favored. The blue-shifted tail may indicate the formation of higher order aggregates of MB,
but we cannot rule out MB–pyrene interactions.

We also investigated how the variation of the volume of initial solution affects the
adsorption capability of the hydrogel (Table 1, entries 3, 6, 7). To do so, 2.5, 5, and 10 mL
of a MB solution at 50 mg/L were eluted through 1 mL of GdL–gel. We found the same
trend when initial MB concentrations were varied at a fixed volume. Thus, the adsorption
process seems to be mainly affected by the mass ratio of adsorbent/MB, and it takes place
as described in the previous paragraph. Indeed, the UV–Vis spectrum of the hydrogel upon
elution of 10 mL of a 50 mg/L solution of MB is superimposable to that obtained after
elution of 5 mL of a 100 mg/L solution of the dye (Figure 6).

2.5. Adsorption of PhACs

We then tested the GdL gel for the adsorption of a series of representative PhACs. We
chose the NSAIDs diclofenac sodium salt (DCF), the antibiotics ciprofloxacin (CIP) and
nalidixic acid sodium salt (NAL) and the anticonvulsant carbamazepine (CBZ). In all cases,
5 mL of a 50 mg/mL pollutant solution was eluted through 1 mL of GdL gel, and the
pollutant concentration in the eluted solution was determined by UV–Vis spectroscopy.
Under these conditions, we found that the best performances were obtained with DCF
(RE 75%), followed by CIP (RE 40%), while CBZ and NAL showed the worst results (RE
21% and 24%, respectively) (Table 2, entries 1–4). That CBZ, with the largest π-surface, is
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adsorbed worse than DCF suggests that π–π interactions are not the main forces involved
in the adsorption process. On the other hand, electrostatic interactions may be somewhat
favorable for the case of CIP, containing a basic amine, but this do not justify the better
performance in the adsorption of DCF. Both DCF and CIP structures contain groups capable
of stablish hydrogen bonds, but also contain halogen atoms, so halogen bonding may also
play an important role in the adsorption process. To study the possible role of halogen
bonding, we tested the adsorption of the dehalogenated DCF analogue. However, we
found that this compound is not stable under the working conditions, and the results were
not conclusive (see Supporting Information for details).

Table 2. Removal efficiency of PhACs. 1 mL of GdL gel at 0.5% (adsorbent dosage 5 mg) was used.

Entry Dye C0 (mg/L) V (mL) mPhAC (μg) RE 1 (%)

1 NAL 50 5 250 21
2 CBZ 50 5 250 24
3 CIP 50 5 250 40
4 DCF 50 5 250 75
5 DCF 25 5 125 59
6 DCF 100 5 500 89
7 DCF 50 2.5 125 83
8 DCF 50 10 500 53

1 Average values over 3 tests.

The effect of the initial concentration on adsorption was investigated for DCF, which
gave the best RE among the PhACs tested. Data are summarized in Table 2, entries 4–6.
The data reveal that RE increases as the initial concentration increases. On the other hand,
when the volume of the solution was changed at a fixed concentration of 50 mg/L, the RE
increased when the volume decreased (Table 2, entries 4, 7, 8).

The increase in RE with initial pollutant concentration has been explained in the
literature as an improved diffusion and mass transfer process that is favored at higher
concentrations, accompanied by an augmented number of collisions between pollutant
molecules and the adsorbent, which favors adsorption [55,56]. When the volume of the
solution is increased at a fixed initial concentration, we hypothesized that the concentration
of the solution on top of the gel does not remain constant throughout the experiment and
that diffusion of DCF into the hydrogel may occur faster than the elution process, such that
the concentration of DCF in the remaining solution decreases overtime. As a consequence,
the driving force of the concentration loses its positive effect.

3. Conclusions

We have described a new peptide–pyrene hybrid gelator that forms stable hydrogels
at acidic pH. Hydrogels obtained by acidification with GdL were successfully employed
for the removal of a number of dyes and PhACs from water. In particular, the best results
were achieved for the dye MB and the anti-inflammatory drug DCF. The effect of initial con-
centration and volume was studied for the two aforementioned molecules. Data revealed
that adsorption of MB is mainly affected by the mass ratio of adsorbent/hydrogel. First,
the monomeric form of the cationic dye adsorbed through electrostatic interactions until
saturation of the charged adsorption sites. Afterwards, higher concentrations of dye were
adsorbed through dimerization /polymerization of the dye on the hydrogel surface. On
the other hand, DCF adsorption was favored at higher concentrations, and no saturation
behavior was detected in the range of concentrations investigated. In the case of DCF, the
concentration appears to be the driving force of the adsorption process: it improves the
mass transfer and increases the chance of collision between DCF molecules and the active
sites of the hydrogel.
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4. Materials and Methods

4.1. General Methods

ESI-MS spectra were recorded using an ESI-TOF MarinerTM BiospectrometryTM
Workstation of Applied Biosystems by flow injection analysis (mobile phase methanol with
0.1% formic).

1H and 13C were recorded in deuterated dimethyl sulfoxide at 25 ◦C at a frequency
of 300 MHz. The residual solvent peak was used as internal reference. Chemical shifts
(δ) are expressed in parts per million (ppm). The multiplicity of a signal is indicated as s
(singlet), d (doublet), t (triplet), dd (doublet of doublets), dt (doublet of triplets), td (Triplet
of doublets), q (quartet) and m (multiplet). The acronym “br” indicates a broadened signal.

FT-IR spectra were measured on a FT-IR Perkin-Elmer 1720X spectrophotometer, in
KBr disk, using a resolution of 2 cm−1, a total of 100 scans were averaged.

UV–Vis absorption spectra were measured on a Varian Cary 50 spectrophotometer
at 25 ◦C. For solution samples, a reduced volume quartz cell with 0.1 cm, 0.4 cm, or
1 cm optical path was used. Gels were analysed using a rectangular cell with detachable
windows and 0.2 mm of optical. Gels were prepared in a glass vial; a small amount was
transferred to the sample chamber and the cell was carefully closed to avoid the formation
of bubbles

Emission spectra were measured on a Varian CaryEclipse spectrophotometer at 25 ◦C.
A quartz cell with optical path of 10 × 2 mm and volume 500 μL or 10 × 4 mm and volume
1400 μL was used for the solutions. Gels were analysed using a 500 μL quartz cell with an
optical path of 10 × 2 mm. Gels were prepared directly inside the cuvette

CD spectra were measured on a Jasco J-1500 instrument at 25 ◦C and were baseline
corrected, a total of 64 measurements were averaged. The spectra are expressed in terms of
total molar ellipticity (deg·cm2·dmol−1). Solutions were analysed using a reduced volume
quartz cell with 0.1 cm, 0.4 cm or 1 cm optical path. Gels were analysed using a rectangular
cell with detachable windows and optical path of 0.2 mm. Gels were prepared in a glass vial;
a small amount was transferred to the sample chamber, and the cell was carefully closed.

TEM images were recorded on a Jeol 300 PX instrument using glow discharged carbon
coated grids. Gels were diluted prior to analysis; 10 μL of the sample were then deposited
directly on a grid, and the excess of sample was removed with #50 hardened Whatman
filter paper; no staining was used. The images were analyzed with the ImageJ program.

Oscillatory rheology was performed on a Kinexus Lab+ rheometer with parallel plate
geometry. 1 mL of hydrogel was prepared in a glass mold with a diameter of 2 cm and
placed onto the lower plate. A thermal cover was used, and temperature was set at
25 ◦C using a Peltier temperature controller. Frequency sweeps were recorded between
10–0.001 Hz at a constant strain. Strain sweeps were carried out between 0.01–110% at a
constant frequency of 1 Hz. Step strain experiments were performed applying cycles of
deformation and recovery steps. The first step (rest conditions) was performed at a fixed
frequency of 0.1 Hz and at a strain of γ = 0.1% (within the LVE region) for a period of 5 min.
The deformation step was performed at a fixed frequency of 0.1 Hz, applying a constant
strain of γ = 150%, (above the LVE region) for a period of 5 min. Deformation and recovery
steps were repeated three times.

4.2. Synthesis of 2

All reagents and solvents were purchased from Irish Biotech or Merck and were used
as received. Compound 2 was synthesized by solid phase 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry on Rink amide resin using stablished procedures [42].

ESI-MS: [M + Na]+ calculated for C48H49N5O9 862.34, found: 862.5.
1H-NMR (DMSO-d6, 300 MHz): δ 12.01 (bs, COOH), 8.36 (d, 1H, J = 9.3 Hz), 8.31–7.88

(m, 11H), 7.33 (d, 1H, J = 8.1 Hz), 7.29–6.94 (m, 12H, overlapping signal Ar of Phe and
NH2), 4.63–4.33 (m, 2H, Hα, Phe), 4.33–4.10 (m, 4H, Hα Glu), 3.06–2.89 (m, 2H, Hβ, Phe),
2.87–2.65 (m, 2H, Hβ, Phe), 2.35–2.07 (m, 6H, overlapping signal Hγ Glu and methylene
linker), 2.04–1.92 (m, 2H, methylene linker), 1.89–1.5 (m, 4H, Hβ, Glu) ppm.
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13C-NMR (DMSO-d6, 75 MHz): δ 174.43, 174.40, 173.08, 172.76, 171.83, 171.46, 171.12,
138.18, 138.13, 137.04, 131.35, 130.90, 129.76, 129.62, 129.56, 128.63, 128.47, 128.38, 128.04,
127.92, 127.67, 126.96, 126.67, 126.59, 125.39, 125.23, 124.69, 124.62, 124.01, 54.12, 52.62, 52.43,
37.97, 37.53, 35.22, 32.66, 30.61, 30.51, 27.91, 27.77, 27.58, 18.31, 12.53.

FT-IR (KBr): ν~ (cm−1) = 3395, 3286, 3086, 3061, 3032, 2940, 1734, 1719, 1650, 1617,
1544, 1498, 1453, 1443, 1415, 1340, 1322, 1315, 1273, 1244, 1236, 1207, 1201, 1182, 1170, 842,
742, 719, 699.

4.3. Gel Preparation

HCl-triggered gelation: A known amount of 2 was introduced in a 4 mL glass vial. Then,
900 μL of MilliQ water was added, followed by NaOH 1M (1.8 eq). A clear solution was
obtained with the aid of sonication. Then, MilliQ water and HCl solution (0.5M, 2 eq.) were
added to obtain a self-supporting gel with the desired final concentration. Gel formation was
assessed by the vial inversion test.

GdL-triggered gelation: A known amount of 2 was introduced in a 4 mL glass vial.
Then, 900 μL of milliQ water was added. NaOH 1M (1.8 eq.) was added, and a clear
solution was obtained with the aid of sonication. The desired final concentration was
reached through the addition of milliQ water. Then, a known amount of GdL (3 eq.)
was added, and the mixture was vortexed and left at room temperature overnight. Gel
formation was assessed by the vial inversion test.

4.4. Gel Preparation in Syringes

A volume of 1 mL gel at 0.5% concentration was prepared as follows: 5 mg of 2 was
introduced to a 4 mL vial. Then, 900 μL of MilliQ water was added. NaOH 1M (1.8 equiv.
11 μL) was added, and a clear solution was obtained with the aid of sonication. MilliQ
water was then added to reach a volume of 1 mL. Then, GdL (3 eq., 3.5 mg) was added,
and the mixture was vortexed and immediately transferred into a 5 mL syringe that was
sealed at the bottom. The mixture was allowed to rest at room temperature overnight to
allow gel formation. Gel formation was assessed by the syringe inversion test.

4.5. Adsorption Experiments

Dye and PhAC stock solutions at 200 mg/L were prepared in MilliQ water. All other
solutions were prepared by dilution of stock solutions. For all pollutants, UV–Vis absorption
calibration curves were obtained in the range of concentrations between 5 mg/L and 50 mg/L.
By plotting the maximum absorbance vs. concentration, the molar extinction coefficient for
each dye and PhAC was determined (see Supporting Information for details). Adsorption
experiments were performed in triplicate; only the average RE value is given. Here, 1 mL
of gel at 0.5% concentration was prepared in a syringe. A known volume of dye or PhAC
solution was loaded on top of the gel, and the solution was allowed to flow through the gel by
gravity. The eluted solution was recovered in a vial. When the pollutant solution had passed
through the gel, the eluted solution was analyzed by UV–Vis spectroscopy. The concentration
of the pollutant was determined using the Lambert Beer equation A = εCl, where A is the
absorbance, ε the molar extinction coefficient (mol L−1 cm−1), C the concentration of pollutant
(mol L−1), and l the path length (cm).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels8100672/s1, Scheme S1: synthesis of 2, Figure S1: ESI-MS of compound 2, Figure S2: 1H
NMR (DMSO-d6, 300 MHz) of 2, Figure S3: 13C-NMR (DMSO-d6, 300 MHz) of 2, Figure S4: FT-IR
spectrum of 2 (KBr disk), Figure S5: Photographs of 0.1% GdL gel before and after heating Figure S6:
Photos of HCl-triggered gel, Figure S7: Normalized absorption (solid-line) and emission (dotted-line)
spectra of HCl-triggered gel (0.5%), Figure S8: CD spectrum of HCl-triggered gel (0.5%), Figure
S9: TEM images of HCl-triggered gel, Figure S10: Non-normalized emission spectra of 2 diluted
solution (green), 0.5% solution (red) and GdL gel 0.5% (blue), Figure S11: (Top) inversion of the
syringe after the process to demonstrate the stability of the gel after the adsorption of pollutants;
(bottom) UV-vis spectrum of eluted MB showing the absence of 2 in the eluted sample, Table S1:
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Calibration curve slope and relative wavelength, Table S2. Removal efficiency and adsorption
capacities for the adsorption of dyes and PhACs. Figure S12: UV-vis normalized absorption spectra
of dyes and PhACs used, Figure S13: Schematic representation of gel formation, Scheme S2: synthesis
of dehalogenated DCF, Figure S14: ESI-MS of dehalogenated DCF, Figure S15: 1H NMR (MeOD,
300 MHz) of dehalogenated DCF.
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pharmaceutical wastewater: Comparison of results obtained on a laboratory and a pilot scale. Environ. Sci. Pollut. Res. 2012, 19,
1033–1042. [CrossRef] [PubMed]

5. Majumder, A.; Gupta, B.; Gupta, A.K. Pharmaceutically active compounds in aqueous environment: A status, toxicity and
insights of remediation. Environ. Res. 2019, 176, 108542. [CrossRef]

6. Kaya, S.I.; Gumus, E.; Cetinkaya, A.; Zor, E.; Ozkan, S.A. Trends in on-site removal, treatment, and sensitive assay of common
pharmaceuticals in surface waters. TrAC Trends Anal. Chem. 2022, 149, 116556. [CrossRef]

7. Kant, R. Textile dyeing industry an environmental hazard. Nat. Sci. 2011, 4, 22–26. [CrossRef]
8. Khan, I.; Saeed, K.; Zekker, I.; Zhang, B.; Hendi, A.H.; Ahmad, A.; Ahmad, S.; Zada, N.; Ahmad, H.; Shah, L.A. Review on

methylene blue: Its properties, uses, toxicity and photodegradation. Water 2022, 14, 242. [CrossRef]
9. Gadipelly, C.; Pérez-González, A.; Yadav, G.D.; Ortiz, I.; Ibáñez, R.; Rathod, V.K.; Marathe, K.V. Pharmaceutical Industry

Wastewater: Review of the Technologies for Water Treatment and Reuse. Ind. Eng. Chem. Res. 2014, 53, 11571–11592. [CrossRef]
10. Katheresan, V.; Kansedo, J.; Lau, S.Y. Efficiency of various recent wastewater dye removal methods: A review. J. Environ. Chem.

Eng. 2018, 6, 4676–4697. [CrossRef]
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Abstract: The versatility and unique qualities of thermoresponsive polymeric systems have led
to the application of these materials in a multitude of fields. One such field that can significantly
benefit from the use of innovative, smart materials is environmental remediation. Of particular
significance, multifunctional poly(N-isopropylacrylamide) (PNIPAAm) systems based on PNIPAAm
copolymerized with various cationic comonomers have the opportunity to target and attract neg-
atively charged pollutants such as perfluorooctanoic acid (PFOA). The thermoresponsive cationic
PNIPAAm systems developed in this work were functionalized with cationic monomers N-[3-
(dimethylamino)propyl]acrylamide (DMAPA) and (3-acrylamidopropyl)trimethylammonium chlo-
ride (DMAPAQ). The polymers were examined for swelling capacity behavior and PFOA binding
potential when exposed to aqueous environments with varying pH and temperature. Comonomer
loading percentages had the most significant effect on polymer swelling behavior and temperature
responsiveness as compared to aqueous pH. PFOA removal efficiency was greatly improved with the
addition of DMAPA and DMAPAQ monomers. Aqueous pH and buffer selection were important
factors when examining binding potential of the polymers, as buffered aqueous environments altered
polymer PFOA removal quite drastically. The role of temperature on binding potential was not as
expected and had no discernible effect on the ability of DMAPAQ polymers to remove PFOA. Overall,
the cationic systems show interesting swelling behavior and significant PFOA removal results that
can be explored further for potential environmental remediation applications.

Keywords: thermoresponsive; PFAS; water remediation; cationic hydrogel

1. Introduction

Stimuli-responsive polymers have long been an attractive option for a wide range of
applications due to the transformations exhibited upon exposure to external stimuli [1].
Specifically, temperature-responsive polymers have been reported as especially useful
in the fields of biomedicine [2,3], drug delivery [3–5], microfluidics [3,6], environmental
remediation [7,8] and separations [9]. The unique qualities of these types of systems are
many-fold but the most remarkable is a reversible phase change that occurs at a critical
solution temperature in aqueous solvent. This behavior can be attributed to a disruption of
intra- and intermolecular interactions that cause the polymer to expand or collapse [10].
Thermoresponsive hydrogels have the ability to swell in aqueous environments without
dissolving, due to a volume phase transition around their characteristic critical temperature.

The most extensively studied thermoresponsive hydrogels are those based on poly(N-
isopropylacrylamide) (PNIPAAm). PNIPAAm polymers undergo phase transitions from
hydrophilic to hydrophobic at a lower critical transition temperature (LCST) around
32 ◦C [11,12]. As illustrated in Figure 1, PNIPAAm polymer chains are hydrated and begin
to expand when external temperatures drop below the LCST, resulting in a swollen polymer
state. Conversely, PNIPAAm polymer chains become hydrophobic if external temperatures
rise above the LCST, causing the polymer network to collapse [12]. This phenomenon has
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been attributed to hydrogen bond formation/destruction between water molecules and
the amide groups present in PNIPAAm [12,13]. Research reporting on the application of
such stimuli-responsive hydrogels for environmental remediation purposes is not novel
and several well-organized reviews discuss synthesis and application specifics [14–16].
In short, because thermoresponsive hydrogels, such as PNIPAAm, exhibit hydrophilic
behavior at a certain temperature range, many aqueous contaminants are allowed to easily
diffuse into the hydrogel-based sorbent. This type of binding model provides an alternative
to that demonstrated by activated carbon or other traditional sorbents [16]. In addition,
thermoresponsive stimulus changes can aid in the removal of environmental contaminants
through expansion to drive sorption and contraction to drive desorption [17]. Copoly-
merization with various comonomers can yield polymers containing functionalities that
modify the network properties. The addition of comonomers to PNIPAAm systems can
cause shifts in the polymer LCST, subsequently affecting swelling behavior [18]. These
materials, however, can be designed to exhibit characteristic properties (e.g., electrostatic
interactions with contaminants of interest, such as ubiquitous per- and polyfluoroalkyl
substances, PFAS), and the swelling/shrinking properties of these systems have created
a platform for the development of useful sorbents that can potentially target and remove
contaminants when needed [19].

Figure 1. PNIPAAm-based polymers undergo phase changes from hydrophilic to hydrophobic at a
lower critical transition temperature (LCST~32 ◦C) and can be modified with various comonomers to
yield functionalities that attract environmental pollutants such as PFOA.

One category of environmental contaminants that could be targeted through applica-
tion of stimuli-responsive hydrogels is poly- and perfluoroalkyl substances (PFAS). PFAS
are a class of an ever-growing number of compounds (now believed to encompass ap-
proximately 12,000 compounds) and have been frequently used for their stain and water
resistant properties [20]. They have been dubbed as “forever chemicals” due to their ex-
tremely persistent nature. In fact, no environmental half-life has been established thus
far. Numerous research studies have linked human PFAS exposure to shocking health
consequences such as several types of cancer, thyroid, kidney and liver disease, cholesterol
dysregulation, developmental and reproductive issues, and immune suppression [21–28].
As such, there has never been a more suitable time for innovative and renewable materials
research to address the current state of environmental pollution. Facile functionalization
of thermoresponsive hydrogels can produce materials with extremely desirable physical
characteristics for exactly this type of application [19].
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The thermoresponsive cationic polymers examined in this work have been syn-
thesized by free radical polymerization of a temperature-responsive platform of PNI-
PAAm crosslinked with N-N’-methylenebis(acrylamide) (NMBA) and various cationic
comonomers: (1) dimethylamino propyl acrylamide (DMAPA), and its quaternized sis-
ter form, (2) dimethylamino propyl acrylamide, methyl chloride quaternary (DMAPAQ).
Herein, we explore the effect of polymer composition, environmental pH, and temperature
on hydrogel swelling behavior and fluorinated contaminant binding affinity. Perfluo-
rooctanoic acid (PFOA) was chosen as a model PFAS contaminant and binding studies
were conducted by treating PFOA-spiked water samples with the synthesized polymers.
Cationic monomers are used to functionalize the polymers to equip them with positively
charged moieties that interact and bond with deprotonated PFOA moieties through elec-
trostatic interactions. It was hypothesized that increased addition of cationic comonomer
content hinders thermoresponsive behavior and swelling capacity of the PNIPAAm hy-
drogels while conversely enhancing polymer PFOA affinity. Binding studies conducted
at temperatures below polymer LCST are expected to result in higher removal efficiencies
than those conducted above LCST temperature.

2. Results and Discussion

Various crosslinked NIPAAm-based copolymers with varying cationic comonomer
type and concentrations were successfully synthesized by free-radical polymerization
along with a crosslinked PNIPAAm hydrogel that did not contain a cationic comonomer.
Thermoresponsive cationic polymers were synthesized by copolymerization of NIPAAm
with DMAPA or DMAPAQ, and successful incorporation of the cationic comonomers was
confirmed by FTIR analysis (Figures S1 and S2).

2.1. Swelling Behavior
2.1.1. Effect of Aqueous pH

As illustrated in Figure 2, aqueous pH had little discernible effect on PNIPAAm equi-
librium mass swelling ratio when examined in both buffered and titrated solutions at 20 ◦C
(held in isothermal water bath). Additionally, the difference in swelling ratio for PNIPAAm
in both aqueous systems is not statistically significant and generally average out to be
Qeq,buff = 5.4 ± 0.3 over the three pH systems (Table 1). Similarly, titrated aqueous solutions
had little effect on the swelling ratio of PNIPAAm at various pH (average Qeq,tit = 5.0 ± 0.3),
with the only slight difference occurring between the pH = 4 and 10 systems (Figure 2b).
This could be attributed to the effect of increased hydrogen ion interaction with the iso-
propyl and amino functional groups present in PNIPAAm, allowing for more hydrated
polymer chains. It can be noted, however, when comparing swelling kinetics between gels
placed in a buffered vs. titrated solution, equilibrium is achieved much more rapidly for the
titrated solution gels (Figure 2) likely due to increased electrolyte presence in the buffered
solutions that can interact with the polymer chains and slow the hydration process.

At the low comonomer loading percentage, pH has little effect on DMAPA(1) and
DMAPAQ(1) hydrogels (Figure 3a,d and Figure 4a,d) at 20 ◦C, just as is seen with the
PNIPAAm gels. For DMAPA(5) and DMAPA(10) loading, however, swelling ratio decreases
with increasing pH. This is likely due to the amide functional group present in DMAPA gels,
which would potentially become deprotonated at high pH values and thus tend to result
in more significant dehydration of the polymer chains. Additionally, note the behavior
of DMAPA(5) and DMAPA(10) in the temperature-dependent swelling study, where pH
10 resulted in hydrogel behavior similar to that of PNIPAAm, even as swelling ratios for
the pH 4 and pH 7 systems reached much higher values, indicating limited collapse and
a significant loss in thermoresponsive behavior (Figures S3 and S4). This trend, however,
is not as significantly noticed for the DMAPAQ polymers, although DMAPAQ(5) gels do
show similar inclination (Figure S5).
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Figure 2. Kinetic swelling behavior of crosslinked PNIPAAm (95 mol%) in various aqueous pH:
(a) buffered DI-H2O at 20 ◦C and I = 0.15 M, (b) titrated DI-H2O at 20 ◦C; n = 3, error bars
represent ± STD.

Table 1. Comonomer loading percentages for polymer synthesis via free radical polymerization with
corresponding equilibrium swelling ratios at 20 ◦C for various aqueous environments and pH values.
Crosslinker loading was consistent for all systems at 5 mol% NMBA; n = 3, numbers in parenthesis
represent +/− STD.

Polymer ID
Cationic

Comonomer

Comonomer
Loading
(mol%)

NIPAAm
Loading
(mol%)

Qeq,buff

pH 4
Qeq,buff

pH 7
Qeq,buff

pH 10
Qeq,tit

pH 4
Qeq,tit

pH 7
Qeq,tit

pH 10

PNIPAAm – – 95 5.4(0.2) 5.4(0.2) 5.5(0.4) 4.6(0.4) 4.9(0.1) 5.6(0.4)

DMAPA(1)
DMAPA

1 94 4.5(0.4) 4.5(0.7) 4.6(0.0) 5.0(1.7) 6.1(1.1) 5.5(0.4)
DMAPA(5) 5 90 6.4(0.2) 6.1(0.1) 5.5(0.1) 8.9(1.4) 9.9(0.6) 9.4(0.6)
DMAPA(10) 10 85 6.9(0.1) 6.9(0.2) 5.8(0.0) 7.0(0.6) 6.3(0.3) 5.7(0.6)

DMAPAQ(1)
DMAPAQ

1 94 6.3(0.2) 6.1(0.2) 5.9(0.2) 8.2(1.0) 8.7(1.0) 8.3(0.2)
DMAPAQ(5) 5 90 5.5(0.1) 5.8(0.1) 5.2(0.2) 9.3(0.1) 9.7(0.6) 9.5(0.6)

DMAPAQ(10) 10 85 6.1(0.1) 6.2(0.2) 5.5(0.1) 6.1(0.1) 6.8(0.8) 6.9(1.3)
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Figure 3. Kinetic swelling behavior of DMAPA hydrogels in the presence of varying pH aqueous
solutions at 20 ◦C: buffered swelling behavior of (a) DMAPA(1), (b) DMAPA(5), (c) DMAPA(10), and
titrated DI-H2O swelling behavior of (d) DMAPA(1), (e) DMAPA(5), (f) DMAPA(10). Red circles
indicate PNIPAAm swelling averages; n = 3, error bars represent ± STD.

Figure 4. Kinetic swelling behavior of DMAPAQ hydrogels in the presence of varying pH aqueous
solutions at 20 ◦C: buffered swelling behavior of (a) DMAPAQ(1), (b) DMAPAQ(5), (c) DMAPAQ(10),
and titrated DI-H2O swelling behavior of (d) DMAPAQ(1), (e) DMAPAQ(5), (f) DMAPAQ(10). Red
circles indicate PNIPAAm swelling averages; n = 3, error bars represent ± STD.

DMAPAQ hydrogels show similar results to those of the DMAPA polymers, although
they do not exhibit quite the drastic pH dependence (Figure 4. Swelling ratios of higher
loading gels decrease when pH is raised to 10 for all temperatures (Figure S5). Unlike the
DMAPA gels, however, thermoresponsive behavior only seems to be maintained for DMA-
PAQ(5) at pH 10 and not for DMAPAQ(10) at pH 10 (Figures S4 and S5). This would suggest
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that the quaternary ammonium functional group present in DMAPAQ allows the polymer
chain to stay hydrated even as hydrogen ion concentration decreases, bringing insight into
how important amino functional groups are for polymer hydration/dehydration.

Comparisons between swelling studies conducted in buffered versus titrated solutions
are reported to be significant, as shown in Figures 2–4. Swelling dependence on solution
pH was insignificant for PNIPAAm, DMAPA, and DMAPAQ gels in titrated solutions,
and only showed some discernible difference in buffered solution for DMAPA(5) and
DMAPA(10) gels.

2.1.2. Effect of Comonomer Composition

To examine the impact of cationic comonomer addition, crosslinked PNIPAAm (95 mol%)
was used as a control for all swelling studies, and as an effective visual comparison, the
averaged PNIPAAm swelling ratios are included on all other copolymer swelling graphs as
red circle markers. DMAPA(1) exhibits diminished swelling behavior in buffered solution,
Qeq,buff,pH7 = 4.5 ± 0.7 (Figure 3a), as opposed to PNIPAAm Qeq,buff,avg = 5.4 ± 0.3, whereas
DMAPAQ(1) is seen to have slightly increased swelling behavior at Qeq,buff,pH7 = 6.1 ± 0.2
(Figure 4a). Interestingly, out of all the examined systems, the addition of DMAPA(5)
and DMAPAQ(5) appeared to have the greatest swelling when placed in the nonbuffered
solution where polymer swelling capacity was significantly increased. It is unexpected
that the 10 mol% loading would not further increase the swelling of these systems, since
comonomer addition is expected to increase polymer hydrophilicity. It is our speculation
that interactions between the comonomer and other functionalities present in the PNIPAAm
and/or NMBA chains are hindering polymer swelling capacity. Using pH swings in
congruence with temperature shifts could offer some additional functionality to the DMAPA
and DMAPAQ monomers. It was observed, however, that higher aqueous pH values
resulted in thermoresponsive swelling similar to that of PNIPAAm. For instance, for
DMAPA(10) hydrogels in a buffered aqueous environment of pH = 7, a swelling ratio of
Qeq,buff,pH7 = 6.9 ± 0.2 was observed, but the gel was only able to contract back down to
Qeq,buff,pH7 = 4.2 ± 0.4 at 60 ◦C if left in the same pH environment. However, if the aqueous
environment was altered to pH = 10 after the gel had reached equilibrium, it collapsed to
Qeq,buff,pH10 = 1.9 ± 0.3 at 60 ◦C (Figure 3c and Figure S4).

Comparison of the DMAPAQ gels placed in buffered versus titrated solutions reveals
an interesting variance. The swelling ratios for DMAPAQ(1) and DMAPAQ(5) polymers
were significantly stifled in buffered solutions and remained similar to that of pure PNI-
PAAm, likely due to interactions with electrolytes present in the buffer solution that were
not present in the titrated solutions (Figure 4a,b,d,e). DMAPAQ(1)-titrated swelling ra-
tios are about 20% higher than those of the buffered solution, while DMAPAQ(5)-titrated
swelling ratios are around 60% higher than their buffered counterparts. Interestingly, this
trend is not as prominent for the higher-loading DMAPAQ(10) gels (Figure 4c,f).

Ultimately, the results reported here show a greater swelling deviation from PNI-
PAAm for DMAPA and DMAPAQ when examined in titrated solution rather than buffered
solution, particularly for DMAPAQ gels.

2.2. PFOA Binding Affinity

To investigate the role of amine-functionalized monomers in thermoresponsive poly-
mer sorbents on legacy PFAS uptake, PFOA removal was evaluated in batch experiments
using a higher concentration ([PFOA]0 = 200 μg L−1) than those found in most contam-
inated water sources, along with a relatively high polymer concentration (2500 mg L−1)
(Figure 5). Hydrogel affinity toward PFOA was demonstrated to be significantly affected
by pH when placed in buffered solutions (Figure 5a,b). All polymeric systems in buffered
solutions showed high removal efficiencies (>90%) for PFOA at pH = 4. This is most likely
due to the nature of PFOA itself, which usually assumes a deprotonated state. Increas-
ing pH presumably results in decreased electrostatic interactions between the negatively
charged contaminant and positively charged polymer. Furthermore, although it was ex-
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pected that higher adsorption would occur at temperatures below the PNIPAAm LCST,
there appears to be no significant difference between binding studies conducted at 20 ◦C
versus those conducted at 50 ◦C in buffered solution. DMAPA(5) was the only system that
hinted at a thermoresponsive binding trend by achieving removal efficiencies of 73.4% at
pH 7 when examined at 20 ◦C, which is below polymer LCST. Removal efficiency was
decreased to 68.0% at pH 7 when binding temperature was above LCST. The addition of
the cationic comonomers to PNIPAAm gels did not have a significant impact on PFOA
binding affinity when the gels were examined in buffered solution, despite evidence that
binding mostly occurs through ionic interactions between anionic PFOA heads and cationic
polymer moieties. In fact, PNIPAAm outperformed DMAPAQ systems at buffered aqueous
pH 7 and 10. DMAPA gels had slightly higher removal efficiencies than the other systems
at pH 10, and this was one of the only instances where the 50 ◦C binding study showed
higher removal than the 20 ◦C binding study. A higher percentage of removal efficiency
achieved by PNIPAAm could most likely be attributed to ionic attraction of the hydrophilic
carboxylic head of PFOA to the hydrophilic secondary amine functionality in PNIPAAm.

Figure 5. PFOA removal efficiency of PNIPAAm, DMAPA(5), and DMAPAQ(5) hydrogels at various
aqueous pH values after 20 h: (a) buffered aqueous solution at T = 20 ◦C, (b) buffered aqueous
solution at T = 50 ◦C, (c) titrated aqueous solution at T = 20 ◦C, and (d) titrated aqueous solution at
T = 50 ◦C; n = 3, error bars represent ± STD.

Removal efficiencies for the DMAPA(5) and DMAPAQ(5) systems significantly im-
proved when examined in titrated aqueous conditions as compared to those reported in
buffered solutions. For example, DMAPA(5) examined in aqueous pH 7 at 50 ◦C had PFOA
removal of 93.9% in titrated solution as compared to 68.0% in buffered solution. Similarly,
DMAPAQ(5) saw an increase from 62.5% PFOA removal to 99.2% removal in the same
conditions (Figure 5). As expected, the quaternary amine containing DMAPAQ performs
consistently well across all pH values. PNIPAAm, DMAPA, and DMAPAQ gels achieved
lower removal efficiencies when binding studies were conducted at 20 ◦C, contradictory to
what was originally hypothesized. For gels in titrated aqueous solutions of pH 7 at both 20
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and 50 ◦C, DMAPAQ(5) achieved near 100% removal (within error), which would bring
PFOA measurements within acceptable range of EPA lifetime health advisory limits [29].
Absolute capture is an important measure when considering environmental contaminants
such as PFOA. Determining an equilibrium state and binding equilibrium constant for the
hydrogel sorbents are crucial factors for reporting reliable binding measurements. Addi-
tional studies with these materials are needed to establish appropriate contact time and
concentration ranges.

3. Conclusions

In this work, a variety of thermoresponsive cationic hydrogels were successfully syn-
thesized via free radical polymerization. The effect of pH on hydrogel swelling behavior
was found to be insignificant for PNIPAAm and hydrogels containing loading percentages
of 1 and 5 mol% cationic comonomer. Inclusion of cationic comonomers, however, did
alter hydrogel swelling capacity, mostly due to losses in thermoresponsive behavior as
the comonomer amount was increased. For all three cationic comonomer systems, high
loading percentages led to significantly higher swelling ratios that also corresponded to a
decrease in the inability to collapse as temperature was increased above the LCST. The only
exceptions to this observed behavior were seen at aqueous pH = 10 where DMAPA(10) and
DMAPAQ(5) behaved similarly to that of PNIPAAm (Figures S4 and S5). Sorption of PFOA
was inversely related to buffered aqueous pH, while cationic monomer type had little
noticeable consequence in the buffered solutions. A stark contrast is observed, however,
when binding studies are conducted in titrated aqueous environments, indicating that
buffer selection can deeply hinder contaminant removal efficiency because of competitive
electrostatic interactions. These insights gained from hydrogel performance under variable
pH, buffer, temperature, and comonomer composition provide us with a deeper under-
standing of which polymer functionalities are most beneficial when designing materials for
PFAS remediation in aqueous environments.

4. Materials and Methods

4.1. Materials

N-isopropylacrylamide (NIPAAm, Sigma-Aldrich, St. Louis, MO, USA, 97%), N-[3-
(dimethylamino)propyl]acrylamide (DMAPA, TCI, ≥98.0%), (3-acrylamidopropyl)trime-
thylammonium chloride (DMAPAQ, Sigma-Aldrich, St. Louis, MO, USA, 75 wt% in
H2O), crosslinker N-N’-methylenebis(acrylamide) (NMBA, BeanTown Chemical, 99%),
initiator ammonium persulfate (APS, Sigma-Aldrich, St. Louis, MO, USA, ≥98%), catalyst
N,N,N’,N’-tetramethylethylenediamine (TEMED, VWR, ≥98%), perfluorooctanoic acid
(PFOA, Sigma-Aldrich, St. Louis, MO, USA, 95%) were used as received. Ultrapure water
(resistivity 18.2 MΩ) was used in all synthesis reactions and subsequent experiments.

4.2. Hydrogel Synthesis

Preparation of PNIPAAm hydrogel systems was conducted via free radical polymeriza-
tion reactions (Table 1). The calculated amounts of NIPAAm and cationic comonomer were
dissolved in ultrapure water (2 mL) with feed ratios of 95/0, 94/1, 90/5, or 85/10 mol%
and crosslinker NMBA kept constant at 5 mol%. A 0.5 mg/mL initiator stock solution
was prepared by dissolving 50 mg of APS in 1 mL ultrapure water and was added to the
reactant solution at 0.1 wt% combined weight of NIPAAm, comonomer, and NMBA. The
catalyst TEMED was added at 2 wt% combined weight of NIPAAm, comonomer, and
NMBA. Vortex mixing was conducted for 10 s before the reactant solution was transferred
to glass templates to create hydrogel sheets with dimensions of 1 mm by 12 mm by 24 mm.
The polymerization reaction was allowed to proceed for 24 h at ambient conditions. The
synthesized hydrogels were immersed in ultrapure water for an additional 24 h at ambient
temperature to ensure removal of any unreacted monomers, initiator, or catalyst, during
which the wash water was replaced with fresh water at least 3 times. After washing, the
polymers were cut into small rectangular pieces and oven dried at 75 ◦C for 24 h. Dried
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polymers were either stored as is or ground with mortar and pestle into fine powder to be
used for subsequent swelling and binding studies.

4.3. Hydrogel Characterization
4.3.1. FTIR Analysis

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) was used to con-
firm successful incorporation of the cationic comonomers into the synthesized hydrogels
with a Varian Inc. 7000e spectrometer. Dried samples were placed on a diamond ATR
crystal and spectrums were obtained between 700 and 4000 cm−1.

4.3.2. Kinetic Swelling Study

Swelling kinetics of each hydrogel were determined via gravimetric analysis in both
buffered and titrated DI-H2O aqueous solutions. Buffered solutions were prepared at
pH = 4 and 7 using a phosphate citrate buffer and at pH = 10 using an ammonia buffer.
Titrated DI-H2O solutions were prepared through slow addition of either 1 M NaOH or
2 M HCl to DI-H2O to achieve aqueous pH of 4, 7, or 10. An approximately 10.0 mg piece
of dry gel was immersed in 5 mL of aqueous solution at 20 ◦C in an isothermal water bath
and measurements were taken at regular intervals of 0.5, 1, 2, 4, 8, 12 and 20 h. To do so,
each sample was removed from the solution, gently patted with a Kimwipe to remove
excess surface water, and quickly weighed on an analytical balance. The equilibrium mass
swelling ratio (Qeq) of the hydrogel in buffered aqueous solution was calculated according
to Equation (1):

Qeq =
ms

md
(1)

where ms (mg) and md (mg) are the sample weight of the swollen and dried hydrogel
samples, respectively.

4.3.3. Temperature-Dependent Swelling Study

Temperature responsiveness of each hydrogel was examined by allowing an approx-
imately 10.0 mg piece of dry gel to equilibrate in 5 mL of aqueous solution (pH = 4, 7,
or 10 of buffered solution as described above) for 24 h at various solution temperatures.
Swelling ratios were measured at temperatures of 10, 20, 25, 30, 35, 40, and 50 ◦C. Mass
measurements were collected by the same method described in the kinetic swelling study
section above. The mass swelling ratio was calculated using Equation (1).

4.3.4. PFOA Binding Affinity

Environmental remediation proof-of-concept experiments were conducted by exam-
ining the PFOA binding potential of the synthesized polymers through straightforward
equilibrium binding studies. Approximately 2.5 mg/mL of dried granulated sorbent (only
cationic polymers DMAPA(5) and DMAPAQ(5) were examined along with PNIPAAm
and no sorbent as a negative control) was added to aqueous solutions (pH = 4, 7, or 10
of buffered or titrated solutions as described above) spiked with 200 ppb PFOA in glass
vials. The system was then agitated on an orbital shaker for 20 h at either 20 or 50 ◦C.
Subsequently, all samples (including controls) were filtered via 0.2 μm syringe tip filter
before analysis via liquid chromatography mass spectrometry (LC–MS/MS). Ultraperfor-
mance liquid chromatography (UPLC) coupled with electrospray ionization tandem mass
spectrometry was used for analysis of PFOA concentration. Instrumentation included a
bench-top binary prominence Shimadzu chromatograph (Model: LC-20 AD) equipped
with a SIL 20 AC HT autosampler interfaced with an AB SCIEX Flash Quant mass spectrom-
eter (MS/MS) (Model: 4000 Q TRAP). Limit of detection (LOD) for target analytes were
0.25 ng/L at S/N 1/4 4. Seven calibration points with linear dynamic range (LDR) were
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within 2.5–320 ng/mL and had R2 values of 0.99968. For all PFAS binding experiments, the
pollutant removal efficiency by the hydrogel sorbents was calculated as:

Removal Percentage (%) =
C0 − Ct

C0
× 100 (2)

where C0 (μg L−1) is the initial concentration of PFAS and Ct (μg L−1) is the concentration of
PFAS at time (t). The initial concentration C0 was obtained from the average concentration
of negative control samples to account for loss of pollutant from experimental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8100668/s1, Figure S1: FTIR spectra for DMAPA hydrogels;
Figure S2: FTIR spectra for DMAPAQ hydrogels; Figure S3: Equilibrium temperature-responsive
swelling behavior of crosslinked PNIPAAm (95 mol%) in various buffered aqueous pH solutions
at t = 24 h; n = 3, error bars represent +/− STD; Figure S4: Equilibrium temperature-responsive
swelling behavior of crosslinked DMAPA hydrogels in various pH buffered aqueous solutions at
t = 24 h: (a) DMAPA(1), (b) DMAPA(5), and (c) DMAPA(10). Red circles indicate PNIPAAm swelling
averages; N = 3, error bars represent +/− STD; Figure S5: Equilibrium temperature-responsive
swelling behavior of crosslinked DMAPAQ hydrogels in various pH buffered aqueous solutions at
t = 24 h: (a) DMAPAQ(1), (b) DMAPAQ(5), and (c) DMAPAQ(10). Red circles indicate PNIPAAm
swelling averages; n = 3, error bars represent +/− STD.
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Abstract: Biofouling has destructive effects on shipping and leisure vessels, thus producing severe
problems for marine and naval sectors due to corrosion with consequent elevated fuel consumption
and higher maintenance costs. The development of anti-fouling or fouling release coatings creates
deterrent surfaces that prevent the initial settlement of microorganisms. In this regard, new silica-
based materials were prepared using two alkoxysilane cross-linkers containing epoxy and amine
groups (i.e., 3-Glycidyloxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane, respectively),
in combination with two functional fluoro-silane (i.e., 3,3,3-trifluoropropyl-trimethoxysilane and
glycidyl-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorononylether) featuring well-known hydro repel-
lent and anti-corrosion properties. As a matter of fact, the co-condensation of alkoxysilane featuring
epoxide and amine ends, also mixed with two opportune long chain and short chain perfluorosilane
precursors, allows getting stable amphiphilic, non-toxic, fouling release coatings. The sol–gel mix-
tures on coated glass slides were fully characterized by FT-IR spectroscopy, while the morphology
was studied by scanning electron microscopy (SEM), and atomic force microscopy (AFM). The fouling
release properties were evaluated through tests on treated glass slides in different microbial suspen-
sions in seawater-based mediums and in seawater natural microcosms. The developed fluorinated
coatings show suitable antimicrobial activities and low adhesive properties; no biocidal effects were
observed for the microorganisms (bacteria).

Keywords: sol–gel technique; anti-fouling properties; fouling release activity; marine bacteria;
non-biocide release; amphiphilic coating

1. Introduction

Biofouling, defined as the undesired accumulation given by any association of mi-
croorganisms, algae, plants, and marine animals on submerged surfaces, causes over time
bio-deterioration of exposed areas of ships, boats, ports, underwater cultural heritage,
with progressive loss of economic value, as well as higher costs for their maintenance,
and fuel consumption in the case of vessels [1]. In this regard, it has been calculated that
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the development of new anti-fouling technologies would reduce the fuel consumption for
navigation (between 38 and 72%), saving 60 billion dollars and avoiding the emission of
about 390 million tons of greenhouse gases each year [2].

In an underwater environment, biological colonization, at the base of biofouling
phenomena, is a relatively fast process in which microbial species [3] and the adhesion time
vary significantly depending on the geographic area, especially related to environmental
conditions (i.e., salinity, pH, temperature, nutrient levels, solar irradiation, etc.) [4,5].

Several research studies have already been carried out on products that prevent marine
fouling, namely anti-fouling (AF, hereafter) coatings [6–8]. An ideal AF coating should have
the following properties: durability, resistance to external/mechanical agents, easiness to
apply, low cost, and non-toxicity for non-target species and marine environment [9].

The AF coatings can be classified into two categories: biocide-release coatings and
non-biocide-release coatings, see Figure 1 [10–12]. The biocide-release coatings are based
on the dispersion of biocides from different types of polymeric hosting matrices and they
are progressively released over time in seawater. Currently, these coatings are the most
used; however, in this regard, the problem of toxicity and high maintenance costs still
remain a critical issue [13–15]. On the other hand, non-biocide release AF coatings represent
the non-toxic and environmentally friendly alternative to anti-fouling coatings containing
biocides (also called fouling release activity, FR hereafter) [16,17].

Figure 1. Schematization of anti-fouling and fouling release activity of sol–gel functional coatings.

Two strategies are exploited in the non-biocidal approach: (i) the “separation of sta-
bilized biofoulants”, which attempts to reduce as much as possible the force with which
the micro-organisms adhere on a surface, facilitating their removal due to the weight of
the deposits or by the flow of water generated during navigation; (ii) “prevention of the
adhesion of biofoulants”, which aims to avoid the formation of a stable fouling film, thus
preventing the adhesion of organic molecules that will trigger the bio-settlement process.
Many other aspects, related to the characteristics of the materials that can be used to opti-
mize AF or FR strategies, play an important role in controlling the non-desired biofouling
process [18–21]. The chemical, physical, mechanical, and structural properties, the mass
(elastic modulus, coating thickness, etc.), and topography (i.e., the physical constraints)
of the covered surface are all equally important parameters, as they will determine the
character of the AF coating itself and the life span of the applied material [22,23]. The
coatings designed to solve these needs are usually silicones- and fluoro-polymers based on
the strategy of separation of biofoulants [24–26]. Reticulated polyurethane/polysiloxane
systems [27–31] and combined coatings based on fluorine and silicon demonstrate high
abilities in favoring the separation of stabilized biofoulants on surfaces immersed in the
marine environment [32–36].

The enormous adaptability of sol–gel methodology, which is highly controlled, pro-
vides some advantages over previous existing procedures such as low process temperatures,
good homogeneity products such as low thickness coatings can be obtained, and produc-
tion of mixed oxides thanks to the stoichiometric control of the composition of the starting
solution, better control of the porosity of the material produced by varying the heat treat-
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ment, and a high degree of purity, but it presents also some limitations as costs of starting
materials, possible formation of fractures during the cross-linking phase and long process
times [37–39].

Methods and applications have expanded in tandem with the growing interest in
sol–gel technique [40–42].

In this regard, sol–gel-based coatings have already been widely used to enhance the
surface properties of different substrates, with which they may bind covalently and steadily,
and let the final coated surface show good chemical inertness, resistance to thermal and
mechanical stress, and still no cytotoxicity towards human health and environment [43–45].

As a matter of fact, currently, fluorinated long-chain derivatives are still widely em-
ployed, thanks to very low surface energy, as functional hydro repellent additives or
cross-linkers to improve water repellency, together with chemical- and photo-stability
properties of sol–gel-based coating, as well as coated surface.

Hybrid organic–inorganic fluorinated materials were already prepared and used as
hydrophobic coatings for conserving lithic substrates [46–48].

The aim of this work is to design and develop fouling release biocide-free coatings,
bearing different long-chain fluorinated substituents in combination with other common
sol–gel-based cross-linkers [49,50].

Despite the presence of nonpolar fluorinated substituents, very often (bio)fouling
is still able to adhere on (super)hydrophobic coatings, leading to water penetration and
subsequent coating breaking and run over [51].

Moreover, as mentioned before, hydrophobic coatings thanks to their low surface
energy, present a low adhesion force towards polar marine foulants [52,53], but they
are not so effective with non-polar foulants characterized by an adhesion highly related
to the coating surface energy and wettability, such as some barnacle cyprids and algal
zoospores [54] or other non-polar extracellular substances and cell walls components [55].

In this regard, different research studies are still devoted [56–58] to the design and
synthesis of amphiphilic FR coatings, bearing both polar and nonpolar groups (i.e., fluoro-
polymers), either also as hyperbranched or mixed cross-linked networks. With this ap-
proach, the overall amount of functional hydrophobic copolymer may be drastically re-
duced (<15%), since it has been shown that at the water/coating interface, the hydropho-
bic brushes align with each other and aggregates in a self-assembled monolayer (SAM)
form [59]. Furthermore, the presence of a dynamic surface with local variations in surface
chemistry, topography, and mechanical properties of such amphiphilic coatings, leads to
lower interfacial interactions and therefore a less fouling settlement [60].

Four types of silica precursors (see Figure 2) were used in order to combine the chemical-
physical properties of the alkoxysilane cross-linkers subunits containing epoxy and amine
groups (i.e., 3-Glycidyloxypropyltrimethoxysilane, GPTMS, and 3-aminopropyltriethoxysilane,
APTES; respectively), with those of co-monomers containing functional fluorinated organic
compounds (i.e., 3,3,3-trifluoropropyl-trimethoxysilane and glycidyl-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-
hexadecafluorononylether).

Four developed (G_A, G_A_F3, G_A_F16, G_A_F3_F16) coatings are obtained by
reaction of two bifunctional starting sol–gel precursors, namely APTES and GPTMS (in a
concentration ratio of 1:2; hereafter also indicated as A and G, respectively, Figure 2); both
of them are bearing a trialkoxysilyl group in one side, and an amine or an epoxy group, on
the other, respectively. This bifunctionality of the two reacting ends of A and G favors the
development of a stable sol–gel-based 3D matrix, thus guaranteeing complete and stable
coverage of the treated coated surface.

Moreover, the amphiphilic coatings show to be very efficient as biocide-free FR coat-
ings, thanks also to synergic actions coming from the polar fouling resistant a polyethylene
oxide (PEO)- and polyether amine(PEA)-based, cross-linked matrix and the fouling release
F3 and F16 copolymers. Finally, we thought it worthwhile to develop an asymmetric
nanostructured hyperbranched polymeric coating using both F3 and F16 co-monomers, i.e.,
bearing both long and short perfluorinated chains.
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Figure 2. Chemical structure of the employed functional alkoxysilane sol–gel precursors together
with the adopted acronyms.

In this way, we would rather try to simulate the lotus effect, with well-separated long
chain brushes, in whose cavities (i.e., in correspondence of F3 chains) air may be entrapped,
thus preventing the penetration of water and surface wettability.

All coated surfaces were characterized by different chemical–physical, morphological,
and rheological techniques, and the good antibacterial and antifouling properties were
assessed by the biological test. In particular, biological tests aimed, from one side, to
evaluate if the coatings could have released some antibacterial compounds in the liquid
medium (biocide-release), while the antifouling effect was evaluated via the reductions of
the number of adhering cells on the effective surfaces as compared to the controls.

These results will open the way to the development of eco-friendly, economical,
durable, and easy-to-apply matrices that show also interesting fouling release and antibac-
terial activities, that may find useful applications in blue growth and buildings, as well as
for cultural heritage protection (Figure 3).

Figure 3. Overall aim of the work, from the FR sol–gel synthesis to blue growth applications.
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2. Results and Discussion

The proper design and development of fluorinated, biocide-free amphiphilic sol–gel-
based coating has been run, following the synthetic procedures reported in Figures 4 and 5.

Figure 4. Sol–gel synthesis towards the formation of the cross-linked PEA-PEO-based G_A coating
by reaction of G/A (2:1) [61].
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Figure 5. Sol–gel synthesis towards the formation of the three functional G_A_F3, G_A_F16,
G_A_F3_F16 coating by reaction of GPTMS/APTES (2:1), and F3 and F16 (overall 5 wt%).

In particular, the amine group is able to react first of all with one or two epoxy group
of the G moiety. Reversely the alkoxysilane ends, after a first acidic hydrolysis step, may
statistically bound each other or after the application on a glass surface, in the condensation
step may bond stably to the glass or either cross-link each other, giving rise to a diffuse
polar polyether amine (PEA) containing polyethylene oxide (PEO) in the G_A sol–gel-based
matrix [61].

Moreover, the other three designed sol–gel functional fluorinated mixtures were also
prepared by the addition of an overall 5% of F3, F16, or both F3 and F16, i.e., fluorinated
functional long or short chain sol–gel precursors. In this way, the overall sol–gel technique
will allow the development of a hybrid functional coating, bearing both polar/hydrophilic
components related to the amino, ether, and hydroxyl groups, and nonpolar/hydrophobic
–CF3 (F3) and –C8HF16 (F16) components, whose FR amphiphilic properties will be tested
by mechanical and biological tests.

2.1. Characterization of Sol–Gel Coated Glass Slides
2.1.1. FT-IR Analysis

To investigate the nature of the coatings and to confirm their successful deposition,
ATR FT-IR spectra of silane xerogel coatings applied and annealed on glass slides were
registered and investigated. The frequencies of major absorption bands are shown in
Figure 6 and Table 1, respectively [62].
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Figure 6. FT-IR spectra of glass slides treated with G_A, G_A F3, G_A F16, and G_A F3_F16 sol.

Table 1. Main vibration modes ascribable to xerogels.

Wavenumbers (cm−1) Reference Vibrational Modes

On the glass From literature
3399 3450–3261 [63,64] ν (N-H)

2930–2870 2980–2800 [65,66]
1456 1450 ν (C-H)
1250 1263 [67] ν (C-F) in CF3
1206 1200 [27,65] ν (Si-O)
1150 1154 [66,67] ν (C-F) in CF2
1026 1080 [68,69] (Si-O-Si)
958 950 [69,70] (Si-OH)
856 816–847 [27,65] ν (Si-O-Si)
760 786–749 [27,65] νs (Si-O-Si)

The nature of the hybrid structure silica precursors based on either epoxy or amino
groups is strongly influenced by the epoxy ring opening that can follow different well-
known subsequent reaction pathways: (a) hydrolysis with formation of diol; (b) alcoholysis
with the formation of ethyl ether terminal groups; (c) consecutive polymerization steps
to give oligo- or poly(ethylene)oxide groups or a hybrid 3D network; (d) reaction with
primary/secondary amino group, thus transformed in secondary/tertiary. Indeed, during
the final thermal curing step, each silanol group obtained by sol–gel precursors hydrolysis,
can react with each other to form stable siloxane bonds (Si-O-Si). At the same time, further
bonds can be formed by glycidyloxy groups able to react both with themselves and with
hydroxyl groups of hydrolyzed precursors. Consequently, the polyaddition reaction of the
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opened epoxy groups, with the formation of Si-O-C bonds, can increase the flexibility of
the network, favoring a great homogeneity between the organic and inorganic components
of the so-obtained network.

In the coating (G_A) obtained by the combination of GPTMS and APTES, a broad peak
located at 3399 cm−1 is dominated by -NH stretching of -NH2 group, while some character-
istic bands at 2930 cm−1 and 2870 cm−1 were assigned to C-H symmetric stretching of CH2
in the propyl chain present in both precursors. The peak at 1456 cm−1 was characterized
as a C-H deformation in alkyl chains, while bands at 1026 cm−1, 857 cm−1 (bending), and
790 cm−1 (stretching) were due to Si-O-Si stretching and Si-O-Si bending modes, confirm-
ing the formation of an inorganic SiOx matrix. Further bands at 1402 and 760 cm−1 were
ascribed to the C-N stretching and the N-H out-of-plane bonding, respectively. The coatings
realized by adding to the GPTMS/APTES combination two fluorinated precursors, both
individually and in combination, show the same hybrid structure. In the coating (G_A)
obtained by the combination of GPTMS and APTES, a broad peak located at 3399 cm−1

is dominated by -NH stretching of the -NH2 group, while some characteristic bands at
2930 cm−1 and 2870 cm−1 were assigned to C-H symmetric stretching of CH2 in the propyl
chain presents in both precursors. The peak at 1456 cm−1 was characterized as a C-H
deformation in alkyl chains, while bands at 1026 cm−1, 857 cm−1 (bending), and 790 cm−1

(stretching) were due to Si-O-Si stretching and Si-O-Si bending modes, confirming the for-
mation of an inorganic SiOx matrix. Further bands at 1402 and 760 cm−1 were ascribed to
the C-N stretching and the N-H out-of-plane bonding, respectively. The coatings realized by
adding to the GPTMS/APTES combination two fluorinated precursors, both individually
and in combination, show the same hybrid structure. In addition to the already character-
ized sol–gel coatings infrared bands, in G_A_F3, G_A_F16, and G_A_F3_F16 samples the
presence of fluorine was confirmed by the variation of spectra in the range 1130–1260 cm−1,
due to the presence of the peaks ascribable to fluorinate groups. Even if partially over-
lapped by other bands, the shoulder at 1154 and the peak at 1263 cm−1 were related to CF
stretching in CF2 and CF3 groups. In particular, to confirm this interpretation, it should
be noted that the band assigned to CF2 does not appear in the G_A_F3 coating spectrum,
since it does not exist in the chain of the 3,3,3-trifluoropropyltrimethoxy-silane precursor.

2.1.2. Morphological and Topography Characterization

The nanoscale morphology of functionalized glass substrates was investigated via
atomic force spectroscopy (AFM).

Bare glass slides were found to have a relatively featureless, homogeneous appearance
with a root mean square surface roughness (Sq) of 1.3 ± 0.1 nm. The surface of all G_A-
functionalized substrates evidenced numerous ridge-like protrusions with an average
length of 62 ± 12 nm (Figure 7). Successive functionalization with F3 and F16 had a
marginal impact on the substrates’ surface morphology from both a qualitative and a
quantitative point of view, as attested by the fact that the Sq of G_A, G_AF3, G_A F16,
and G_A F3_F16 substrates fell within the 1.8 ± 0.3 nm range. Roughness values recorded
on the second series of samples were generally lower, with an average Sq of 0.7 ± 0.2,
except for sample G_A_F3_F16 which showed a higher Sq of 1.7 ± 0.2. Interestingly,
the characteristic ridge-like features of the previous sample set were not visible, while
occasional depressions and holes were observed. These observations are compatible with
the presence of an additional coating layer of amorphous material, masking the underlying
surface, on the second sample set.

Figure 8 shows the surface profile of the antifouling coatings, measured with a
surface profilometer.

The surface roughness parameters of these coatings (Ra) are listed in Table 2. Function-
alization of G and A chains with fluorinated organic compounds should lead to an increase
in surface roughness compared to an unmodified matrix, but this roughness decreases in
particular for the sample G_A_F3_F16. In fact, all functionalized samples show a decrease
in roughness from an Ra value of 0.53 μm for G_A_F16 to an Ra value of 0.26 μm for
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G_A_F3_F16. In order to fully understand the chemical structure influence of the coating,
wettability and surface roughness need to be measured at the same sample spot, and the
results evaluated according to Equation (2) to separate the effect of the roughness from
the wettability. Figure 9 and Table 2 show the contact angle (θ) values given by Wenzel’s
equation and Young’s equation concerning the sol–gel coatings.

Figure 7. Representative AFM images of bare and functionalized glass substrates (all images are
2 × 2 μm, series 2 differs from series 1 for the presence of an additional applied coating layer).

Figure 8. Surface roughness profiles of G_A, G_A_F3, G_A_F16, and G_A_F3_F16 samples.

Table 2. Roughness values of Ra and comparison of the contact angles of Wenzel (θW) and Young
(θY) of the coatings.

Name Ra [μm] θW [◦] θY [◦/μm]

G_A 1.40 ± 0.01 81.84 ± 0.85 84.18 ± 0.85
G_A_F3 0.41 ± 0.03 80.52 ± 0.85 66.31 ± 0.95

G_A_F16 0.53 ± 0.03 81.44 ± 0.85 73.69 ± 0.85
G_A_F3_F16 0.26 ± 0.003 75.80 ± 0.95 21.69 ± 0.95
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Figure 9. Comparison of contact angles θw and θY of the coatings.

Considering that, for hydrophilicity, there is a low contact angle (θ < 90◦), while for a
hydrophobic situation there is a high contact angle (θ > 90◦), the functionalized coatings as
such have hydrophilic characteristics, even more than the G_A matrix. The comparison
between the contact angles θw and θY of the coatings shows an ideal decrease in the value
of the contact angle θY with respect to that θw.

The roughness values of the functional coated surface are in the range expected for
the coated glass surface, i.e., 0.53–0.26 μm. On the other hand, the roughness of the coated
surface (that may be influenced by the manual “doctor blade” method, as described in the
material and method section) affects Young’s contact angle values, since an increase in the
roughness will decrease Young’s contact angle value (by applying the Equations (1) and (2)
in Section 4.2). Anyway, it is worthwhile to remark that all the developed coatings have
both Young and Wenzel contact angles lower than 90 ◦C, even by employing functional
alkoxysilanes featuring fluorinated alkyl chains by increasing length, leading us to conclude
that we are dealing with hydrophilic coated surfaces.

2.2. Characterization of Sol–Gel Colloidal Solutions

In the present study, it was observed that shear-thinning behavior varies as a function
of the type of fluorinated compound used for the functionalization. Figure 10a shows the
viscosity changes as a function of the shear rate for the different coatings.

Figure 10. (a) Viscosity vs shear rate and (b) flow curves of the coatings at room temperature.
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Viscosity generally represents the flow resistance of materials based on the interaction
between the components. The results revealed that the viscosity was almost dependent on
the shear rate, behaving like a Newtonian fluid, and it gradually decreased with increasing
shear rate, indicating shear thinning properties [71]. Across the entire measuring range, the
coating G_A_F16 exhibited a higher viscosity of η = 22.94 mPa·s within the shear rate range
shown (100 s−1 to 1000 s−1), while the coatings G_A, G_A_F3 and G_A_F3_F16 remains
constant, thus showing ideally viscous flow behavior with η = 1.68 mPa·s, η = 1.60 mPa·s
and η = 1.12 mPa·s, respectively. The measuring results of viscosity curves are presented as
a diagram with shear rate plotted on the x-axis and viscosity plotted on the y-axis; both
axes are presented on a logarithmic scale. The relationship between the shear stress and
shear rate of the coatings is shown in Figure 10b.

2.3. Evaluation of Antifouling Properties and Characterization

The microscopic analysis carried out on untreated (control) and treated glasses showed
significant differences in adhered cells between untreated and treated glasses.

2.3.1. LM and EM

Figure 11 summarizes all the results of the percentage of adhesion of the three microor-
ganisms tested as compared to the untreated control (=100%).

Figure 11. Histogram of the percentage of adhesion on the treated surface of glass slides compared to
the adhering cells on the untreated glass slides. For diatoms were reported the results obtained by
using two different microscopes (LM and EM).

Each set of experiments carried out with the three microorganisms is shown in the
following figures. Figure 12 shows the results obtained with the Gram-negative strain
S. maltophilia (BC 658).

Figure 12. Images of the Gram-negative strain S. maltophilia BC 658 observed with an epifluorescence
microscope. (a) Control 63×; (b) G_A 40×; (c) G_A_F3 40×; (d) G_A_F16 40×; (e) G_A_F3_F16 40×.
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All glass slides treated with the four sols determined a significant decrease in adhering
cells with respect to the control. G_A covered glass slide reduced the adhered cells number
to 76.5% with respect to the control. G_A_F3 and G_A_F16 reduced significantly the
adhering cells number, respectively, to 29.5% and 53%. G_A_F3_F16 showed also an FR
activity decreasing the adhering cells number to 71% with respect to the control.

G_A_F3 coated glass slide showed the best FR attitude against the Gram-negative strain.
Figure 13 shows the results obtained with the strain Rossellomorea aquimaris strain

BC 660. On the control glass slides, the strain produced abundant biofilm that contributed
to the coverage of glass slides, despite the number of cells covering only ~12.5% of the
area considered. G_A_F3 and G_A_F3_F16 resulted very effectively against the Gram-
positive strain and did not allow bacterial adhesion. A significant decrease in adhering
cells was observed.

Figure 13. Images of the spore-positive Gram-positive strain R. aquimaris BC 660 observed under an
epifluorescence microscope. (a) control 40×; (b) G_A 40×; (c) G_A_F16 40×.

The results obtained with the strain of Navicula sp. are shown in Figure 14.

Figure 14. Images of the slides treated and not in contact with Navicula sp. obtained with the light
microscope and with the epifluorescence microscope 20× magnification. (a,b) Control; (c,d) G_A;
(e,f) G_A_F3; (g,h) G_A_F16; (i,j) G_A_F3_F16. Note that figures g and h (G_A_F16) showed suffering
and ghost cells.

116



Gels 2022, 8, 538

The coating alone G_A increased the adhesion of the diatom with an increase in the
number of 154% (seen under LM) and 149% (for EM) than control. A diminishing number
of adhering cells (regarding G_A_F3 covered glass slide) was observed (10.8%) with LM,
whereas with a fluorescence microscope number of cells seemed to be similar to the control
one (105%). However, in more careful observation of the images, we clearly pointed out
that while the cells of the control tend to aggregate into clusters, on the G_A_F3 covered
glass slides the cells are spread and not aggregated (Figure 14f). G_A_F3_F16 shows a
behavior similar to G_A with a cell number increasing considerably higher with respect to
the control (141.7%, 181% in epifluorescence).

2.3.2. Morphological Characterization: Scanning Electron Microscopy (SEM)

The influence of different glass functionalization procedures on organism surface
adhesion was investigated by SEM imaging (Figure 15). All images showed clearly resolved
organisms in different amounts. Individual diatoms were found to measure 80 ± 20 μm2

and bacteria 1.4 ± 0.3 μm2 when adhered to substrates. The surface densities of organisms
and the percentage of surface area covered by them were determined by quantitative SEM
image analysis for all substrates.

Figure 15. Representative SEM micrographs of bare and functionalized glass substrates after exposi-
tion to different microbial suspensions. All scale bars are 20 μm; insets are 20 by 20 μm (on the left,
showing clustered bacteria) and 2 by 2 μm (on the right, showing an isolated bacterium).

Bare glass substrates were found to be the most prone to the adhesion of both diatoms
(6.9 ± 3.9% surface coverage) and bacteria (1.63 ± 0.29%), whereas functionalized surfaces
inhibited their adhesion to different extents. Functionalization with G_A alone was suf-
ficient to drastically drop the surface coverage of diatoms (to 3.3 ± 1.8%) with respect to
bare glass substrates, while bacteria were largely unaffected (1.55 ± 0.22%).

Functionalization of G_A treated substrate with F3 and F16, or their combination fur-
ther depressed diatom surface coverage percentages to, respectively, 2.4 ± 1.0%, 2.1 ± 0.6%,
and 1.8 ± 0.1%, thus reaching an almost four-fold decrease in surface adhesion for the
G_A_F3_F16 combination. Bacteria were instead mostly influenced by the presence of F3,
showing a surface coverage of 0.22 ± 0.02% for the substrate treated with G_A_F3 and
of 0.17 ± 0.02% for the G_A_F3_F16 combination. Functionalization with F16 of the G_A
treated substrate showed a comparatively milder effect, only reducing bacteria surface
coverage to 0.45 ± 0.06%.
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The main factor influencing surface coverage of bacteria was observed to be the
tendency to form large clusters on certain substrates.

While the number of adhering bacteria clusters varied only slightly across all sub-
strates, the number of individual bacteria found within those clusters varied considerably.
Three substrates showed large clusters (see left insert in Figure 15) of adjoining bacteria
containing 10+ individuals (bare glass, G_A, and G_A_F16). Conversely, substrates con-
taining F3 (G_A_F3 and G_A_F3_F16) instead only showed individual, discrete bacteria
(see right inset in Figure 15).

Figure 16 shows the percentage of surface covered by adhered organisms (i.e., diatoms
and the Gram-negative bacteria) as estimated by SEM imaging.

Figure 16. Percentage of area covered by adhered diatoms and Gram-negative bacteria as estimated
by SEM imaging.

The sample surfaces with the Gram-positive bacteria are apparently empty due to the
biofilm production induced by the Gram-positive strain itself.

In the SEM images few rod-shaped cells were visible and several spores, for this
reason, a statistical analysis of the adhesion of surfaces was not carried out for this strain.

To support the hypothesis of a biofilm on the surface of the samples treated with
the Gram-positive strain, occasionally holes were seen, and in addition, the surface was
charged with excess electrons much more than the corresponding series containing the
Gram-negative strain.

2.4. Evaluation of Toxicity of the Coating against Bacteria and Diatoms

No biocide-release effect was observed against both the Gram-positive and Gram-
negative bacteria. In fact, the OD550 measured before and after the experiment showed an
increment of turbidity of 10-fold (from OD550 0.17–0.18 to an average of OD550 1.88 to 1.93,
respectively, for BC658 and BC660 (Figure 17).

These values were coherent to the increased number of cell/mL from the initial value
of 1 × 108 cell/mL to a value more than 10-fold higher (more than 2 × 109 cell/mL,
Figures 18 and 19).

No biocide-release activity was observed against Navicula strain as shown in Figure 20.
Additionally, in this case, the number of diatom cells after 6 days presented slight differences
among suspensions in contact with untreated and treated glasses.

118



Gels 2022, 8, 538

Figure 17. Histogram showing the increase in OD550 of the bacterial suspensions before the experi-
ment and after. No significant differences were found between the control suspensions (no glasses,
T24S, and untreated glasses T24C) and the microbial suspensions coming from the Petri dishes with
treated glasses.

Figure 18. Histogram showing the increase in number of vital bacteria (cfu/mL) after 24 h of
incubation in the inoculated liquid medium in presence of untreated and treated glasses. Results
were coherent to the OD measurement, except for BC658 in presence of F3/F16 glass slides and for
BC660 in the medium in presence of glass slides treated with F16, where a higher number of bacteria
was recovered.

Figure 19. Petri dishes containing marine agar inoculated with the spot technique. Separate colonies
were counted only at the higher dilutions.
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Figure 20. Histogram showing the absence of toxicity against Navicula in contact to untreated
and treated glasses as measured through direct count of cells under microscope in Burker
counting chamber.

Bacterial Adhesion Tests in Simulation Experiment

Data obtained after 60 days of exposure evidenced, through DAPI staining and flu-
orescent direct count, are shown in Figures 21 and 22. In untreated glasses (control) and
in the G_A system the adhesion of marine bacteria and the consequent biofilm formation
is maximal (almost 100%); on the other hand, in alternative systems (treaded glasses) the
rate of adhering cells decreased with values of about 47 and 53% for systems G_A_F3 and
G_A_F16, respectively. Values of 87% have been registered for G_A_F3_F16 glasses.

Figure 21. Percentage of bacterial adhesion in contact with untreated (control, CTRL) and treated
glasses (G_A, G_A_F3, G_A_F16, and G_A_F3_F16). Area covered by adhering organisms has been
estimated by staining with DAPI and counting under epifluorescent microscope.

Even if all developed fluorinated coated cannot be classified as hydrophobic, as
evidenced by wettability tests, all experimental findings led us to conclude that the best FR
activity is shown by G_A_F3 coating, or to some extent by the G_A_F3_F16 mixed coating.
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Figure 22. Images of microbial biofilm present on coating surfaces after 60 days of experimentation
seen after DAPI staining under fluorescent microscopy (EM); (a) G_A, (b) G_A_F3, (c) G_A_F16, and
(d) G_A_F3_F16.

Rheological analyses run on the mixed G_A_F3_F16 coating show its lowest roughness
values among the developed coatings. This behavior may be ascribed to asymmetric
hyperbranched developed coated surface in which most probably F3 and F16 collapse
each other and flatten after the curing step in a mushroom-like form for the F16 long chain
(Figure 23) [72].

Figure 23. Sketches of F3 and F16 brushes distribution on fluorinated coated glasses.

As evidenced by SEM analysis, the different extent of diatom/bacteria adhesion
inhibition by specific substrates hints at the different adhesion mechanisms employed by
the model organisms, which also differ by almost two orders of magnitude in size.

In this respect, it is not surprising that the change in surface roughness evidenced by
AFM imaging has a considerably stronger impact on the larger diatoms with respect to
bacteria. As a matter of fact, it is already well-known that a reduction in roughness on the
coated or nanocomposite surface can significantly reduce bacterial adhesion [73].

In particular, diatoms adhesion differs from bacteria one, not only because of surface
roughness, but also for their nano-porous architecture that enhances their adhesion [74] on
hydrophobic surfaces and fouling release coatings [75].

In both cases, the best inhibition of organism adhesion by SEM microscopy was
observed on the G_A_F3_F16 substrates. These results led us to conclude that, as shown
before [72], in this latter case in the presence of water, there are swelling phenomena
taking place at the water/coating interface, leading to an elongation of the F16 nonpolar
brushes that re-build the fouling unfavorable and FR asymmetry of the G_A_F3_F16 coating
(Figure 24).
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Figure 24. Swelling and elongation phenomena of F16 nonpolar long chain branches taking place at
the water/coating interface.

3. Conclusions

Functional hybrid fluorinated and biocide-free formulations are diffusely employed
in order to develop antifouling (AF), fouling release (FR), amphiphilic or hydrophobic
marine coatings, based on a physical principle. In particular, this work presents an easy
procedure for manufacturing an anti-biofouling/fouling release sol–gel-based polymeric
hybrid coating featuring a short- or long-alkyl fluorinated chain. The effective persistence
of the amphiphilic character with respect to the replacement of the fluorinate silanes by the
alkoxysilanes was ensured by the measurement of the static water contact angle.

The efficiency of the antifouling/foul release properties was assessed through testing
against the adhesion and deposition of selected marine Gram-positive/Gram-negative
bacteria and diatoms and by natural marine microbial population experimental microcosm.
Chemical–physical and morphological characterization of the coated and uncoated surface
before and after microbial adhesion tests have been performed. Microbiological experi-
ments carried out in two different conditions (laboratory and microcosm), were useful to
demonstrate that systems F3 and F16, alone or in combination with each other, largely
reduce the rate of adhesion through the fouling release mechanism of the newly prepared
coatings, while the matrix alone showed behavior similar of the untreated control and in
the case of diatoms even a higher rate of cell adhesion. Slight differences were noticed
in the different groups of bacteria. In particular, the Gram-positive strain formed on the
glass slides control an abundant biofilm that was not observed on the treated glass slides,
Further, the products including the system G_A alone did not show toxicity on the tested
microorganisms as they were able to grow in the planktonic state.

All the performed tests indicated the high anti-fouling/fouling release performance of
the F3-containing coating (either in combination with F16), in order to prevent microbial
biofilm settlement and adhesion.

The results of this work will open the way to further research studies that should be
devoted to better sustainable FR coatings, i.e., durable, reliable, stable, easy to be applied
on different surfaces (i.e., metals and steel used in ship construction, buildings, cultural
heritages) and cost-effective, and last but not least, able to be scaled-up and employed in a
large scale.

We firmly believe that this goal may be reached by the use of nanotechnological
improved multifunctional and multicomponent sol–gel-based hybrid materials.

4. Materials and Methods

4.1. Sol–Gel Synthesis and Application

(3-aminopropyl)triethoxysilane (APTES, hereafter A), (3-Glycidyloxypropyl)
trimethoxysilane (GPTMS, hereafter G), 3,3,3-trifluoropropyl-trimethoxysilane (F3), glycidyl-
2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorononyl ether (F16), absolute Ethanol (HPLC grade)
were purchased from Sigma-Aldrich and used without further purification. Before treatment,
glass slides were cleaned with a concentrate sulfuric acid/potassium permanganate solution,
then washed several times with ultrapure water and dried in an oven at 80 ◦C for 24 h prior
to all experiments.
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Four separate solutions (named G_A, G_A_F3, G_A_F16, G_A_F3_F16) all containing
GPTMS and APTES in 2:1 = [G]:[A], and F3 and/or F16 at a total 0.5 wt.%, were prepared.
In a typical procedure, 2.013 g of GPTMS were mixed with 0.943 g of APTES in 37.48 g of
ethanol under stirring. Then 0.2 g of F3 was added to the clear ethanol solution and left at
room temperature under stirring for 24 h. The same reactions were also carried out with
the other functional alkoxysilane. The squeegee method, also known as “doctor blade”,
was chosen as the deposition technique for forming the different coatings. A cylindrical
glass rod with a diameter of about 0.5 cm is used to spread about 1 mL of precursor on
a glass substrate. The substrate used for coating deposition is always a microscope slide
1 mm thick and 76 × 26 mm in size. Before coating deposition, the slides were pretreated
with a piranha solution that could clean the surface of any organic residues and, at the
same time, make the glass hydrophilic by hydroxylating the surface. Next, the slides were
washed with distilled water and left in the oven to dry for several hours. To ensure greater
protection, two layers of each component were deposited, adequately respecting the drying
times of the layers. Once the deposition is complete, heat treatment follows to consolidate
the gel coating. The heat treatment consists of a controlled heating ramp at 20 ◦C/min,
followed by a holding phase at 180 ◦C for 10 min.

4.2. Characterization

The four sols (G_A, G_A F3, G_A F16, and G_AF3_F16) were fully investigated
through FT-IR spectroscopy. Coated glass slides were characterized by scanning electron
microscopy (SEM), and atomic force microscopy (AFM). To realize xerogels and investigate
their chemical structure by FT-IR spectroscopy, small amounts of each sol were applied
on glass slides, the solvent was removed at 80 ◦C for 2 h, and the thin coatings were
cured at 120 ◦C for 1 h. FT-IR spectra of the combined, hydrolyzed, and cured silane
precursors as solid residue removed by glass slides were acquired by means of a Thermo
Avatar 370, equipped with attenuated total reflection (ATR) accessory. A diamond crystal
was used as an internal reflectance element on the ATR accessory. Spectra were recorded,
at room temperature, in the range from 4000 to 650 cm−1, with 32 scans and a resolution
of 4 cm−1. AFM imaging was performed on a Bruker Multimode 8 (Bruker, Billerica,
MA, USA) equipped with a Nanoscope V controller and a type J piezoelectric scanner.
Micrographs were recorded in PeakForce mode in air using Bruker SNL-A probes (Bruker,
Billerica, MA, USA) with a nominal spring constant of 0.4 N/m. Background subtraction
and image analysis were performed with Gwyddion v2.48. Surface roughness parameters
were calculated as the average value of five distinct 1 μm2-sized areas on each sample, using
the standard deviation as a measure of the error. The wettability of the sol–gel coating on
the microscope slides was evaluated by measuring ten times the height h (mm) and the base
diameter d (mm) of 1 μL drop of deionized water on the horizontal surface of the sample,
by means of a microlithic syringe (Hamilton, 10 μL). For each material, 10 measurements
of the contact angle of deionized water are typically performed, of which the average value
with standard deviation was calculated. Wenzel’s contact angle θW and Young’s contact
angle θY, have been evaluated by the sessile drops method (ASTM D7334) [76–78] and they
were derived from Equations (1) and (2):

θw = 2arctg
(

2h
d

)
(1)

θY = arcos
(

cos θw

r

)
(2)

where d is the diameter and h the height (both in mm) of the drop, θw is the Wenzel angle
apparent dependent on the roughness of the surface, r is the surface roughness (Ra), and
θY is Young’s contact angle of equilibrium on a perfectly smooth surface.

The surface roughness (Ra) of the coatings was calculated by using a roughness tester,
Surftest SJ-210- Series 178 (Mitutoyo, Milan, Italy) using Equation (3), in which Ra is
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calculated as the arithmetic mean of the absolute values of the deviations of the evaluation
profile (Yi) from the mean line:

Ra =
1
N

n

∑
i=1

|Yi| (3)

The roughness analysis is carried out using a diamond tip that touches the surface of
the sample in order to follow its profile. The measurement conditions of the instrument
have been set according to the JIS2001 roughness standard: the roughness R profile for
compliance, λs = 2.5 μm, λc = 0.8 μm, five sampling lengths and a stylus translation speed
of 0.5 mm/s. On average, n. 3 roughness profiles per type of sample were performed and
then an average profile was obtained. The viscosities of the coatings were measured by
using a modular compact rheometer MCR-502 (RheoCompass Software, Anton Paar Italia
S.r.l, Rivoli, Italy). The coatings were tested by using a cone/plate system at a temperature
of T = +25 ◦C. The shear-rate-controlled test was carried out with 18 measuring points
using ascending logarithmic steps. The duration for each measuring point was decreased
continuously with increasing shear rates, starting at a shear rate of 100 s−1 and ending at a
shear rate of 1500 s−1. Each test was carried out three times.

4.3. Evaluation of Antifouling Properties and Toxicity of the Coatings

The evaluation of both antifouling and toxic properties of the proposed coatings was
performed in laboratory and microcosm conditions as explained below [79].

4.3.1. Strains and Culture Media

A Gram-negative strain Stenotrophomonas maltophilia BC658 (Xanthomonadaceae; Xan-
thomonadales; Gamma Proteobacteria) and a Gram-positive spore forming strain Rossel-
lomorea aquimaris BC 660 (Bacillaceae; Bacillales, Bacteria) and a marine diatom strain Navicula
sp. (Naviculaceae; Naviculales; Eukarya) were used in all laboratory experiments. All strains
(isolated previously from marine habitat) were kept in the strains collection of the Dept.
of Chemical, Biological Pharmaceutical and Environmental Sciences (CHIBIOFARAM) of
University of Messina, Italy [80–82]. Bacterial strains were cultivated and maintained in
Tryptone Soy Agar (TSA; Oxoid Limited, Basingstoke, Hampshire, UK) for the AF test
they were grown in marine broth MB (Difco) and in marine agar MA (Difco). The diatom
Navicula sp. strain was kept and grown in F/2 medium [83].

4.3.2. Microbial Suspensions

Bacterial suspensions were prepared from fresh cultures of bacteria grown on TSA
Petri dishes (24 h at 28 ± 1 ◦C) by picking 2–3 colonies and suspending them in phosphate
buffer saline (PBS) 0.2 M (130 mM NaCl, 10 mM NaH2PO4, pH 7.2); bacteria were washed
3 times in PBS 0.2 M, centrifuged at 10,000 rpm (5417R Eppendorf Centrifuge) at 25 ◦C
per 10 min. At the end of this procedure, the resulting pellets were suspended in MB
in order to reach an OD550 nm of about 1.0 corresponding to a concentration of about
1010 cell/mL. After it, for the AF tests, the final concentration of bacteria was adjusted at
about 1 × 108 cells/mL in MB liquid medium. Bacterial suspension density was measured
through a Shimadzu UV mini 1240 UV Vis spectrophotometer. For measurement of the
number of diatoms, after 7 days of growth in F/2 at 4000 lux and 30 ◦C, diatoms cells were
directly counted through a Bürker chamber and adjusted to a final concentration of about
5 × 105 cells/mL in fresh F/2 medium [84].

4.3.3. Antifouling and Biocide-Release Assessment

Short-term antifouling properties of the different coatings were determined through
the evaluation of microorganism’s adhesion to the untreated and treated glasses after 24 h,
observed under light microscopy, (LM), epifluorescence microscopy (EM), and scanning
electron microscopy (SEM). The toxicity released by the coating to the environment was
assessed by the measurement of the suspension density and/or by counting the cells
(cfu/mL) before and after the incubations in the liquid medium. Different sets of glasses
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were used, prepared as described in par. 2.1 (control, G_A, G_A F3, G_A F16, G_A F3_F16
and 4 replicates) were placed in separate sterile glass Petri dishes (Ø 120 mm). Twenty ml of
each microbial suspension were then added into the Petri dishes and these latter placed in a
horizontal shaker and incubated for 24 h at room temperature set at 25 ± 1 ◦C for bacteria,
and for 6 days in the light at 30 ◦C for the diatoms. Before and after the incubation time,
the density of bacterial suspension inside the Petri dishes was assessed through OD550
measurement (as specified in the previous paragraph) and verified by counting the colony
forming units (CFU)/mL on marine agar (MA) by using the spots method of inoculation
(10 μL of each decimal dilution of the suspension in double). Diatoms number was directly
counted as previously described. After the incubation time, glasses were rinsed with
sterile PBS, and treated differently: (i) one set was air dried and fixed by placing the glass
directly to the Bunsen flame for 30 s observation was carried out in LM after methylene
blue staining; (ii) one set was prepared for epifluorescent microscopy and fixed in a 3:1
freshly prepared solution consisting of 3 parts of fixation buffer (4% paraformaldehyde in
PBS, pH 7.2) and 1 part of PBS, incubated for 90 min at 4 ± 1 ◦C. Bacterial cells were then
stained with Acridine orange (AO) (0.1 mg/mL) diluted in sterile distilled water 1:2 (v/v)
for 3–4 min and (iii) the last set of glasses was prepared for SEM microscopy by fixing in
glutaraldehyde 2.5% in phosphate buffer (PB) 0.1M (pH 7.4) for 6 h at 4 ◦C and then air
dried [85].

4.3.4. Microbial Adhesion Assessment

Adhesion to the untreated and treated glass slides was observed under three different
microscopes as it follows:

(a) For LM and EM were performed in a LEICA DM RE equipped with a video camera
(LEICA DC 300 F). For each slide, 3 different images of different fields were acquired
through the software Leica QWin Color (RGB). After, images were cut to obtain a final
dimension of 602 × 602 μm and treated by using the plugin threshold [86] of Image
J. 1.52c. In this way, both the number and percentage of the covered surface were
determined for each field. The number of cells counted on the untreated glasses was
considered as 100% of cells that could adhere to the glass substrate and thus the other
cells counting adhering to the different coatings could be more similar or less than
100%, meaning, respectively, an attractive, similar or a repulsive action toward the
microorganisms.

(b) SEM images were obtained on a Zeiss EVO LS10 SEM equipped with a LaB6 thermionic
electron source and a variable pressure secondary electron detector. No additional
treatment was performed prior to SEM observation of samples, which were kept at
3.0 × 10−1 Torr during measurements. Images obtained under both microscope obser-
vations were analyzed with Image J 1.52c. Surface densities were estimated by count-
ing individual adhered organisms in at least five randomly selected 100 × 100 μm
fields on each sample. The average area of adhered diatoms and bacteria was esti-
mated by measuring 20 individual organisms of each type. In each case, standard
deviation was used as the error.

4.4. Bacterial Adhesion Tests in Microcosm Experiment

To test adhesion of natural marine microbial population (in the glass slides covered
with different coatings) experimental microcosm was carried out. As reported in Figure 25,
the experiment was performed in glass tank (100 × 30 × 40 cm, volume 120 L) filled in
continuous (8 L h−1) with seawater (salinity 37–38‰) collected directly from the station
“Mare Sicilia” (38◦12.23′ N, 15◦33.10′ E; Messina, Italy) by a pipeline from the sea, in order
to ensure approximately two complete water turnover daily. Before introduction to the
experimental system, natural seawater was filtered through a 300 μm nylon mesh to remove
large metazoans and detritus. To ensure a constant level of water, each microcosm was
equipped with a relief valve connected by vertical conduct (PVC-u pn10, 200 mm Ø) placed
laterally of the tank to continuously discharge the excess seawater. Water within each
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microcosm was gently mixed in a continuous mode with a pump (35 L h−1) placed close to
the entrance of each tank to provide more homogenous conditions within each microcosm.
The measurement of pH and temperature, as performed through a multi-parametric probe
Waterproof CyberScan PCD 650 (Eutech Instruments, Breda, The Netherlands), and reveal
values of temperature of 19.5–20.5 ◦C (daily temperature fluctuations not exceeded 1 ◦C)
and approximatively constant pH values (around 8). Different sets of glasses (control, G_A,
G_A_F3, G_A_F16, G_A_ F3_F16) were inserted inside the experimental microcosm and
incubated for 60 days. The glass slides were immersed in a vertical orientation according to
the orientation of the other biological tests. The liquid in which the slides were immersed
in the previous tests is moved from left to right and right to left (horizontal movement of
the shaker), while in the microcosm a similar movement is created by the pump. After the
incubation time, the density of bacterial adhesion (biofilm formation) to different support
has been evaluated by epifluorescence microscopy (EM). The total bacterial cell counts were
performed by DAPI (4′,6-diamidino-2-phenylindole 2HCl, Sigma-Aldrich, Milan, Italy)
staining on samples fixed with formaldehyde (2% final concentration), according to Porter
and Feig (1980) [87]. Slides were examined by epifluorescence with an Axioplan 2 Imaging
(Zeiss) microscope (Carl Zeiss, Thornwood, NY, USA). Results were expressed as number
of cells mL−1.

Figure 25. Schematic representation of the microcosm used in the study. Legend: (���) inlet seawater
system, (���) outlet “too full” seawater system; (���) experimental tank, (���) seawater, (���) internal pump,
and (���) experimental glass.
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Abstract: We successfully synthesized new macroporous hydrogel particles consisting of hyper-
branched poly(amidoamine)s (HPAMAM) using the Oil-in-Water-in-Oil (O/W/O) suspension poly-
merization method at both the 50 mL flask scale and the 5 L reactor scale. The pore sizes and particle
sizes were easily tuned by controlling the agitation speeds during the polymerization reaction. Since
O/W/O suspension polymerization gives porous architecture to the microparticles, synthesized
hydrogel particles having abundant amine groups inside polymers exhibited a high CO2 absorption
capacity (104 mg/g) and a fast absorption rate in a packed-column test.

Keywords: carbon dioxide capture; poly(amidoamine)s; hyperbranched polymers; macroporous
polymers; suspension polymerization

1. Introduction

A major anthropogenic greenhouse gas in the atmosphere, CO2 gas has been emitted
in large quantities, mainly due to the burning of fossil fuels and other chemical pro-
cesses [1,2]. Despite the global economic slowdown caused by the COVID-19 pandemic,
the atmospheric concentration of CO2 increased to 421 ppm in May 2022, from 405 ppm
in 2017 and 340 ppm in the 1980s [3,4], and the estimated amount of annual CO2 capture
necessary to maintain the current level of atmospheric CO2 concentrations has reached
3.7 gigatonnes/year [5]. However, fossil fuels are the major source of energy for human ac-
tivities [6,7], and this trend is expected to continue over the coming decades [8]. Therefore,
capture and storage of CO2 gas from power plants is an urgent and important issue with
respect to reducing CO2 emissions.

The current CO2 capture technology from flue gases involves the passage of streams of
CO2-containing flue gases through an aqueous amine solution, for example, monoethanolamine
(MEA), in the absorber column. The amine solution is then regenerated by heating it in a
stripping tower to liberate the CO2. This ‘wet-scrubbing’ method with an alkanolamine
solution has been employed industrially since the 1980s and is suitable for large-scale
removal of CO2 [8]. However, the regeneration of the total solution requires considerable
energy consumption, and the amine concentration of the solution is limited due to viscosity
and foaming [9]. Furthermore, careful control of the alkanolamine solution is necessary to
avoid corrosion and oxidative degradation [2,10].

In efforts to overcome these problems, recently many materials have been developed
as dry type solid CO2 adsorbents. In the early stage of research, porous inorganic mate-
rials drew interest as solid type adsorbents for their high surface area [11–13]. However,
industrial flue gases contain a considerable amount of water vapor [14], and these types of
adsorbents are vulnerable to moisture, resulting in diminution of their sorption capacity
and durability [15,16]. To address these drawbacks, amine-containing CO2 adsorbents
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that tolerate moisture have been developed, including amine-modified mesoporous sil-
ica [17–25], Metal-Organic Frameworks (MOFs) [26–31], and amine-containing polymeric
adsorbents [32–36]. However, implementing amines in solid supports disrupts the pore
structure and reduces the surface area [25,37,38]. Furthermore, nonuniform dispersion
of the amine and the complicated synthetic process of amine-implemented solid CO2
adsorbents are hurdles toward practical applications.

To exploit the strengths of wet-scrubbing and a dry type adsorbent, we designed a
hydrogel absorbent that works in an aqueous phase. A hydrogel is introduced because
hydrogels are widely used as adsorbents for various substances such as heavy metal ions,
dyes, and carbon dioxide due to their high adsorption performance and ease of use in
an aqueous solution [39–46]. Because amines are verified carbon dioxide absorbers in
wet-scrubbing processes by forming carbamate and ammonium bicarbonate with CO2,
we adopted poly(amidoamine) (PAMAM) as our key functional material. PAMAM has a
high content of N-heteroatom groups. Abundant secondary and hindered amine groups
of PAMAM are expected to provide high CO2 sorption capacity [10,47]. Previously, we
reported a facile one-step synthesis and application of micro-sized hyperbranched PAMAM
(HPAMAM) particles [48]. Compared with PAMAM dendrimers, HPAMAM particles offer
advantages of simplicity in the synthetic process and ease of use as packed columns without
an ultrafiltration step for separation. In this work, we synthesize porous HPAMAM particles
and investigate the CO2 sorption ability of the porous HPAMAM hydrogel microbeads
in packed columns (Scheme 1). The amine groups of HPAMAM particles in the packed
column resemble the environment of amines in conventional wet scrubbing. Emulsion
templating including double emulsions is generally used to produce porous materials. We
adopted the Oil-in-Water-in-Oil (O/W/O) suspension polymerization method to provide
a porous feature to HPAMAM particles that resembles the structural pores of solid type
adsorbents [49–52]. The macropores inside of the hydrogel particles facilitate mass transfer
and diffusion and thereby accelerate the sorption rate.

 

Scheme 1. Schematic illustration of synthesis and carbon dioxide capture of porous HPAMAM.

2. Results and Discussion

The preparation of porous HPAMAM particles was carried out via the O/W/O
suspension polymerization method. We prepared three solutions: (1) an inner phase
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organic solution (O1, solution 1) used to create interior pores; (2) an aqueous solution (W,
solution 2) in which a polymerization reaction actually takes place; and (3) an outer phase
organic solution (O2, solution 3) for developing spherical particles.

A2 (N,N’-methylenebisacrylamide, MBA) and B4 (ethylenediamine, EDA) monomers
and surfactant (poly(vinylalcohol), PVA) were mixed together in aqueous solution W until
complete dissolution of the solids to induce aza-michael addition between amine and
acrylamide. The O1 solution, containing a cosurfactant (Span 60®) and toluene, was added
to aqueous solution W with vigorous agitation to make an O/W suspension. The O/W
mixture was then suspended to the O2 solution. Since the polymerization of hydrophilic
monomers occurs in the aqueous phase, the gelated polymer forms a spherical shape with
the inner dispersion of organic solutions. After the polymerization, during the workup,
the inner organic phase was removed from the particles, leaving macropores. Samples
of porous HPAMAM particles are designated as P-MxAyTz, where x, y and z denote the
molar feed ratio of MBA to EDA, the agitation speed (rpm) of the O/W suspension, and
the volume ratio of solution 1 to solution 2, respectively (Scheme 1).

Three kinds of porous HPAMAM particles, P-M1.5A1400T0.6, P-M1.5A3000T0.6, and
P-M1.5A6000T0.6, were synthesized via O/W/O suspension polymerization with different
agitation speeds to verify that the pore size can be controlled by the agitation speed of the
O/W phase. To verify the chemical structures of the product, we carried out ATR-FTIR
analysis for a representative sample of P-M1.5A1400T0.6 (Figure 1). ATR-FTIR spectra of
MBA, EDA, and PAMAM polymers showed the peaks of N-H stretching (3000~3350 cm−1),
C=O stretching (1650 cm−1), and CONH stretching (1520 cm−1) in the PAMAM product,
suggesting the successful synthesis of poly(amidoamine). The C=CH2 stretching peak
(3020 cm−1) of MBA disappeared in the PAMAM product. The 3080 cm−1 peak is an
overtone of 1540 cm−1 (N-H bending), which commonly appears in amide compounds.
Energy Dispersive X-ray Spectroscopy (EDS) was performed to obtain additional infor-
mation on the monomer ratio (Figure S1). The morphology of the synthesized porous
HPAMAM particles was investigated with an optical microscope (OM) and a scanning
electron microscope (SEM), as shown in Figure 2. Particle sizes obtained with a slower
agitation speed (1000 rpm) were smaller than the particle sizes obtained at a faster agitation
speed (1400 rpm) (Figure S2). Since the size of the pores was in the range of the micrometer
scale, we analyzed the pore sizes through SEM images rather than with porosimetry such
as BET, which is suitable for micro or mesopores. The average pore size changed from
2.9 μm to 2.3 μm to 1.3 μm with each agitation speed of 1400 rpm, 3000 rpm, and 6000 rpm,
respectively (Figure 2c and Figure S3). As expected, the pore size decreased with the
increase of the O/W phase agitation speed. However, the size of the particles did not
change regardless of the O/W phase agitation speed (50–300 μm). The proposed synthetic
route for porous HPAMAM hydrogel particles via O/W/O suspension polymerization is
an eco-friendly process. It does not produce any byproducts and does not require catalysts
or pore-generating reagents (porogens). Scale-up synthesis of the porous HPAMAM hy-
drogel particles was attempted with O/W/O suspension polymerization. The 2 L scale
O/W/O suspension polymerization reaction of MBA and EDA monomers proceeded
successfully and a product (P-M1.5A1400T0.6-2L) with 50–300 μm particle diameters was
obtained (Figure 3). The porous HPAMAM hydrogel particles exhibited no differences
compared to the particles obtained with the smaller scale reaction. The synthesized porous
PAMAM hydrogel particles contain a large amount of amine functional groups that are
known to interact with carbon dioxide to form carbamates (Figure S4). On the basis of
the feasibility of large-scale production through an eco-friendly process and the high re-
activity of the amines in synthesized polymers to carbon dioxide [10,47,53,54], the porous
HPAMAM hydrogel particles are suitable CO2 absorbing materials for flue gas.
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Figure 1. ATR-FTIR spectra of methylenebiscrylamide (a), ethylenediamine (b), and
poly(amidoamine) particles (P-M1.5A1400T0.6) (c).

 

Figure 2. Optical images (a), SEM image (b), and cross-sectional SEM image of (1-a, 1-b and 1-c)
P-M1.5A1400T0.6, (2-a, 2-b and 2-c) P-M1.5A3000T0.6, and (3-a, 3-b and 3-c) P-M1.5A6000T0.6. Magni-
fication is ×1000 (b) and ×5000 (c).

 

Figure 3. Optical images of P-M1.5A1400T0.6-2L (a) and cross-sectional SEM images of
P-M1.5A1400T0.6-2L (b) ×1000 and (c) ×5000.
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To measure the CO2 absorption capacity of the hydrogel particles, water-soaked
porous HPAMAM particles (P-M1.5A1400T0.6-2L) packed in a 60 cm column were used with
a continuous flow of CO2. A schematic illustration of the column and a photograph of the
experimental setup are shown in Figure 4. We used a column with a pocket where water can
be circulated to control the temperature of the column at 50 ◦C. For the measurement, 45 g
of porous PAMAM particles (P-M1.5A1400T0.6-2L) was used at various CO2 concentrations
(6, 9, 12, and 15 wt%) with a gas flow rate of 150 mL/min (Figure 5). The concentration
of outlet CO2 gas was measured by gas chromatography at 25 ◦C. The porous HPAMAM
hydrogel particles exhibited 2.374 mol/kg of CO2 sorption (104 mg/g) within 60 min for
saturation at 15 wt% CO2 concentration while the sorption value was 2.150 mol/kg and
100 min for saturation at 9 wt% CO2. These values are comparable to the reported values
of amine-modified mesoporous silica (1.36–2.59 mol/kg) [35,55,56].

 

Figure 4. Schematic illustration of the column and a photograph of the experimental setup.

Figure 5. CO2 sorption properties of porous PAMAM hydrogel particles (P-M1.5A1400T0.6-2L) with
various CO2 concentrations of input gas.

3. Conclusions

We synthesized a new type of CO2 absorbing porous hydrogel particle consisting of
hyperbranched poly(amidoamine)s by Oil-in-Water-in-Oil (O/W/O) suspension polymer-
ization of N,N’-methylenebisacrylamide (MBA) and ethylenediamine (EDA) monomers.
By introducing the double emulsion method to the conventional inverse suspension poly-
merization, synthesis of macroporous hydrogel particles was achieved successfully. The
particle sizes and the size of macropores were controlled by simply changing the agitation
speed of Oil-in-Water-in-Oil (O/W/O) suspension polymerization, demonstrating the high
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applicability of the synthetic method in a large scale. The synthesized porous PAMAM
hydrogel particles contain many amine functional groups that are known to interact with
carbon dioxide. A CO2 sorption test revealed the CO2 absorption capacity of the porous
hydrogel particles was 104.4 mg/g, which is comparable to the values of high performance
dry-state adsorbents. Easy scale-up of the O/W/O suspension polymerization of MBA and
EDA without any byproducts supports the practical usability of porous hydrogel particles
for CO2 capture from flue gas.

4. Materials and Methods

4.1. General Information

Ethylenediamine (EDA), N,N’-methylenebisacrylamide (MBA), poly(vinylalcohol)
(PVA) (Mw = 89,000–98,000 g/mol), and Span 60® were purchased from Sigma-Aldrich
(Boston, MA, USA). Methanol (MeOH), toluene, and cyclohexane were purchased from
Junsei (Chuo-ku, Tokyo, Japan). All reagents were used as received without further pu-
rification. A 5L Chemglass ChemRxnHub (Vineland, NJ, USA) Process system was used
in the scale up process. Images of the particles were obtained by Nikon ECLIPSE ME600
(Tokyo, Japan) optical microscopy (OM), FEI Nova230 (Hillsboro, OR, USA), and JEOL JSM
IT800 (Akishima, Tokyo, Japan) scanning electron microscopy (SEM). EDS analysis was con-
ducted by a Bruker Quantax ESPRIT (Billerica, MA, USA) attachment. CO2 was measured
by DS6200 gas chromatography (DS Science Inc.; Gwangju-si, Gyeonggi-do, Korea).

4.2. Various Agitation Speeds of Aqueous Phase

Three solutions, solution 1 (Span60 (0.128 g, 5 wt%) in toluene (3 mL)), solution 2
(MBA (2.024 g), EDA (0.526 g), PVA (0.026 g, 1 wt%) in water (5.1 mL)), and solution 3
(Span60 (0.013 g, 0.5 wt%) in toluene (20.4 mL)) were prepared. Solution 3 was stirred
vigorously at 60 ◦C. MBA, EDA, PVA, and water in solution 2 were mixed together until
complete dissolution of the solids at 45 ◦C. After solution 1 was added to solution 2, it was
agitated at 1400 rpm (stirring bar), 3000 rpm (homogenizer), and 6000 rpm (homogenizer)
for one minute. After that, solution 2 was added to solution 3, and agitated at 1400 rpm at
60 ◦C. After 6 hr of polymerization, particles were filtered and washed with methanol and
acetone, and dried under vacuum at 70 ◦C for 24 hr.

4.3. Scale up Process

Three solutions, solution 1 (Span60 (25 g, 0.5 wt%) in toluene (600 mL)), solution 2
(MBA (398.6 g), EDA (103.2 g), PVA (5 g, 1 wt%) in water (1 L)), and solution 3 (Span60
(1.5 g, 0.5 wt%) in toluene (2 L)) were prepared. Solution 3 was stirred vigorously at
60 ◦C. MBA, EDA, PVA, and water in solution 2 were mixed together until dissolution of
the solids at 45 ◦C. After solution 1 was added to solution 2, it was agitated at 5000 rpm
(homogenizer), for one minute. Solution 2 was then added to solution 3, and it was agitated
at 1400 rpm at 60 ◦C. After 6 hr of polymerization, particles were filtered and washed with
methanol and acetone, and dried under vacuum at 70 ◦C for 24 h.

4.4. CO2 Absorption Test

Water was poured to 45 g of each type of PAMAM particle (P1.5, P1.8, P2.0, and
P1.5 porosity) in a beaker. After 90 min, wet PAMAM particles were placed in an acryl
column (diameter: 7 cm, height 60 cm). Removing the moisture in column, N2 gas was
flowed for 20 min. CO2 absorption was then carried out using 15 wt%, 12 wt%, 9 wt%
and 6 wt% of CO2 (The rest of the gas was N2) at a flow rate of 150 mL/min at 50 ◦C. The
concentration of CO2 in the outlet gas was measured by gas chromatography.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8080500/s1, Figure S1: SEM and EDS analysis of P-M1.5A1400T0.6;
Figure S2: SEM images of P-M1.5A3000, W/O agitation speed of 1400 rpm (a,b) and P-M1.5A3000,
W/O agitation speed of 1000 rpm (c,d); Figure S3: Pore size distribution of various O1/W agitation
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speeds, 1400 rpm (a), 3000 rpm (b), 6000 rpm (c), and merged graph (d), based on SEM images of
Figure 2; Figure S4: Reactions of amine and carbon dioxide [1–4].
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Abstract: Water is a vital resource that is required for social and economic development. A rapid
increase in industrialization and numerous anthropogenic activities have resulted in severe water
contamination. In particular, the contamination caused by heavy metal discharge has a negative
impact on human health and the aquatic environment due to the non-biodegradability, toxicity, and
carcinogenic effects of heavy metals. Thus, there is an immediate need to recycle wastewater before
releasing heavy metals into water bodies. Hydrogels, as potent adsorbent materials, are a good
contenders for treating toxic heavy metals in wastewater. Hydrogels are a soft matter formed via the
cross-linking of natural or synthetic polymers to develop a three-dimensional mesh structure. The
inherent properties of hydrogels, such as biodegradability, swell-ability, and functionalization, have
made them superior applications for heavy metal removal. In this review, we have emphasized the
recent development in the synthesis of hydrogel-based adsorbent materials. The review starts with a
discussion on the methods used for recycling wastewater. The discussion then shifts to properties,
classification based on various criteria, and surface functionality. In addition, the synthesis and
adsorption mechanisms are explained in detail with the understanding of the regeneration, recovery,
and reuse of hydrogel-based adsorbent materials. Therefore, the cost-effective, facile, easy to modify
and biodegradable hydrogel may provide a long-term solution for heavy metal removal.

Keywords: hydrogels; heavy metals removal; wastewater

1. Introduction

1.1. Problem Statement

Water is essential for all living organisms on the planet. Although, it occupies 71%
of the total surface area of the earth, only 3% of water is available as freshwater and
less than 1% is potable. The remaining percentage of water is inaccessible in different
forms such as ice, glaciers, and snow on the south and north poles [1]. Water plays a
significant part in the hydrological cycle, food-processing industries, chemical weathering,
domestic usage, agricultural irrigation, and so on. Therefore, there is an increasing need
for freshwater, but the availability is limited. Freshwater is contaminated by discarding
waste in various water bodies in the form of marine dumping, oil leakage, industrial waste,
sewage waste, etc. Different pollutants present in wastewater are summarized in Figure 1.
Among them, heavy metals are found to be the most common pollutant in contaminated
water, which deteriorates the sustainable environment. Water contamination by heavy
metals has harmed human health all around the world due to the fast development in
industries, economics, and population [2].

Gels 2022, 8, 263. https://doi.org/10.3390/gels8050263 https://www.mdpi.com/journal/gels140



Gels 2022, 8, 263

 

Figure 1. Different pollutants in contaminated water.

1.2. Heavy Metals and Their Hazardous Effect

Heavy metals are referred to as metals with a density of 5 gm/cm3 and are poisonous,
toxic, and hazardous even at very low concentrations. The sources of heavy metal contami-
nation into water are categorized in two ways: (1) natural ways like soil erosion, rainfall,
dissolution of soluble salts, etc., and (2) artificial ways like industrial waste, and urban
wastewater [3]. Heavy metals include mercury (Hg), zinc (Zn), arsenic (As), cadmium
(Cd), silver (Ag), iron (Fe), lead (Pb), tin (Sn), and the platinum group of metals. Heavy
metals are non-biodegradable elements [4] that cause detrimental effects on the natural
ecosystem and human health when their concentration goes beyond permissible limits.
For instance, persistent intake of inorganic arsenic causes lung, bladder, skin, and kidney
cancer in humans via consumption of drinking water [5]. Mercury accumulation in the
food chain shows a negative impact on human health such as kidney and pulmonary
function impairment, chest pain, and damage to the central nervous system [6]. Some other
examples are listed in Table 1.

Heavy metals are not degraded by natural mechanisms and hence persist in the
environment for a long duration of time. They may be converted into insoluble compounds
or other forms. Water, air, and soil are the three key environmental compartments that
get affected by heavy metal contamination (Table 1). Runoffs from cities, villages, towns,
and factories transport the heavy metals that accumulate in a flowing stream. Even if
a low concentration is transferred to water streams, it is extremely harmful to humans
and the natural ecosystem [7]. Air pollution is caused by dust and particulate matters
such as PM2.5 and PM10 which are discharged by various natural and anthropogenic
processes. Soil erosion, dust storms, rock weathering, and volcanic eruptions are examples
of natural processes that release particulate matter in the air, whereas anthropogenic
activities are mainly transport-related and industrial. These particulate matters cause
corrosion, haze, and eutropication, and lead to the formation of acid rains [8]. Heavy metals
pollute soil by damping wastes like animal manures, pesticides, fertilizers, sewage sludge,
spillage of petroleum distillates, etc. The use of this untreated waste has resulted in a high
concentration of heavy metals in agricultural fields, which affects the entire biosphere. They
are directly absorbed by plants, causing a risk to the plant and the food chain that consumes
it. They affect soil qualities such as color, pH, and porosity and also pollute water [9].
Therefore, it is urgent and necessary to remove toxic heavy metals from contaminated
wastewater. A variety of wastewater recycling techniques have been developed, which are
further discussed in this review article.
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Table 1. Toxic effects of different heavy metals on human health [10,11].

Heavy
Metals

Leading Source Path of Entry Toxic Effects on Human Health
Environmental

Hazards
MCL

(mg/L)

Lead (Pb)

Mining, automobile
emissions, smoking,

pesticide, paint,
burning of coal

Ingestion and
inhalation

Damages the central nervous
system, fetal brain, kidney,

reproductive system, liver, basic
cellular processes, and causes

diseases, namely, anemia, nephrite
syndrome, hepatitis, etc.

Soil and water
pollution 0.015

Cadmium
(Cd)

Pesticide fertilizer,
electroplating, Cd-Ni

batteries, welding

Ingestion and
inhalation

Irritation of respiratory system,
damages liver, kidney, and lungs

Soil and water
pollution 0.005

Nickel (Ni) Electrochemical
industries Inhalation

Causes lung, kidney, and
gastronomical pain, renal edema,

pulmonary fibrosis, and
skin dermatitis

Soil and water
pollution 0.1

Zinc (Zn)
Plumbing, refineries,

metal plating,
brass manufacture

Ingestion,
inhalation, and

through skin

Vomiting, pain in the stomach, skin
irritation, nausea, and anemia

Soil and water
pollution 0.8

2. Methods Used for Recycling Wastewater

Over the years, numerous methods have been developed to remediate heavy metal-
contaminated wastewater before discharging it into the environment. Heavy metals can
be removed from wastewater by using a variety of methods, including ion exchange,
coagulation-flocculation, flotation, membrane filtration, chemical precipitation, and adsorp-
tion (Figure 2). However, each method has its own set of advantages and disadvantages
(Summarized in Table 2).

Figure 2. Wastewater recycling methods.

Among the presented methods in Figure 2, adsorption is considered to be one of
the most efficient, low-cost, and simple-to-operate methods to remove heavy metals from
contaminated water when compared with other methods [12]. Moreover, the adsorption
process is technologically feasible and attractive, as the adsorbent material can be reused
and regenerated. In this process, no secondary waste is generated during the removal of
heavy metals [13]. The process also has the advantage of removing low concentrations
of heavy metals from the solution with low energy consumption [14,15]. Adsorption is a
mass transfer surface phenomenon that leads to the binding of molecules from liquid bulk
(adsorbate) onto the solid surface (adsorbent) [16]. This binding occurs due to the presence
of residual imbalance forces that attracts and retains molecules on the surface of the solid
or liquid phase [17]. The adsorbent adsorbs the adsorbate via bonding interactions like a
covalent bond or Van der Waals forces [18].

Over the years, researchers have developed adsorbent materials for the removal
of toxic heavy metals from wastewater like rice husk bio-char, sugar beet pulp, TiO2,

142



Gels 2022, 8, 263

activated carbon, clay, etc. [19–23]. However, these adsorbent materials suffer from certain
disadvantages such as their difficulty separating from the water after the decontamination
process, higher production cost, economic unsustainability for large-scale applications, and
many other reasons [24]. This calls for the immediate development of an adsorbent material
that is cost-effective, easy to handle, biodegradable, and biocompatible adsorbent material
to purify contaminated water. In recent years, hydrogels have gained tremendous attention
as the potential adsorbent material owing to their excellent water affinity, controllable
swelling behavior, high porosity, better mechanical properties, and easy handling; these are
the main factors for the reuse of adsorbent material. Hydrogel-based material has shown
substantial attention for applications in different fields, such as biomedicine, agriculture,
food additives, drug delivery, wound dressing, regenerative medicine, and cosmetics. Even
though hydrogel-based adsorbents have a long history in a few of the above-mentioned
fields, their application for contaminant removal from wastewater has been only reported
over the last decade. Our emphasis will be on the application of hydrogel-based material
for the removal of toxic and hazardous heavy metals from wastewater.

Table 2. Advantages and disadvantages of various methods used for recycling wastewater.

Methods Advantages Disadvantages References

Ion exchange Does not produce a large amount of sludge,
easy regeneration of resins

High operational cost, selective towards
certain metal ions [25]

Chemical
precipitation Low capital cost, simple process

Produces a large amount of sludge,
ineffective in treating low concentration of

heavy metal ions
[26]

Coagulation-
flocculation

Easy to employ, inexpensive, low
energy consumption

Complete removal of heavy metals is
difficult, generation of a large quantity

of sludge
[27]

Flotation Economically efficient Low elimination efficiency, [28,29]
Membrane
filtration

Small space requirement, high efficiency,
high separation selectivity

complex process, high operational
expense due to membrane fouling [30]

Adsorption
Technologically feasible, effective, low-cost

adsorbent, no waste generation, easy
operation conditions

Low selectivity [3,13]

3. Hydrogels for Removal of Heavy Metals

In 1894, the term “hydrogel” was first coined by Bemmelen to explain colloidal
gels [31]. DuPont scientists reported the first synthetic hydrogel, poly (2-hydroxyethyl
methacrylate) (PHEMA), in 1936 [32]. Witcher and Lim were the first to report the use
of PHEMA for the application of contact lenses in 1960 [33]. Since then, hydrogels have
been an intriguing topic for researchers, and they now represent a developing and active
research field aimed at providing better solutions for various needs in many applicative
fields. The use of hydrogels for the extraction of heavy metals from wastewater is becoming
more popular, as they can capture and store different heavy metals found in wastewater
within their network structure. Hydrogels are regarded as hydrophilic gels, which consists
of chemically reactive functional groups and physically distinct three-dimensional (3D)
network [34]. The porous three-dimensional network of hydrogel allows absorption and
retention of a large volume of water without dissolving [35]. The hydrophilic groups in the
polymeric network enable the formation of a flexible structure, which allows easy diffusion
of solute into the three-dimensional framework of gels and forms a stable complex with
the functional group present on a long polymeric chain [36]. Due to distinct properties
like hydrophilicity, biocompatibility, biodegradability, viscoelasticity, and superabsorbancy,
hydrogel adsorbents can play a prime role in the capture of heavy metals from contaminated
water (Figure 3a) and can discharge these hazardous pollutants upon changes in the external
environment (change in pH, temperature, etc.) (Figure 3b) [34,37].
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Figure 3. (a) Schematic illustration for removal of heavy metals from wastewater by using hydrogel-
based adsorbent material. (b) Change in structure on applying external stimuli like pH and temperature.

In recent years, hydrogel adsorbents have shown a high potential for the effective
elimination of heavy metals. Hydrogel absorbs heavy metals in a three-dimensional
interstitial structure ensuring more sites per unit volume [38]. Unlike other adsorbents,
hydrogels adsorb heavy metals in a three dimensional, highly porous network that leads to
high adsorption efficiency [37]. Adsorption or desorption of heavy metals is mainly due
to the surface chemistry and presence of hydrophilic functional groups (–COOH, –NH2,
–OH, –SO3H, etc.) that act as a complexing agent for heavy metal removal from aqueous
media [36,37]. Moreover, hydrogels can be modified by the addition of new functional
groups or the preparation of composites with natural or synthetic sources to enhance heavy
metal absorption capacities [39]. The swelling behavior of hydrogels is associated to an
extent with hydrophilic functional groups present in the polymer backbone, the degree
of cross-linking, the elasticity of the network, and the porosity of the polymer [40]. The
hydrophilic polymers in hydrogel can swell up to several times their original volume in
aqueous media and hold large content of water about 400 times its original weight [41].
Hydrogels are insoluble in water which leads to easy regeneration because of the presence
of chemically cross-linked polymers, which enhance their mechanical strength as well as
decreases the swelling ratio. Therefore, it is necessary to balance the amount of crosslinking
and swelling ratio to obtain a stronger hydrogel [42]. Some other advantages of hydrogels
are that they can be synthesized with the desired charges, controllable sizes, and functional
groups [43]. The three most important parameters on which the capacity of cross-linked
hydrogel synthesized depend are: (a) polymer volume fraction of hydrogel in swollen
shape, which determines the quantity of fluid absorbed into hydrogel network, (b) the
average molecular weight between two cross-links, which determines the degree of cross-
linking for the prepared hydrogel, and (c) the network mesh size, which determines the
degradability, mechanical strength, and diffusivity of releasing components into hydrogel
structure [44].

An ideal hydrogel should have the following characteristics to be widely applied for
the effective removal of heavy metals from polluted wastewater [24].

• Cost-effective
• High adsorption capacity to absorb heavy metals from wastewater
• High adsorption rate (determined by porosity and particle size)
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• Biodegradable
• Easy to modify
• The low content of the unreacted residual monomer
• High stability and durability during swelling and storage
• Non-toxic, colorless, and odorless
• pH neutrality after swelling in aqueous media
• Deswelling capabilities and re-watering (able to release back the stored water)

4. Properties of Hydrogel

An ideal hydrogel has distinctive characteristic properties such as swelling or deswelling
in the presence of external stimuli, responsiveness to the change in temperature, pH, light,
etc., and biodegradability.

4.1. Swelling or Deswelling of Hydrogels

Hydrogels are the cross-linked polymer that swells and imbibes water when im-
mersed in the aqueous media. These three-dimensional structures can swell up to several
times their dry weight [45]. Hydrogels can respond to external stimuli (temperature, pH,
light, salt, magnetic fields, biomolecules, and ionic strength) by shrinking, swelling, and
discoloration [46]. Factors affecting swelling kinetics and equilibrium are the chemical
structure of the polymers, cross-linking ratio, synthesis state, and ionic media. Chemical
structure affects the swelling of hydrogel; hydrophilic groups swell more in comparison to
hydrophobic groups. Cross-linking also has a significant effect on swelling behavior, as a
highly cross-linked polymer network will show less swelling and vice versa. The swelling
behavior of hydrogels is also affected by temperature and pH [47]. Temperature-sensitive
hydrogels undergo swelling or de-swelling (change in volume) with the change in the
temperature. These hydrogels swell below the low critical solution temperature and shrink
above the low critical solution temperature [48]. pH-sensitive hydrogels undergo swelling
or deswelling by varying pH levels. These hydrogels consist of ionizable acidic and basic
groups connected to the polymer backbone that can add or release protons by varying pH
levels. At the high pH value, the acidic groups on polymer chains deprotonate whereas at
low pH values, the basic groups get protonated [49].

Swelling in hydrogels takes place in three steps:—(a) the diffusion of water into
the three-dimensional network of hydrogel, (b) loosening of the polymeric chains, and
(c) expansion of hydrogel structure. A hydrogel in swollen form is referred to as the rubbery
state and the dry form as the glassy state. When dry hydrogel comes in contact with the
solvent, the free space in a polymer network permits the solvent to enter the hydrogel
matrix easily. This transforms the dry or glassy state into a swollen or rubbery state.
The de-swelling of hydrogel occurs when water is removed from a hydrogel matrix [47].
Experimentally, the swelling ratio can be calculated by the following formula [50].

Swelling ratio = [(Ws − Wd)÷ Wd]× 100

where, Ws and Wd are the weight of the swollen and dry hydrogel, respectively.

4.2. Stimuli-Responsive Hydrogels

Gels that respond to changes in the external environment (temperature, pH, magnetic
field, electric field, etc.) are termed stimuli-responsive hydrogels. These hydrogels have
characteristics to transform their shape (from solution to gel) based on the application [51].
Furthermore, stimuli-responsive hydrogels are categorized into three classes: chemical,
physical, and biological. pH, solvency, ionic strength, and electrochemical field are typical
chemical stimuli. Physical stimuli include temperature, magnetic field, electric field, light,
mechanical force, and ultrasound. Biological stimuli include enzymes, glucose, antigen,
ligands, etc. (Figure 4) [52]. Multi-responsive hydrogels are the kind of hydrogels that
respond to two or more stimuli [53].
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Figure 4. Response of hydrogel to different stimuli.

4.3. Biodegradable

Biodegradability refers to the ability of the hydrogel to break down into harmless
and non-toxic end products by bacteria or other organisms. Hydrogels’ biodegradability
is determined by the functional groups present in the system as well as the method of
synthesis. The degradation process involves solubilization and hydrolysis of biological
entities of hydrogel into safer end products. Biodegradable polymers include a wide range
of hydrophilic synthetic and natural polymers. Due to diffusion, these polymers absorb an
ample amount of water and expand to a large extent. The breakdown of these polymers
is influenced by various parameters such as molecular weight, hydrophilicity, and the
interaction of the polymer with water. Other environmental conditions like temperature
and pH also influence the breakdown of polymers via solubilization.

Chemical hydrolysis can be used to degrade a variety of polymers that cannot be
destroyed by simple hydrolysis. These polymers do not produce hydrogel; rather they
mix with hydrogel to form a hydrophilic monomer, which is then combined to form
a biodegradable hydrogel. The formed hydrogel undergoes degradation via chemical
hydrolysis via ester bonds. Furthermore, hydrogels can be degraded by enzyme hydrolysis
and this category of hydrogels involves polymers such as proteins, polysaccharides, and
synthetic polypeptides. Enzyme hydrolysis takes place by a set of hydrolases that catalyze
the hydrolysis of C-N, C-O, and C-C bonds. Peptidases and proteinases are hydrolases that
degrade polypeptide and protein hydrogels, respectively. Moreover, glycosidase is the sole
enzyme that degrades polysaccharide hydrogels [47].

5. Classification of Hydrogel

Hydrogels are classified depending on their source, nature of cross-linking, chain
composition, ionic charge, response to external stimuli, configuration, and size. The most
important parameters for the classification of hydrogels are depicted in Figure 5.
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Figure 5. Classification of hydrogels.

5.1. Based on Source

Hydrogels can be classified as natural, synthetic, and hybrid.

(a) Natural hydrogels are synthesized by using natural sources including chitosan,
agar-agar, cellulose, lignin, gelatin, alginate, dextran, collagen, and many other
materials [54].

(b) Synthetic hydrogels are prepared by using synthetic polymers namely hydroxy methyl
methacrylate (HEMA), acrylic acid (AA), vinyl acetate (VAc), ethylene glycol (EG),
ethyleneglycoldimethacrylate (EGDMA), methacrylic acid, N-vinyl 2-pyrrolidone
(NVP), and many other materials [54].

(c) Hybrid hydrogels are made by combining natural and synthetic sources [55]. Zhang et al.
prepared chitosan-g-poly (acrylic acid)/attapulgite/sodium humate hydrogel for
effective removal of Pb2+ [56].

5.2. Based on the Nature of Chain Composition

Hydrogels can be classified into three principal classes: homo-polymeric hydrogels,
co-polymeric hydrogels, and multipolymer hydrogels.

(a) Homo-polymeric hydrogels are cross-linked polymer-network originating from a
single type of monomer unit [57]. The structural unit of these hydrogels depends on
the type of monomer, cross-linker, and polymerization technique [58].

(b) Co-polymeric hydrogels are composed of two or more types of monomer units with at
least one hydrophilic monomer, arranged in a random, block, and irregular structure
along the backbone of the polymer network [59]. These hydrogels are prepared by
cross-linking or polymerization between both the monomers by using a cross-linker
and initiator. An example of such hydrogels is chitosan, k-carrageenan, carboxymethyl
cellulose composite hydrogel which is used to remove metal ions.

(c) Multipolymer hydrogels are cross-linked polymer-network prepared by three or
more monomer units via cross-linking and polymerization reactions. For example,
Kim et al. synthesized chitosan-based multicomponent functional gel comprising
multiwall carbon nanotubes, polyaniline, poly (acrylic acid), and poly (4-amino
diphenyl amine) [60].

(d) Interpenetrating polymeric hydrogels are comprised of two independent, intertwined
polymer networks, having natural and/or synthetic polymer components. In a
semi-interpenetrating polymer hydrogel, one polymer has a linear network that
diffuses into another cross-linked network. There is no chemical bonding between the
polymers [54].
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5.3. Based on the Nature of Cross-Linking

Hydrogels can be classified into two categories: physically cross-linked hydrogels and
chemically cross-linked hydrogels.

(a) Physically cross-linked hydrogels have a transient junction that arises due to physical
interaction such as hydrogen bond, ionic interaction, and hydrophobic interaction.

(b) Chemically cross-linked hydrogels have permanent junctions that arise due to covalent
bonds [50].

5.4. Based on the Reaction of Hydrogel with the External Stimulus

Hydrogels can be classified into two distinct categories: traditional hydrogels and
environmentally sensitive hydrogels.

(a) Traditional hydrogel is not reactive to environmental changes
(b) An environment-sensitive hydrogel can detect changes caused by chemical (pH,

concentration), biochemical (antigen, enzyme, ligand), and physical (temperature,
pressure, light) factors [50].

5.5. Based on the Configuration

On the basis of the physical structure and chemical composition, hydrogels can be
classified as amorphous, semi-crystalline (mixture of crystalline and amorphous phases),
and crystalline [41].

5.6. Based on the Size

Hydrogels can be classified into two classes: macrogel and microgel. The macrogel
is further classified as a porous sponge, columnar, membranous, fibrous, and spherical
according to its morphology. The prepared microgel also can be classified into nanometer
and micron [50].

5.7. Based on Ionic Charge

Hydrogels can be classified into four categories based on the electric charge placed on
the cross-linked network: neutral, ionic, ampholytic, and zwitterionic.

(a) Neutral hydrogels are also known as non-ionic hydrogels. These hydrogels contain
no charge on side groups or polymer backbone.

(b) Ionic hydrogels are further classified as anionic and cationic. Anionic hydrogels carry
negatively charged functional groups like sulfonyl, carboxyl, etc. and at high pH
values show an increase in swelling behavior. Cationic hydrogels carry positively
charged functional groups like amines, thiol, etc., and at low pH values exhibit an
increase in swelling behavior.

(c) Ampholytic or amphoteric hydrogels contain acidic as well as basic groups.
(d) Zwitterionic hydrogels contain cationic and anionic groups in their structure [61,62].

6. Surface Functional Groups of Hydrogel

A group of atoms in a compound responsible for chemical reactions is known as the
functional group. Functional groups play a significant role in determining the chemical
reactivity of the molecule as well as the type and strength of intermolecular forces. The
paramount functional groups incorporated in a three-dimensional network of hydrogels
for metal adsorption are classified into three groups:—(a) nitrogen-containing functional
groups, (b) oxygen-containing functional groups, and (c) sulfur-containing functional
groups [63]. Table 3 summarizes hydrogels containing different functional groups and
removed heavy metals.
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6.1. Nitrogen-Containing Functional Groups
6.1.1. Amine Group

The amine group contains a nitrogen atom that has a lone pair of electrons, that readily
attach to cationic metal ions. The methods used to functionalize the amine group on the
hydrogel surface are atom-transfer radical polymerization, formaldehyde treatment, and
gamma ray-induced polymerization [63].

6.1.2. Amide Group

The general formula for the amide group is –CONH. In general, amine groups are more
often functionalized on the hydrogel surface than amide groups. Moreover, monomers like
2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt have an amide group in the
polymer backbone, that complexes with heavy metals Cu(II) and Ni (II) [64].

6.1.3. Quaternary Ammonium Groups

Quaternary ammonium groups [R-N+(CH3)3] show strong attraction toward metal
oxyanions (Cr2O7

2−, HCrO4
−, AsO4

3− and CrO4
2−) [65]. Quaternary ammonium groups

are highly stable and unaffected by pH change. Hence, they can captivate oxyan-
ions of metals irrespective of the pH of the medium. Monomers, namely, (vinylben-
zyl)trimethyl ammonium chloride, (3-acrylamidopropyl)trimethyl ammonium chloride
and 2,3-epoxypropyltrimethylammonium chloride contains quaternary ammonium group
as an active functional group in hydrogel preparation [66,67]. By ion exchange, hydro-
gels that consist of these monomers led to the exchange of the chloride (Cl¯) ions with
oxyanions of metals.

6.2. Oxygen-Containing Functional Groups
6.2.1. Hydroxyl Group

A hydroxyl (R-OH) group is composed of one oxygen atom bonded to one hydrogen
atom. According to the International Union of Pure and Applied Chemistry (IUPAC), the
word “hydroxyl” refers to a hydroxyl radical. A hydroxyl group can easily remove the
proton to attract metal cations.

6.2.2. Carboxyl Group

A carboxyl (R-COOH) group is composed of an electronegative oxygen atom that
is double-bonded to the carbon atom and singly bonded to the –OH group. According
to literature, the carboxyl group is found to be the most prominently used group to ad-
sorb heavy metals onto the hydrogel surface. A carboxyl group gets ionized by giving
an H+ ion from its R-OH group at alkaline pH, forming RCOO− ion that readily attracts
the divalent metal cations. To functionalize the carboxyl group onto the hydrogel sur-
face, different methods used in post-treatment are surface grafting, etherification, and
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation, whichconverts
a primary hydroxyl group into a carboxyl group [63].

6.3. Sulfur-Containing Groups
6.3.1. Thiol Group

The thiol (R-SH) group plays an important role in functionalizing the hydrogel surface
for heavy metal adsorption [68]. The thiol group acts as a Lewis base and interacts with
the heavy metal (Lewis acid) by forming a coordinate bond [69]. From the literature, it is
demonstrated that the thiol group shows strong bonding with mercury (Hg). The bonding
can be well explained by Hard-Soft-Acid-Base (HSAB) theory, where mercury acts as a
soft acid and prefers to bind with the thiol group (soft base) [70]. In an article by Kumar
et al. the thiol group prefers to form a stable complex with highly polarizable soft heavy
metals like mercury (Hg), gold (Au), and silver (Ag); and to a lesser extent with cadmium
(Cd) and zinc (Zn), failing to form a coordinate bond with lighter metals like sodium (Na),
calcium (Ca), and magnesium (Mg) [71].
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6.3.2. Sulfonic Acid Group

A sulfonic acid (R-SO3H) group is a sulfur-containing functional group that contains
an electronegative sulfur atom that is double bonded to two oxygen atoms and single
bonded to the –OH group. Sulfonic acid turns into sulfonate group (R-SO3

−) on disassoci-
ation of hydrogen atom. Functionalizing a sulfonate group onto the surface of hydrogel
makes the surface negatively charged, irrespective of the pH of the medium. A monomer
2-acrylamido-2-methyl propane sulfonic acid (AMPS) has been used to synthesize hydrogel
via 60cobalt gamma-ray irradiation for the adsorption of Co2+, Mn2+, Cu2+,and Fe3+ [72].

6.4. Other Functional Groups
6.4.1. Amidoxime Group

The general formula for the amidoxime group is (R-C(NH2)=N-OH). The amidoxime
group forms stable complexes with many heavy metals such as Co2+, Cu2+, Ni2+, and Pb2+

but shows a strong affinity towards uranium. Therefore, hydrogel-based adsorbent material
has been functionalized with the amidoxime group for the adsorption of uranium [73,74].
Guibal and coworkers synthesized amidoxime grafted chitosan magnetic hydrogel for
sorption of uranium (U6+) and europium (Eu3+) [75]. Zeng et al. prepared amidoxime-
modified hydrogel via graft copolymerization for adsorption of Cu2+. The maximum
adsorption capacity of 40.7 mg/g at pH 5 was achieved over the contact time of 25 h [76].

6.4.2. Phosphate-Containing Functional Group

Phosphate-containing functional groups, namely phosphine, phosphate, and phospho-
ramide are used to functionalize hydrogel surface. However, phosphate-based functional
groups are more popular for functionalizing hydrogel for biomedical areas rather than
metal adsorption. There are very few papers reported for metal adsorption. Liao et al.
prepared phosphate functionalized graphene hydrogel for electrosorption of U6+. The
maximum electrosorption capacity of 545.7 mg/g at 1.2 V and pH 5 was obtained [77].

6.4.3. Chelating Group

The chelating agent such as aminopolycarboxylic acids (APCAs) helps in enhanc-
ing the adsorption affinity of the hydrogel by chelation [78]. Because there are many
nitrogen- and oxygen-containing functional groups present in the aminopolycarboxylic
acid structure. Especially, the nitrogen-containing functional group shows strong bonding
interaction with divalent metal cations [79,80]. The four common aminopolycarboxylic
acids for metal adsorption are ethylenediaminetetra acetic acid (EDTA), iminodiacetic
acid (IDA), diethylenetriaminepentaacetic acid (DTPA), and nitrilotriacetic acid (NTA).
Many biosorbents have been functionalized with EDTA because of their chemical stability,
chelating ability, and low price [81]. IDA is a tridentate ligand forming a metal complex
by chelation [82]. No studies have been reported for hydrogel surface modification by
an NTA chelating agent. DTPA possesses five carboxylate groups, which show a high
binding affinity for heavy metals after grafting on the hydrogel surface. For example,
Huang et al. prepared DTPA-modified chitosan/alginate hydrogels for removal of Cu2+

from electroplating wastewater [83].
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Table 3. Different hydrogel-based functionalized adsorbent materials for the removal of heavy metals.

Hydrogel Active Functional Group Heavy Metals Removed References

Graphene oxide-chitosan-poly(acrylic acid)
(GO-CS-AA) hydrogel nanocomposite R-COOH Pb2+ [84]

Hydrous ferric oxide-Poly(trans-aconitic
acid/2-hydroxyethyl acrylate

(HFO-P(TAA/HEA)) hydrogel
R-OH Cu2+, Cd2+, Pb2+ and Ni2+ [85]

Chitosan-sodium lignosulfonate-acrylic acid
(CS-SLS-AA) hydrogel R-NH2 Co2+ and Cu2+ [86]

Poly(3-acrylamidopropyl) trimethyl ammonium
chloride/7-Fe2O3

R-N+(CH3)3 Cr4+ [87]

Sulfathiazole-based novel UV-curved hydrogel R-SH Hg2+, Cd2+ and Zn2+ [88]
Magnetic anionic hydrogel (nFeMAH) R-SO3Na Cu2+ and Ni2+ [64]

Poly(2-acrylamido-2-methyl-1-propane sulfonic
acid) magnetic hydrogel R-SO3H Cd2+, Co2+, Fe2+,

Pb2+,Cu2+, Cr2+ and Ni2+
[39]

Acrylamide/crotonic acid (AAm/CA) hydrogel R-COOH, and R-CONH2 Hg2+ [89]

Glucan/chitosan hydrogel R-OH and R-NH2
Co2+, Cu2+, Cd2+, Ni2+

and Pb2+ [90]

Malic acid enhanced chitosan hydrogel
beads (mCHBs) R-COOH and R-NH2 Cu2+ [91]

Carboxymethyl cellulose/polyacrylamide
(CMC/PAM) composite hydrogel

R-OH, R-COOH and R-NH2 Cd2+, Pb2+ and Cu2+ [92]

Chitosan poly(acrylic acid)
supermacroporous hydrogel R-OH, R-COOH and R-NH2 Cu2+ and Pb2+ [93]

Lignosulfonate-modified graphene hydrogel R-C=O, R-OH and R-COOH Pb2+ [94]
Polyacrylonitrile-chitosan-graphene oxide (PCG)

hydrogel composite R-C(NH2)=N-OH U6+ [73]

7. Synthesis of Hydrogel

A plethora of issues arising from the overuse of non-biodegradable materials and
fossil resources have shifted researchers’ focus to renewable and environmentally friendly
materials. In the present time, polymers are extensively used in different areas, namely
agriculture, biomedical applications, wastewater treatment, and food packaging [95–98].
Similarly, for the removal of toxic heavy metals from wastewater by adsorption, polymeric
hydrogels are the most promising adsorbent material due to their increased surface area,
good solubility in organic solvents, improved functionality, low-priced, biodegradability,
recyclability, enhanced adsorption capacity, and ease of fabrication. In addition, the excel-
lent hydrophilic character makes these hydrogels suitable for wastewater treatment [35,99].
However, the effectiveness of the adsorbent material is highly dependent on the physico-
chemical properties of the adsorbent [100]. As a result, the first and most important step
in developing an effective adsorption process is to synthesize a suitable hydrogel-based
adsorbent material with high absorptivity of heavy metals present in wastewater.

The essential chemicals required for the synthesis of the hydrogel are a monomer, an
initiator, and a cross-linker. Acryl amide (AAm), polyvinyl alcohol (PVA), polyvinyl pyrroli-
done, acrylic acid (AA), 2-dimethylamino ethyl methacrylate (DMAEM), polyethylene
glycol methyl ether methacrylate (PEGMEM), (3-Acrylamidopropyl) trimethylammonium
chloride (APTMACI), N-isopropylacrylamide, 2-acrylamido-2-methyl-1-propan-sulfonic
acid (AMPS), and 4-vinyl pyridine, 2-hydroxyethylmetacrylate are the examples of some
monomers used in hydrogel synthesis [38,39,101–106]. Distinct monomers have different
properties in terms of adsorption capacity, physical strength, and so on. In the synthesis
of hydrogels, researchers were able to develop a solution to overcome the limitation of
specific monomers. For example, to reduce the physical weakness of biopolymer chitosan,
Sun et al. [107] and Liu et al. [108] used cellulose as the blending polymer in the synthesis
of chitosan-based hydrogel for heavy metal adsorption.
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Cross-linkers or cross-linking agents play a crucial role in the synthesis of polymeric
hydrogels because they help to build up the polymeric three-dimensional network by
stabilizing the binding sites amid the functional monomer and adsorption target molecule.
Therefore, cross-linkers influence the polymers’ hydrophilic or hydrophobic properties,
selectivity, mechanical stability, and morphology [109]. A cross-linker of organic or inor-
ganic nature can be used in the synthesis process. Moreover, inorganic cross-linkers are
mainly used to synthesize hydrogel adsorbents as organic cross-linkers that have certain
disadvantages in terms of lower mechanical strength and thus cannot withstand stressed
conditions; additionally, they also have a lower swelling capacity [41,110]. Furthermore, the
characteristic properties of a hydrogel can differ depending on whether the cross-linking
between the chains is covalent or non-covalent. Permanently cross-linked junctions exist in
hydrogels that have been cross-linked with covalent bonds. Hydrogels cross-linked with
non-covalent bonds (ionic interaction, hydrophobic interaction, or hydrogen bonding), on
the other hand, have transient junctions [41,50].

For polymerization reaction, a cross-linker must have more than one active func-
tional group to help linear polymer chains to join with other chains to form a stable
three-dimensional structure. A low degree of cross-linking, in particular, corresponds to a
small quantity of cross-linker, resulting in poor mechanical strength of polymeric material.
As a result, the three-dimensional structure of hydrogel distorts during the application, and
adsorption sites are disrupted, giving rise to a high number of non-specific perforations.
When the degree of cross-linking is high, a densely packed three-dimensional mesh struc-
ture is generated, having excellent mechanical strength and an unexpectedly high mass
transfer number. Resulting in the reduction of adsorption sites, as well as the degree of
swelling of the hydrogel, causing heavy metals to barely penetrate the hydrogel surface.
Therefore, it is optimal to maintain the quantity of the cross-linker in the specified range.
Polymers having a cross-link ratio greater than 80% are generally used [109,111,112].

In the synthesis of hydrogels, an initiator is a chemical that helps to initiate the
polymerization process. Table 4 summarizes various hydrogel-based adsorbents and the
monomers, initiators, and cross-linkers used in their synthesis process.

Table 4. Different hydrogel adsorbents and associated monomers, cross-linker, and initiators in the
synthesis process.

Hydrogel Monomer Cross-Linker Initiator/Accelerator References

Poly(2-acrylamido-2-
methyl-1-propansulfonic
acid-co- vinylimidazole)

hydrogel

2-acrylamido-2-methyl-1-
propansulfonicacid

(AMPS), N- vinyl imidazole

N,N′
methylenebisacrylamide

(MBA)

2,2′-azobis(2-methyl
propionamide) (MPA)

dihydrochloride
[37]

Cationic hydrogel
(3-acrylamidopropyl)
trimethylammonium
chloride (APTMCI)

N,N′
methylenebisacrylamide

(MBA)

Ammoniumpersulfate
(APS)/N,N,N′,N′-

tetramethylenediamine
(TEMED)

[38]

Hydrogel biochar composite Acrylamide (AAm)
N,N′

methylenebisacrylamide
(MBA)

Ammonium persulfate
(APS) [101]

Fe2O3 nanoparticles
functionalized polyvinyl

alcohol/chitosan magnetic
composite hydrogel

Polyvinyl alcohol (PVA) Glutaraldehyde vapor Glacial acetic acid [102]

Methacrylate-based
hydrogel

Polyethylene glycol methyl
ether methacrylate

(PEGMEM),
2-dimethylamino ethyl

methacrylate

N,N′
methylenebisacrylamide

(MBA)

Ammonium persulfate
(APS) [104]
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Table 4. Cont.

Hydrogel Monomer Cross-Linker Initiator/Accelerator References

(p-4-VP-co-HEMA)
composite hydrogel

4-vinyl pyridine (4-VP), 2-
hydroxyethylmetacrylate

(HEMA)

N,N′
methylenebisacrylamide

(MBA)

Ammonium persulfate
(APS), N,N,N′,N′-

tetramethylenediamine
(TEMED)

[106]

Chitosan-cellulose hydrogel Chitosan Cellulose - [107]

Superabsorbent polymer
hydrogels

Acrylic acid (AA),
acrylamide (AAm)

N,N′
methylenebisacrylamide

(MBA)

Ammoniumpersulfate
(APS) [113]

Poly(N-
hydroxymethylacrylamide)

hydrogel

N-
hydroxymethylacrylamide

Polyethylene glycol (400)
diacrylate

Ammonium persulfate
(APS)/N,N,N′,N′-

tetramethylenediamine
(TEMED)

[114]

EDTA Functionalized
Chitosan/Polyacrylamide
double network hydrogel

Chitosan, acrylamide
N,N′

methylenebisacrylamide
(MBA)

Potassium persulfate
(KPS) [115]

N-vinyl-2-
pyrrolidone/Itaconic

acid hydrogel

Itaconic acid (IA),
N-vinyl-2-pyrrolidone

N,N′
methylenebisacrylamide

(MBA)

Ammoniumpersulfate
(APS/N,N,N′,N′-

tetramethylenediamine
(TEMED)

[116]

Polyampholyte hydrogel Methyl methacrylate
(MMA), acrylic acid (AA)

N,N′
methylenebisacrylamide

(MBA)

Ammonium persulfate
(APS)/N,N,N′,N′-

tetramethylenediamine
(TEMED)

[117]

Poly(acrylic acid)
hydrogel adsorbent Acrylic acid (AA)

Calcium hydroxide
(Ca(OH)2)

nano-spherulites (CNS)

Ammonium persulfate
(APS)/N,N,N′,N′-

tetramethylenediamine
(TEMED)

[118]

Magnetic chitosan
hydrogel beads Chitosan Glutaraldehyde - [119]

Hydrogel-based on novel
cross-linker

Chitosan, acrylic acid,
glucose

Allyl
pentaerythritol(AP)15/allyl
mannitol (AP)14/allyl sorbitol

Potassium persulfate
(KPS) [120]

Hydrogels are synthesized via two routes: Chemical and physical.

7.1. Synthesis via the Chemical Route

Polymer chains in chemically cross-linked hydrogels are formed by covalent bonds.
The subsequent sections describe various methods for the synthesis of the hydrogel by
chemical modification.

7.1.1. Chemical Route of Cross-Linking via Free Radical Polymerization

Free radical polymerization is one of the well-studied approaches for the synthesis
of hydrogel in the presence of cross-linking agent N, N′ methylene bisacrylamide (MBA).
The method involves three steps namely, initiation, polymeric chain propagation, and
termination. In this process, the first step involves the generation of free radicals by using
an initiator such as ammonium persulfate (APS), potassium persulfate (KPS), etc. in the
vicinity of temperature, light, redox reaction, or ultraviolet or gamma radiation [121,122].
After that, in the second step, the free radical will react with the monomer to produce a
radical monomer, which then reacts with the other monomers present in the solution to
form polymeric chains. The cross-linker is added during the propagation of the polymeric
chain, resulting in the formation of a three-dimensional structure of hydrogel. In the last
step, the polymeric chain is terminated via disproportionation or combination reaction.
The combination reaction connects two growing chains into one long polymeric chain.
However, in the case of disproportionation reaction, a hydrogen atom is abstracted from
the end of one growing chain and added to the other growing chain. As a result, a polymer
with the unsaturated end group and a saturated end group is obtained. To speed up
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the process, an accelerating agent such as N,N,N′,N-tetramethylene diamine is added to
the reaction mixture [123]. For instance, Shah et al. prepared superabsorbent polymer
hydrogels containing acrylamide and acrylic acid as monomers via one-step free-radical
polymerization. In this work, they aimed to remove multi-metals (Ni2+, Cd2+, Co2+, and
Cu2+) from an aqueous medium [113].

7.1.2. Chemical Route of Cross-Linking via High Energy Irradiation

The hydrogel synthesis via ultraviolet light radiation, electron beams, and 7-radiation
is carried out at ambient or sub-ambient temperatures without the requirement of initia-
tors, catalysts, or cross-linkers [124]. This synthetic route outperforms chemically initi-
ated processes in regards to one-step hydrogel formation with no waste generation as a
byproduct [125]. In this method, the density of cross-linking is estimated by duration and
dose of irradiation. Polyethylene glycol (PEG), polyvinyl alcohol (PVA), alginate, chitosan,
gelatin, hyaluronic acid (HA), carboxymethyl cellulose (CMC) are among the natural and
synthetic polymers proposed for the hydrogel synthesis using this method [126,127]. This
cross-linking method is similar to free radical polymerization in terms of three-step hydro-
gel formation: initiator, propagation of polymeric chain, and termination. When the mixture
of the reaction solution is irradiated, a hydroxyl free radical is generated, resulting in the
formation of a free-radical monomer. The hydrogel is synthesized when the network has
reached the critical stage of gelling [128]. Maziad et al. prepared polyacrylic acid/polyvinyl
alcohol based hydrogel to treat water decontamination via gamma radiation. They found
that the hydrogel swelled 273%and had removal capacity of 150 mg/g, 155mg/g, and
193 mg/g for Ni2+, Co2+, and Cu2+ ions, respectively, at acidic pH 5 and after 24 h [129].

7.1.3. Chemical Route of Cross-Linking via Grafting Reactions

In this method, the hydrophilic functional group like carboxyl (–COOH), sulfonic
(–SO3H), amino (–NH2), and acylamino (–CONH2) are grafted on the surface of
hydrogel [92,130]. Grafting the functional groups helps in improving the adsorption or
desorption efficiency, as well as selectivity for specific heavy metals. As a result of this, there
is an increase in surface polarity, hydrophilicity, and enhancement in the number of active
sorption sites [131]. For example, Qi et al. prepared a new salecan polysaccharide-based
hydrogel via graft copolymerization of sodium vinyl sulfonate and acrylamide onto the
salecan for the effective decontamination of Pb2+ from wastewater [132].

7.1.4. Chemical Route of Cross-Linking via Reaction of Functional Groups

The reaction involves the bond formation between the cross-linker and the functional
moieties present in the polymer molecule. Hydrophilic groups such as amine (–NH2 in
chitosan and proteins) and hydroxyl (–OH in cellulose and its derivatives) are bonded
with cross-linking agents (such as glutaraldehyde) having an aldehyde functional group
resulting in aldol product via covalent interaction. Hydrogel synthesis involving the
polymers having hydroxyl groups needs certain specific conditions like methanol as a
quencher, high temperature, and low pH. However, in the case of protein-based hydrogel
no specific conditions are required [112,133,134]. Polymers with ester functional groups,
on the other hand, undergo chemical cross-linking through the condensation process in the
presence of a cross-linking agent, resulting in the formation of Schiff bases [130].

7.2. Synthesis via Physical Route

The physical route of cross-linking is highly favorable to synthesize non-toxic and
environmentally friendly hydrogel as there is no requirement for chemical-based cross-
linking agents [135]. In this process, polymer chains are held by weak interactions like
hydrophobic interaction, ionic interaction, hydrogen bonding, Van der Waals forces, and
π–π interaction [136]. From the literature, it is noted that polysaccharides like dextran,
pullulan, carboxymethyl curdlan, and chitosan are used for the synthesis of hydrogels by
this method [137].
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7.2.1. Synthesis via Freeze-Thaw

Crystallization via the freeze–thaw method is one of the physical processes used to syn-
thesize hydrogel [138]. In this method, crystallization takes place by freezing low molecular
solutes or bulk solvents, which enhances the polymer concentration by decreasing the chain
gap and allowing the chains to align and join to create a three-dimensional structure [139].
In hydrogels, freeze–thaw cycles give rise to porous structures due to the space created by
melting crystals during the thawing stages [140]. By varying the polymer concentration, the
freezing temperature, freeze–thaw time duration, and the number of freezing and thawing
cycles, the mechanical characteristics of the freeze–thawed hydrogel may be adjusted [139].

Hydrogels synthesized via the freeze–thaw method have greater elastic characteristics
in comparison to those synthesized via chemical methods, attracting widespread interest
across the world [141]. For instance, poly (vinyl alcohol) (PVA)/carboxy methyl cellulose
(CMC) hydrogels are synthesized via the freeze–thaw method and used to absorb heavy
metals such as Ni2+, Cu2+, Zn2+ and Ag2+ [139].

7.2.2. Synthesis via Self-Assembling

Self-assembled hydrogels are prepared by monomeric units that spontaneously self-
assemble by non-covalent interaction into supramolecular fibers [142]. When such fibers
retain proper solvation in liquid (water), they efficiently entangle and immobilize solvent
flow, resulting in a 3D mesh structure. The non-covalent interaction stabilizes hydro-
gel structures by making them softer than those generated by covalently cross-linked
material [143]. These interactions provide self-assembled hydrogel with advantages such
as tolerance to environmental perturbation and self-healing characteristics [144].

7.2.3. Synthesis via Instantaneous Gelation

Another approach for synthesizing hydrogel quickly after a one-step procedure is
instantaneous gelation [39,145]. For example, Zhou et al. synthesized novel chitosan-based
magnetic hydrogel beads comprised of amine-functionalized magnetite nanoparticles, car-
boxylated cellulose nanofibrils, and polyvinyl alcohol incorporated chitosan for adsorption
of Pb2+. The synthesized hydrogel beads exhibited an adsorption efficiency of 171.0 mg/g
and could be regenerated in a weakly acidic solution with an adsorption efficacy of 90%
after 4 cycles [146].

7.2.4. Synthesis via Ionotropic Gelation

Hydrogel synthesis by ionotropic gelation allows the formation of microparticles and
nanoparticles via electrostatic bonding among the two ionic species under suitable conditions,
one of which must be a polymer [147]. For instance, sodium alginate(SA)/hydroxypropyl
cellulose (HPC) hydrogel beads were synthesized with different ratios of 50:50, 75:25, and
100:0 for the removal of Pb2+. According to the results obtained, 75:25 showed better
adsorption capacity in comparison to 50:50 and 100:0. After three hours of contact time,
hydrogel beads showcased adsorption capacity and adsorption percentage of 47.72 mg/g
and 95.45%, respectively [148].

7.2.5. Synthesis via Inverse Emulsion Method

In the inverse emulsion method, the term “water-in-oil” describes the phenomenon
in which water-soluble monomer is dispersed in the continuous phase oil (paraffin oil)
by using an appropriate stabilizing agent, namely non-ionic surfactant Triton X-100, and
after that the systems go through the phase inversion in a coagulation bath to release the
monomer and precipitate out the porous film. This method has an advantage over other
methods such as fine powdered product is obtained and by altering the reaction condition,
the desired particle size can be achieved [149]. For example, a superabsorbent polymer-
based hydrogel consisting of acrylic acid and carboxymethyl cellulose was synthesized by
inverse emulsion polymerization method by using N, N′ methylene bisacrylamide (MBA)
as a cross-linking agent and potassium persulfate (KPS) as an initiator. The maximum
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swelling capacity of 44.0 g/g in 0.9% w/v NaCl solution and 544.95 g/g in deionized
water [150].

8. Characterization Techniques of Hydrogel

After the successful synthesis of hydrogel adsorbent, it becomes inevitable to inves-
tigate the physical, mechanical, structural, and morphological properties of the hydrogel
formed. For this purpose, various characterization techniques such as Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), zeta sizer, and energy-dispersive X-ray (EDX) are used to characterize the
hydrogel (Table 5).

Table 5. Characterization techniques used for hydrogel adsorbent and information obtained from the
characterization tools.

Characterization Techniques Characteristics

Fourier Transform Infrared Spectroscopy (FTIR) Functional group
Field Emission-Scanning Electron Microscopy (FE-SEM) Surface morphology

Thermo Gravimetric Analysis (TGA) Thermal stability
Zeta Sizer Surface charge

Energy Dispersive X-ray (EDX) Elemental composition

8.1. Functional Group Analysis

The surface functional groups such as hydroxyl, carboxyl, amide, amine, thiol, and
amidoxime, etc. can be identified by using FTIR. Tang et al. synthesized chitosan/sodium
alginate/calcium ion physically cross-linked double network hydrogel (PCDNH) for scav-
enging heavy metal ions. Analysis of FTIR spectra of hydrogels reveals that the peaks
of chitosan at 1591 cm−1 and 1649 cm−1 (bending vibration of N-H and stretching vibra-
tions for C=O of primary amine) disappear after the synthesis of PCDNH because the
−NH2 group is converted to −NH3

+. The symmetric and asymmetric stretching vibration
peaks of −COO− of sodium alginate at 1406 cm−1 and 1594 cm−1 shift to 1404 cm−1 and
1588 cm−1, indicating, the interaction between −COO− with Ca2+ and −NH3

+. A new
peak was observed at 1714 cm−1 corresponding to the partial protonation of −COO− after
the formation of PCDNH (Figure 6a) [151]. Ablouh et al. investigated the adsorption of
Cr6+ and Pb2+ via FTIR analysis for the preparation of Chitosan/Sodium alginate (CSM-SA)
hybrid hydrogel beads. It was noticed that the peak of −NH2 or −OH at around 3250 cm−1

shifted to 3245 cm−1, indicating hydrogen bonding among the H atoms in −NH2 groups
and the O atoms of oxyanions of Cr6+. In addition, there is a slight shift in the peak of COO
from 1600 to 1590 cm−1, indicating the interaction between COO and Cr6+. These shifts
correspond to electrostatic interaction between Cr6+ and NH3

+, COO, and OH groups.
A new peak observed at 682 cm−1 is due to the O-Cr-O band corresponding to Cr species.
After the adsorption of Pb2+, the stretching vibration of OH and COO group shows a strong
shift from 3250 to 3261 cm−1, and 1600 to 1569 cm−1, respectively. This shift is due to the
coordination effect between Pb2+ and O atom, demonstrating ion-exchange among Ca2+

and Pb2+ on the surface of hydrogel (Figure 6b) [152].
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Figure 6. (a) FTIR spectra of chitosan (CTS), sodium alginate (SA), and PCDNH, (Reprinted from
Ref. [151], Copyright (2022), with permission from Elsevier). (b) FTIR spectra of CSM/SA hybrid
hydrogel beads loaded with Pb2+ and Cr6+ [152].

8.2. Thermal Analysis

Thermogravimetric analysis (TGA) is used to determine the thermal stability of a
hydrogel. TGA can also be used to evaluate changes in a material’s physical and chemical
properties as a function of increasing temperature. For example, Kong et al. studied
the thermal stability of the Xylan-g-/p(acrylic acid-co-acrylamide)/graphene oxide (GO)
hydrogel. Figure 7a represents the TGA thermogram of the hydrogel with and without GO.
The weight loss of samples occurred in four phases when the temperature was raised from
room temperature to 700 ◦C: 25–220 ◦C, 220–350 ◦C, 350–400 ◦C, and 400–700 ◦C. In the first
step, weight loss was due to moisture loss and the decomposition of tiny molecules. The
weight loss in the second step was because of the decomposition of long-chain compounds
like polyacrylic acid, polyacrylamide, and xylan. The weight of hydrogels remained
consistent in the last step, which was due to the carbonation of the hydrogels. Furthermore,
the hydrogels with a higher GO loading had a high weight, indicating that GO has a
positive effect on hydrogel thermal stability [153]. Mohamed et al. studied the thermal
properties of a biodegradable N-quaternized chitosan (NQC)/poly (acrylic acid) (PAA)
hydrogel by varying the NQC/PAA ratios to 3:1 (Q1P3), 1:1 (Q1P1), and 1:3 (Q1P3). The
TGA thermogram revealed that the initial decomposition temperatures (IDT) of NQC,
chitosan, PAA, Q3P1, Q1P1, and Q1P3 were observed at 214, 240, 229, 227,246, and 254 ◦C,
respectively. Q1P3 hydrogel had the greatest IDT, indicating that it was the most thermally
stable, owing to greater intermolecular hydrogen bonding between NQC and PAA chains.
The thermal stability of hydrogels increased in the sequence: Q1P3 > Q1P1 > chitosan >
Q3P1 > PAA > NQC (Figure 7b) [154].

Figure 7. (a) TGA thermogram of the synthesized hydrogel with and without GO [153], and (b) Table 1.
P1, Q1P3, and Q3P1. (Reprinted from Ref. [154], Copyright (2022), with permission from Elsevier).
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8.3. SEM Analysis

SEM is used to study the surface morphology, topography, and composition of
the hydrogels. The porosity of hydrogel is a key factor attributed to its adsorption
capacity. For instance, Godiya et al. synthesized bio-based carboxymethyl cellulose
(CMC)/poly(acrylamide) (PAM) hydrogel for adsorption of heavy metals. SEM results
demonstrated that CMC/PAM hydrogel has a sponge-like, three-dimensional, and highly
mesoporous surface morphology (Figure 8b) that significantly differs from CMC hydrogel
(Figure 8a). The CMC/PAM hydrogel has a pore size in the range of 5–15 μm in diameter.
The pores developed in the hydrogel will permit guest molecules like water and heavy met-
als to move across the composite structure. The CMC/PAM composite hydrogel retained
its structural robustness after the adsorption of Cu2+ (Figure 8c) [92].

Figure 8. (a) CMC hydrogel, (b) CMC/PAM composite hydrogel, and (c) CMC/PAM composite
hydrogel after the adsorption of Cu2+. (Reprinted from Ref. [92], Copyright (2022), with permission
from Elsevier).

Javed et al. synthesized anionic poly(methacrylic acid)(P(MAA)), neutral poly(acrylamide)
(P(AAm)), and cationic poly(3-acrylamidopropyltrimethyl ammonium chloride)(P(APTMACI))
hydrogels and examined surface morphology by using SEM. SEM micrographs revealed
that the surface P(MAA) was highly porous and rough compared to P(AAm) and P(APTMACI)
(Figure 9a–c). The material with a rougher surface will generally have a higher adsorption
capacity. As shown in Figure 10, SEM micrographs of hybrid hydrogels revealed that heavy
metals nanoparticles were dispersed throughout the matrix without aggregation [155].
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Figure 9. SEM micrograph of (a) anionic P(MAA), (b) neutral P(AAm), and (c) cationic P(APTMACI)
hydrogels [155].

Figure 10. SEM micrographs of hybrid (a) P(MAA)-Cu, (b) P(MAA)-Ni, (c) P(APTMACI)-Cu,
(d) P(APTMACI-Ni, (e) P(AAm)-Cu, and, (f) P(AAm)-Ni hydrogels [155].

8.4. Zeta Potential Analysis

Zeta potential is useful in determining the surface charge of hydrogel adsorbent.
For example, Hu et al. synthesized carboxymethyl cellulose nanocrystals (CCN)/sodium
alginate (Alg) hydrogel beads for scavenging Pb2+ and used a zeta-sizer to check the
surface charge. Figure 11a depicts the zeta potentials of CCN, Alg, and prepared CCN-
ALg were measured at pH 5.2. The zeta potential results revealed that all the three sam-
ples had negatively charged surfaces with stable dispersion at pH 5.2, with CCN-Alg
being more so than the other two [156]. Bandara et al. studied the surface charge on
chitosan/polyethylenimine/graphene oxide hydrogel beads for the abstraction of sele-
nium from wastewater. Positive zeta potentials were noticed across a wide pH range,
ranging from acidic pH to the isoelectronic point of 10.5, indicating ideal circumstances for
electrostatic interaction with negatively charged species (Figure 11b) [157].
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Figure 11. (a) Zeta potential (mV) of CCN, Alg, and CCN/Alg hydrogel beads. (Reprinted from
Ref. [156], with permission from Elsevier), and (b) zeta potential of hydrogel beads varies as a function
of pH, showing that negatively charged selenium absorbs at lower pH. (Reprinted from Ref. [158].
Copyright 2022 American Chemical Society).

8.5. EDX Analysis

EDX characterization is used to determine the hydrogel’s elemental composition.
Dil et al., for example, reported the fabrication of a novel porous gelatin-silver/poly
(acrylic acid) (NPGESNC-AcA) nanocomposite hydrogel for Cu2+ removal. Figure 12
represents the element percentage of the synthesized NPGENC-AcA hydrogel before Cu2+

adsorption, which contains 52.3% carbon, 22.8% oxygen, 13.5% sodium, 10.6% nitrogen,
0.8% silver before adsorption of Cu2+. The results showed that silver was deposited in the
nanocomposite hydrogel network, with no additional impurity elements detected in the
spectrum (Figure 12a). EDX analysis for NPGENC-AcA after Cu2+ adsorption consists of
46.6% carbon, 27.3% oxygen, 11.9% nitrogen, sodium 10.5%, 0.6% silver, and 3.1% copper
(Figure 12b) [121].

 

Figure 12. EDX spectra of NPGESNC-AcA (a) before Cu2+ adsorption, and (b) after Cu2+ adsorption
(Reprinted from Ref. [121], Copyright (2022), with permission from Elsevier).

9. Adsorption Mechanism of Hydrogel

A thorough understanding of the adsorption mechanism and the removal process of
various contaminants on different hydrogel-based adsorbents is essential for modifying
hydrogels to enhance adsorption efficiency. The interactions such as electrostatic interaction,
ion exchange, coordination interaction, and hydrophobic interaction take place depending
on the surface functional moieties of hydrogels, provided reaction conditions such as
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temperature, pH, ligand, salt concentration, etc., and pollutant chemistry [159]. In literature,
most hydrogel adsorbents are formed by the combination of interactions that take place
simultaneously to form a 3D network. In the case of starch-based hydrogel, chemisorption
and physisorption act simultaneously by acid-base interaction, H-bonding, ion exchange,
or coordination interaction with heavy metal ions [160,161]. In chitin-based hydrogel,
single or combination of multiple interactions occur depending on the operating condition
and chemical composition [162]. In cyclodextrin-based hydrogel, complex formation
occurs among the cyclodextrin and heavy metals involving host–guest interaction where
hydrophobic bonding [163]. The various adsorption/desorption mechanism of heavy
metals by hydrogel is discussed in Table 6.

9.1. Electrostatic Interaction

Electrostatic interaction occurs in the hydrogel with specific functional moieties in
monomeric units having oppositely charged ions such as cation–anion interaction con-
cerning heavy metals that need to be adsorbed or desorbed [159]. Furthermore, the pH of
the solution has a significant impact on the generation of charged ions on the adsorbent
(hydrogel) surface [164]. The pH of the solution is represented by pHPZC when there are
no charged ions on the surface of the adsorbent [165,166]. When the pH > pHPZC, the
surface functional moieties like −OH, −COOH, and −H3PO4 lose the proton due to the
higher concentration of OH− ions in the solution that forms anions like −O−, −COO−,
−PO4

3− etc. on the surface of the adsorbent. However, at pH < pHPZC, the surface of
the adsorbent is positively charged due to an increase in the concentration of H+ ions,
which causes protonation of functional moieties such as −SH, −NH2, etc [167]. According
to the studies reported, electrostatic interactions are the dominant adsorption force for
heavy metals abstraction in various hydrogels. Yu and co-workers synthesized sodium
alginate(SA)/carboxylated nanocrystals cellulose hydrogel beads for the abstraction of
Pb2+. The findings in this study reveal that the adsorption mechanism that took place
was complexation among −COO and −OH functional moieties and heavy metal (Pb2+)
by sharing a pair of electrons. Thereafter, the electrostatic interaction was found to occur
between negatively charged hydrogel beads and positively charged Pb2+ ions [156]. Tang
et al. synthesized physically cross-linked double network hydrogel (PCDNH) containing
chitosan, calcium ion, and sodium alginate. In this study, they reported that chitosan’s
cationic NH3

+ group reacts with sodium alginate’s anionic −COO− group to construct
physically cross-linked hydrogel via electrostatic interaction. In addition, the adsorption
of heavy metals (Pb2+ and Cd2+) on the hydrogel surface was due to the electrostatic
interaction with PCDNH’s oxygen atom, whereas the adsorption of Cu2+ was primarily
due to coordination interaction with PCDNH’s nitrogen atom, besides electrostatic interac-
tion [151]. Zeng et al. prepared pullulan/polydopamine hydrogel for effective elimination
of heavy metals (Co2+, Cu2+, and Ni2+). In this research work, hydrogels were prepared by
chemically cross-linking pullulan with 1,2-bis (2,3-epoxypropoxy) ethane. Polydopamine
was added to the mixture to form a novel hydrogel adsorbent. Polydopamine’s nitrogen
atom and catechol group have a high affinity to react with positively charged metal-ion via
electrostatic and coordination interaction (Figure 13) [158].
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Figure 13. Schematic representation showcasing electrostatic and coordination interaction between
pullulan/polydopamine hydrogel and heavy metals. (Reprinted from Ref. [158], Copyright (2022),
with permission from Elsevier).

9.2. Ion-Exchange

Ion exchange refers to a chemical process whereby the swapping of ions takes place
between an insoluble adsorbent (hydrogel) and a liquid phase (wastewater). The unwanted
anions or cations dissolved in the wastewater are replaced or removed by the ions of a
similar charge present on the hydrogel surface. To maintain the neutrality of the system
the number of ions adsorbed by the hydrogel adsorbent must be equal to the number of
ions liberated [168]. Ion exchange provides an efficient and convenient route becauser it
can distillate and separate distinct contaminants from wastewater [169]. It reduces the
degree of harmful load by converting heavy metals waste into a form that can be reused
and recycled, leaving behind less hazardous materials in the solution, or by reducing
the hydraulic flow of the stream containing toxic heavy metals, allowing for the final
release [167]. Ion-exchange mechanisms, like electrostatic interaction, are highly dependent
on the pH of the solution. Due to a rise in the concentration of H+ ions at pH < pHPZC, the
functional moieties in hydrogel adsorbent become positively charged, leading to cation
exchange. However, at pH > pHPZC the functional moieties are negatively charged due to
excessive concentration of OH- ions, leading to anion exchange [170]. Saber-Samandari et al.
synthesized Cellulose-Graft-Polyacrylamide/Hydroxyapatite hydrogel composite for the
removal of Cu2+ ions. In this work, he observed that Cu2+ ions got exchanged with the
cations in the hydrogel composite and are attached to the surface of hydroxyapatite by an
ion-exchange mechanism [171]. For the treatment of heavy metals from oily wastewater,
Xiong et al. prepared a self-cleaning cellulose functionalized titanate microsphere hydrogel
via a sol-gel method. The prepared hydrogel microspheres have the combined properties
of cellulose and titanate nanotubes that exhibit a high capacity to maintain oily wastewater.
At first, Cu2+ got absorbed on the inner surface of cellulose titanate hydrogel by electrostatic
interaction. After that, Cu2+ was captured in the layer of titanate nanotubes exhibiting
remarkable characteristics for heavy metals under the influence the chemical and physical
adsorption [172]. Ma et al. prepared ethylenediaminetetraacetic acid (EDTA) functionalized
double network hydrogel for efficient elimination of heavy metals (Cd2+, Pb2+, and Cu2+)
from industrial eluents. In this work, a two-step process was conducted in which first
polyacrylamide was cross-linked with N, N′ methylene bisacrylamide (MBA), and then
EDTA was cross-linked with chitosan to form a double network hydrogel. The hydrogel
showed a maximum sorption capacity of 138.41 mg/g, 99.44 mg/g, and 86.00 mg/g
for Pb2+, Cu2+, and Cd2+ respectively based on the ion exchange mechanism between
carboxylate groups and heavy metal ions (Figure 14) [115].
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Figure 14. The proposed mechanism between chitosan/polyacrylamide hydrogel and heavy metal
ions. (Reprinted from Ref. [115]. Copyright 2022 American Chemical Society).

9.3. Hydrophobic Interaction

The interaction taking place between water molecules and hydrophobes (non-polar
molecules containing long carbon chains that do not react with water molecules because of
weak Van-der-Waals forces) is termed hydrophobic interaction [173]. Therefore, a low water-
soluble molecule is more likely to be attracted by hydrophobes. For example, Tokuyama
et al. prepared superabsorbent hydrogel containing N-isopropyl acrylamide (NIPA) as a
thermo-responsive polymer for heavy metals extraction. At first, an aqueous solution of
metal ions is complexed with an extractant that has a hydrophobic group and an interacting
group. After that, above lower critical solution temperature the complex formed between
metal and extractant gets absorbed into the hydrogel via hydrophobic interaction. Finally,
after cooling below the low critical solution temperature metal-extractant complexes are
extracted from the hydrogel. In this study, Cu2+ is used as a model heavy metal ion [174].
The mechanism for the same is depicted below in Figure 15.

 

Figure 15. The proposed mechanism of heavy metal complexed with extractant onto N-isopropyl
acrylamide hydrogel. (Reprinted with permission from Ref. [174]. Copyright 2022 American
Chemical Society).
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9.4. Coordination Interaction

Coordination interaction also known as chelation interaction refers to the forma-
tion of covalent bond where a single-atom shares both the electrons. In this interaction,
cation (heavy metals) binds with the group containing lone pair electrons, resulting in
cation adsorption on the adsorbate surface [167]. Zhaung et al. prepared double network
alginate/graphene nanocomposite hydrogel beads for effective extraction of Cu2+ and
dichromate (Cr2O7

2−). He observed that –COOH functional moieties in both graphene and
alginate show a high affinity for Cu2+ and Cr2O7

2− via coordination and complexation.
On the contrary, ion exchange takes place between Ca2+ ions in alginate and Cu2+ in the
aqueous solution [175]. Rodrigues et al. prepared chitosan-g-poly (acrylic acid)/cellulose
nanowhiskers (CNWs) composite hydrogel beads by using N, N′ methylene bisacrylamide
as a cross-linker for the adsorption of Cu2+ and Pb2+ from water. FTIR analysis revealed
that functional moieties i.e., hydroxyl groups and carboxyl groups act as coordination sites
for heavy metal adsorption [176]. The schematic representation depicting the coordination
between hydrogel adsorbent and heavy metals is demonstrated in Figure 16.

Table 6. Proposed synthesis and removal mechanism of various hydrogel-based adsorbents.

Hydrogel Type Synthesis Method Mechanism
Heavy Metals

Removed
References

Carboxymethyl cellulose-graft-
poly(acrylic acid)/monmorillonite

hydrogel composite
Graft polymerization Ion exchange and

coordination interaction Zn2+, Pb2+ [177]

Silk sericin/Lignin hydrogel beads Graft polymerization Ion exchange or
electrostatic interaction Cr6+ [178]

Chitosan/multiwall carbon
nanotube/poly(acrylic

acid)/poly(4-aminodiphenyl amine)
functional gel

Free radical polymerization
and cross-linking reaction

Complexation
interaction Cr6+ [60]

Sugar cane bagasse cellulose and
gelatin-based hydrogel composite Cross-linking Coordination and

electrostatic interaction Cu2+ [179]

Carboxy methyl cellulose hydrogel 7-raddiation Coordination interaction Cu2+ [180]

Chitin/cellulose composite hydrogel Freeze-thaw method Electrostatic and
coordination interaction Hg2+, Cu2+, Pb2+ [181]

Carboxy methyl cellulose
hydrogel beads Inverse suspension method Coordination interaction Cu2+, Ni2+, Pb2+ [182]

Hydrogel-biochar composite Free radical polymerization
and cross-linking reactions Chemisorption As [101]

Pullulan/polydopamine hydrogels Chemical cross-linking Electrostatic and
coordination interaction Cu2+ [158]

Jute/poly(acrylic acid) hydrogel Free radical polymerization Electrostatic interaction Cd2+, Pb2+ [183]
Carboxylated chitosan/carboxylated

nanocellulose hydrogel beads Cross-linking Electrostatic and
coordination interaction Pb2+ [184]
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Figure 16. The coordination interaction between chitosan-g-poly (acrylic acid)/cellulose
nanowhiskers hydrogel beads and adsorbed metal. (Reprinted by permission from Ref. [176]. Copy-
right (2022), Springer).

10. Recovery, Regeneration, and Reusability of Hydrogel

One of the paramount characteristics of hydrogel other than high adsorption efficiency
is their regeneration capacity by desorbing the absorbed heavy metals which further
allows it to be reused. The ability to regenerate and reuse an adsorbent material is also
an important factor for the practical assessment of its application. Many different ways
have been studied by researchers for the effective desorption of heavy metals from the
three-dimensional mesh structure of hydrogel after every removal cycle. Changes in
the magnetic field, electric field, temperature, pH, etc. will lead to the desorption of
heavy metals [185]. The influence of pH on heavy metal desorption from a magnetized
cellulose-chitosan hydrogel was reported by Liu et al. [108]. At very low pH values of
1.0–2.0 desorption efficiency of 83–86% was achieved. This represents the merits of using
pH-dependent hydrogel for the adsorption of heavy metals such as arsenic and chromium
during the elimination process and desorption for the recovery of hydrogels. Moreover,
adjusting the required pH is a drawback [38]. According to the literature, studies reported
on the recovery of hydrogel adsorbents have used strong as well as weak acids as eluents
(HCl, HNO3, CH3COOH, H2SO4, etc.) [37]. Furthermore, the type of acid utilized in the
desorption process also has a considerable impact on the durability and desorption capacity
of hydrogel [24]. Mohammadi et al. synthesized a chelator-mimetic multi-functionalized
hydrogel with a high metal adsorption efficiency (cadmium, lead, and arsenic) and great
reusability. By employing a low concentration of hydrochloric acid, the heavy metals
absorbed in the hydrogel network were eluted and the hydrogel was regenerated for
reuse. After five adsorption/desorption reuse cycles, a removal ratio greater than 60%
was obtained [185]. By applying a similar approach, Pourjavadi et al. developed a novel
hydrogel containing chitosan, acrylic acid, and an amine-functionalized nano-silica. In this
work, 1M hydrochloric acid solution was employed for recovering hydrogel loaded with
Pb2+. The hydrogel was then regenerated by filtering and washing with deionized water
before being utilized for the next adsorption cycle. After three consecutive cycles, the
efficiency of regenerated hydrogel remained around 685–715 mg/g [186].

Magnetic hydrogels are one of the most used adsorbent materials for the effective
elimination of heavy metals from flowing streams. During the recovery process, the eluent
acidity needs to be managed since an excess of acid can damage the magnetic adsorbent.
Eluents with high concentrations can damage the binding sites on hydrogels, resulting in
lowered adsorption efficiency after numerous sorption cycles [187]. Tang et al. synthesized
a magnetic hydrogel with high adsorption efficiency of 200 mg/g for Cr6+ adsorption. The
hydrogel possesses an advantage of easy recovery by regenerating in sodium chloride
solution (NaCl) [188]. The applicability of any magnetic hydrogel adsorbent in contami-
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nated water is determined by two important factors: an increase in the concentration of
heavy metals in that solution and a lower quantity of recovery solution. Tang’s research
summarized both the factors in Figure 17. In brief, the treated contaminated water is
collected and separated from hydrogel in a magnetic separation unit; NaCl at different
concentration is injected for the regeneration of hydrogel, and the leftover solution were
collected by separating the magnetic hydrogel. A series of regeneration tests were carried
out by step-wise addition of sodium chloride solution. The recovery solution was then
collected and further processed by the addition of NaCl solution to it. The results obtained
suggested recovery efficiency was maintained for 20 sorption cycles, resulting in the Cr6+

removal capacity of 97–98%. According to the results achieved, the Cr content in the
recovery solution reached 500–600 mg/L corresponding to wastewater:recovery volume
ratio of 40:1 [188].

Figure 17. Schematic representation of a wastewater treatment experiment with a magnetic separation
unit. (Reprinted with permission from Ref. [188]. Copyright 2022 Americal Chemical Society).

Reusability of hydrogel is one of the most important characteristics for wide-range
applications, although it is a challenge for conventional hydrogel adsorbents as they possess
poor mechanical strength after swelling in aqueous media. Therefore, increasing mechanical
strength plays a crucial role in maintaining the desired adsorption efficiency of the heavy
metals-loaded hydrogel. Liu et al. reported that 95% Fe, Pb, and Cu were removed from an
aqueous medium through 7 adsorption cycles and hydrogel still can lead to heavy metals
removal [108]. Therefore, it proves that hydrogel can be reused many times and lowers
the cost of production for heavy metals elimination from an aqueous solution. Tang et al.
reported the reusability and regeneration of hydrogel in a column experiment for effective
elimination of Cr6+ by a cationic hydrogel. After 6 sorption cycles adsorption efficiency
remained constant (27 mg g−1, 90%) and the desorption capacity was 93 percent on average
for every cycle [189]. In conclusion, it can be said that low operational and production-cost
along with easy separation capabilities and reusability make hydrogel a choice of adsorbent
for heavy metal removal from wastewater.

11. Conclusions

Water pollution is one of the serious global problems caused by increasing industrial-
ization and urbanization. In particular, heavy metals discharged into flowing streams have
detrimental effects on human health and the natural ecological system. Thus, it is necessary
to treat the wastewater containing toxic heavy metals and then discharge it. The adsorption
process including various types of adsorbent material is regarded as an efficient, cost-
effective, and environment-friendly approach to the treatment of heavy metals. However,
the majority of adsorbent materials used for wastewater treatment are non-biodegradable,
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synthetic, and require post-treatment after use, which prompts researchers’ interest in de-
veloping biodegradable, easy to modify, and biocompatible adsorbent materials. Hydrogels
as potential adsorbent materials represent the best choice. The present review summarizes
the literature concerning hydrogels in the past 25 years, and describes the classification,
properties, synthesis, mechanism and recovery, regeneration, and reuse of hydrogel-based
material for the elimination of heavy metals.

Although hydrogels have been extensively studied, there are still a few areas that
require further investigation.

• Currently, the hydrogel-based adsorbent materials used for heavy metal removal are
limited to lab scale. Therefore, further research is required to scale up for a large-
scale application.

• The present research is confined to removing a single type of heavy metal. More
research should be undertaken targeting multiple heavy metals.

• The research should focus on the ability of the hydrogel to regenerate (for example,
the adsorption efficiency of hydrogel drops after five sorption cycles).

• To broaden the spectrum of hydrogels application for separation of rare earth metals.
• To develop high mechanical strength tailored hydrogel (for example hydrogel mem-

branes) that are easier to separate from the liquid phase for wastewater treatment.

Author Contributions: Conceptualization, Z.D., S.S. and R.G.; methodology, Z.D. and S.S.; software,
Z.D., S.S. and R.G.; validation, Z.D. and S.S.; formal analysis, Z.D.; investigation, Z.D., S.S., R.G. and
N.S.; resources, S.S., N.S. and I.A.; writing—original draft preparation, Z.D. and S.S.; writing—review
and editing, Z.D., S.S., R.G., I.A. and N.S.; supervision, S.S. and R.G.; funding acquisition, N.S., I.A.
and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank Pandit Deendayal Energy University for providing
research facilities. This research was supported by the Marine Pollution Special Interest Group,
National Defence University of Malaysia via SF0076-UPNM/2019/SF/ICT/6 and Scientific Research
Deanship at King Khalid University, Abha, Saudi Arabia through the Large Research Group Project
under grant number (RGP.02-205-42).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. Kabir, S.; Cueto, R.; Balamurugan, S.; Romeo, L.D.; Kuttruff, J.T.; Marx, B.D.; Negulescu, I.I. Removal of acid dyes from textile
wastewaters using fish scales by absorption process. Clean Technol. 2019, 1, 311–324. [CrossRef]

2. Hasanpour, M.; Hatami, M. Photocatalytic performance of aerogels for organic dyes removal from wastewaters: Review study.
J. Mol. Liq. 2020, 309, 113094. [CrossRef]

3. Hasanpour, M.; Hatami, M. Application of three dimensional porous aerogels as adsorbent for removal of heavy metal ions from
water/wastewater: A review study. Adv. Colloid Interface Sci. 2020, 284, 102247. [CrossRef] [PubMed]

4. Siti, N.; Mohd, H.; Md, L.K.; Shamsul, I. Adsorption process of heavy metals by low-cost adsorbent: A review. World Appl. Sci. J.
2013, 28, 1518–1530.

5. Saha, J.; Dikshit, A.; Bandyopadhyay, M.; Saha, K. A review of arsenic poisoning and its effects on human health. Crit. Rev.
Environ. Sci. Technol. 1999, 29, 281–313. [CrossRef]

6. Zhou, Y.; Hu, X.; Zhang, M.; Zhuo, X.; Niu, J. Preparation and characterization of modified cellulose for adsorption of Cd (II),
Hg (II), and acid fuchsin from aqueous solutions. Ind. Eng. Chem. Res. 2013, 52, 876–884. [CrossRef]

7. Masindi, V.; Muedi, K.L. Environmental contamination by heavy metals. Heavy Met. 2018, 10, 115–132.
8. Soleimani, M.; Amini, N.; Sadeghian, B.; Wang, D.; Fang, L. Heavy metals and their source identification in particulate matter

(PM2.5) in Isfahan City, Iran. J. Environ. Sci. 2018, 72, 166–175. [CrossRef]
9. Briffa, J.; Sinagra, E.; Blundell, R. Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon

2020, 6, e04691. [CrossRef]
10. Abdel-Raouf, M.; Abdul-Raheim, A. Removal of Heavy Metals from Industrial Waste Water by Biomass-Based Materials:

A Review. J. Pollut. Eff. Control. 2017, 5, 1000180.

167



Gels 2022, 8, 263

11. Saxena, G.; Purchase, D.; Mulla, S.I.; Saratale, G.D.; Bharagava, R.N. Phytoremediation of heavy metal-contaminated sites:
Eco-environmental concerns, field studies, sustainability issues, and future prospects. Rev. Environ. Contam. Toxicol. 2019, 249,
71–131.

12. Ali, R.M.; Hamad, H.A.; Hussein, M.M.; Malash, G.F. Potential of using green adsorbent of heavy metal removal from aqueous
solutions: Adsorption kinetics, isotherm, thermodynamic, mechanism and economic analysis. Ecol. Eng. 2016, 91, 317–332.
[CrossRef]

13. Mthombeni, N.H.; Mbakop1and, S.; Onyango, M.S. Adsorptive removal of manganese from industrial and mining wastewater.
In Proceedings of the Sustainable Research and Innovation Conference, Nairobi, Kenya, 4 May 2016; College of Engineering and
Technology Jomo Kenyatta University of Agriculture and Technology: Nairobi, Kenya, 2016; pp. 36–45.

14. Yadav, A. Bioremediation of wastewater using various sorbents and vegetable enzymes. Res. Biotechnol. 2015, 6, 1–15.
15. Ahmad, M.; Ahmed, S.; Swami, B.L.; Ikram, S. Adsorption of heavy metal ions: Role of chitosan and cellulose for water treatment.

Langmuir 2015, 79, 109–155.
16. Azimi, A.; Azari, A.; Rezakazemi, M.; Ansarpour, M. Removal of heavy metals from industrial wastewaters: A review. ChemBioEng

Rev. 2017, 4, 37–59. [CrossRef]
17. Rudi, N.N.; Muhamad, M.S.; Te Chuan, L.; Alipal, J.; Omar, S.; Hamidon, N.; Hamid, N.H.A.; Sunar, N.M.; Ali, R.; Harun, H.

Evolution of adsorption process for manganese removal in water via agricultural waste adsorbents. Heliyon 2020, 6, e05049.
[CrossRef]

18. Shafiq, M.; Alazba, A.; Amin, M. Removal of heavy metals from wastewater using date palm as a biosorbent: A comparative
review. Sains Malays. 2018, 47, 35–49.

19. Sun, C.; Chen, T.; Huang, Q.; Wang, J.; Lu, S.; Yan, J. Enhanced adsorption for Pb (II) and Cd (II) of magnetic rice husk biochar by
KMnO4 modification. Environ. Sci. Pollut. Res. 2019, 26, 8902–8913. [CrossRef]
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89. Saraydın, D.; Yıldırım, E.Ş.; Karadağ, E.; Güven, O. Radiation-Synthesized Acrylamide/Crotonic Acid Hydrogels for Selective
Mercury (II) Ion Adsorption. Adv. Polym. Technol. 2018, 37, 822–829. [CrossRef]

90. Jiang, C.; Wang, X.; Wang, G.; Hao, C.; Li, X.; Li, T. Adsorption performance of a polysaccharide composite hydrogel based on
crosslinked glucan/chitosan for heavy metal ions. Compos. Part B Eng. 2019, 169, 45–54. [CrossRef]
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