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Chitosan, Gelatine, and Cellulose Based Hydrogels for the
Removal of Potentially Toxic Elements from Aquaculture

Water: A Comparative Study

Monica Rigoletto, Rossella Sesia, Silvia Berto, Paola Calza, Marco Sangermano,

Enzo Laurenti,* and Mery Malandrino

Since aquaculture is playing an increasingly important role in food supply,
ensuring the healthiness of aquatic environments is a fundamental issue.
Anthropogenic activities are often a source of contamination for water and,
among the pollutants released, potentially toxic elements (PTEs) represent

a well-known hazard to human health and ecosystem safety. In this study,
carboxymethylcellulose-alginate (HY-ACMC), methacrylated-chitosan (HY-
MCHI), and methacrylated-gelatine (HY-MGEL) hydrogels are synthesized,
characterized, and tested as sorbents for PTEs removal. The removal efficiency
is significantly affected by pH and contaminants’ concentration. Furthermore,
experiments in real aquaculture samples from Italy and Denmark farms

are carried out to evaluate the matrix effect. Finally, hydrogel regeneration

is optimized and sorbent efficiency for multiple cycles of water remediation
treatment is investigated. All tested materials show promising removal

3.3 percent. Aquaculture is one of the
few sectors that maintained its growth
trend also amid the worldwide spread
of the COVID-19 pandemic, highlight-
ing its importance since it contributes to
fighting poverty, hunger, and malnutri-
tion. Indeed, over half of aquatic food is
farmed.["]
In this context, a central theme is
the preservation of the healthiness
of water resources which may be
subject to contamination due to a
wide range of anthropic activities.
Among the various water contami-
nants, potentially toxic elements (PTEs)
represent a well-known problem for

capabilities even in real water. HY-ACMC has proven to be the most effective
for single-cycle remediation treatments thanks to its high performance
in all the studied conditions, although it is unstable to regeneration. On

ecosystem safety and for human health.
Several sources of PTEs have been iden-
tified in aquaculture including indus-

the other hand, regeneration with Na,EDTA improves HY-MCHI efficiency,
granting its prolonged employment over time. Considering both performances
in real water samples and reusability results, HY-MGEL seems to be

the most reliable material for multiple cycles of water remediation treatments.

1. Introduction

In the last seven decades’ total fisheries and aquaculture produc-
tion has significantly expanded with an annual growth rate of
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trial effluents, use of fertilizer and pesti-
cides in agricultural activities, and finally
contaminated feed for fish farming.[?]

PTEs are not biodegradable and
can bioaccumulate in fishes, causing
several pathologies, and biomagnify
along the food chain.®} For these
reasons, there are many regulations that govern their use and
limit their release in the environment worldwide.

Aquaculture-contaminated water can be treated by exploit-
ing techniques developed for wastewater, including physi-
cal processes (reverse osmosis, filtration, membrane tech-
nique, flotation, coagulation-flocculation), chemical (precipita-
tion, ion exchange, electrochemical, reduction/oxidation treat-
ments) and biological methods. However, these techniques could
be very expensive and sometimes not effective at pollutants low
concentrations.?!

Adsorption is one of the most studied techniques for PTEs
contaminated water remediation and has some advantages com-
pared to other strategies: adsorbent materials are relatively
cheaper, can be derived from agro-industrial wastes, regenerated,
and used for subsequent adsorption-desorption cycles.[*]

Among the existing adsorbents, those deriving from natu-
ral and renewable resources have recently received growing
interest since they represent available and low-cost materials
with a limited environmental impact. Hence, they could be
considered promising alternatives to classic water remediation

© 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 1. ATR-FTIR spectra of pristine and functionalized materials: A)
comparison between cellulose and carboxymethyl cellulose (CMC); B)
comparison between gelatine (GEL) and methacrylated gelatine (MGEL);
C) comparison between chitosan (CHI) and methacrylated chitosan
(MCHI).

strategies. Within this context, biopolymers-based hydrogels
emerge as noteworthy materials for PTEs uptake. Hydrogels
are 3D networks with high swelling properties in water due to
the presence of hydrophilic groups in the polymeric structure,
such as hydroxyl, amino, or carboxylic ones. The adsorption phe-
nomenon is based on physicochemical interaction between ad-
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sorbent’s functional groups and PTEs’ species present in so-
lution. The most common mechanisms of biosorption include
electrostatic interactions as well as ion exchange, complexation,
chelation, coordination, and hydrogen bonding. These interac-
tions, and consequently the PTEs removal efficiency, are affected
by experimental conditions such as pH, temperature, and pol-
lutant concentration.[’! Therefore, properly designing materials
and setting up tests are fundamental.

Although natural polymers such as cellulose, alginate, chi-
tosan, and gelatine contain chemical groups capable of interact-
ing with PTEs, it is often necessary to introduce new function-
alities to improve their affinity toward these contaminants. Fur-
thermore, specific functional groups are required to enable the
cross-linking process to obtain the hydrogel structure.[610]

Experimental conditions could also affect the stability of the ad-
sorbent depending on the type of hydrogel prepared. Physically
cross-linked hydrogels, also known as reversible gels, are easily
formed due to weak interactions between polymer chains that
occur after the introduction of gelling ions. For example, man-
nuronic and glucuronic blocks of alginate can be cross-linked ex-
ploiting the ionic interaction with Ca* ions.['!} Since this kind of
network can be destroyed in the presence of non-gelling cations
such as Na*, physically cross-linked natural hydrogels could pos-
sess lower stability and poorer mechanical properties with re-
spect to other materials. To overcome these drawbacks, perma-
nent hydrogels could be obtained by forming covalent bonds in
the hydrogel matrix.['?} An interesting strategy to obtain chemical
cross-linked hydrogels is the UV-curing. This eco-friendly poly-
merization technique involves neither the use of solvents nor the
production of waste and is very fast, thus saving energy.['>15] An
appropriate functionalization of the natural polymer allows the
formation of covalent bonds between polymer chains under UV-
light irradiation following the addition of a photoinitiator.!*"]

In this work, we methacrylated gelatine (MGEL) and chi-
tosan (MCHI) and then exploited radical photopolymerization to
prepare hydrogels based on gelatine (HY-MGEL) and chitosan
(HY-MCHI) in water at room temperature.[®16l Meanwhile, we
prepared physically cross-linked hydrogels containing alginate
and carboxymethylcellulose (HY-ACMC) previously obtained by
chemically modifying waste-deriving cellulose.

All prepared hydrogels have been characterized and tested for
the removal of a mixture of seven PTEs (copper, lead, cadmium,
nickel, zinc, arsenic, and mercury) in both ultra-pure and aqua-
culture spiked water. The influence of pH and pollutant’s initial
concentration have been evaluated as well as the matrix effect.

Furthermore, we optimized hydrogel regeneration treatment
and investigated the reusability of our materials for several sub-
sequent adsorption-desorption cycles.

2. Results and Discussion

2.1. Characterization

Attenuated total reflectance-infrared spectroscopy (ATR-FTIR)
was used to confirm the functionalization reactions of the
bio-based precursor polymers cellulose, chitosan, and gelatine.
Figure 1 shows ATR-FTIR spectra of all the pristine and chemi-
cally modified materials employed for the hydrogel synthesis.
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Table 1. Swelling and point of zero charges (PZC) values for synthesized
hydrogels.

SWeq PzC
HY-ACMC 2.2 <3
HY-MGEL 2.1 44
HY-MCHI 6.5 6.4

Cellulose and carboxymethylcellulose (CMC) spectra are com-
pared in Figure 1A. The carboxymethylation reaction of cellulose
ensures the biopolymer’s water solubility. The carboxymethyl
group introduction is clearly confirmed by the presence of three
characteristic peaks in the CMC spectrum: 1587 and 1413 cm ™
signals are ascribed to the asymmetric and symmetric COO~
stretching, while the peak at 1322 cm™! is related to C—O bending
vibration.[!]

On the other hand, for HY-MGEL and HY-MCHI prepara-
tion the incorporation of methacrylic groups is crucial to UV-
cure gelatine and chitosan. In Figure 1B the ATR-FTIR spectra of
GEL before and after the functionalization are reported. As can
be clearly noted in the MGEL spectrum, two new peaks appeared
at 1383 and 839 cm™!, they can be assigned to the C—O stretch-
ing and C=C bending vibrations, respectively."®! In Figure 1C
the spectra of CHI and MCHI are compared. Also, in this case,
the appearance of new signals in the MCHI spectrum suggested
the achievement of the methacrylation reaction. In particular,
the introduction of the methacrylic groups was confirmed in the
MCHI spectrum by the presence of the signal at 1706 cm™!,
attributable to the C=O stretches, and the signals at 1617 and
838 cm™!, assignable to the C=C stretching and bending vibra-
tions, respectively.*°]

After functionalization (the substitution degree is reported in
Table S1, Supporting Information) either physical or chemical
cross-linked hydrogels were prepared and their swelling capabili-
ties were assessed by a gravimetric measure. Figure S1 (Support-
ing Information) shows the increase in weight as a function of
the contact time with ultrapure water for HY-ACMC, HY-MCHI,
and HY-MGEL, while the Sw values at the equilibrium state are
reported in Table 1. HY-MCHI shows a superior swelling capabil-
ity with a Sw,, of 6.5 achieved in less than an hour of immersion
in water, coherent with data previously reported in the literature
for the same material.['® HY-MGEL and HY-ACMC present sim-
ilar behavior with Sw,, values of 2.1 and 2.2 respectively, reaching
the equilibrium in &4 h (Figure S1, Supporting Information).

Another important aspect is the ionic state of the hydrogels’
surface that plays a crucial role in the interactions with metal
ions and depends on pH. The surface charge as a function of
pH values was investigated by means of the ¢ potential measure-
ment. The HY-MGEL’s surface charge was proved to be strongly
affected by pH with a point of zero charge (PZC) around 4.4
(Table 1).[1820-23] Noe et al.l'®] performed ¢ potential analysis on
methacrylated gelatine and demonstrated that under acidic con-
ditions HY-MGEL possesses a positively charged surface due to
the protonation of its amino groups. On the other hand, at pH
values >4.4, its surface charge becomes negative because of the
functional groups’ deprotonation.!'®2] The same trend of ¢ po-
tential was also found for HY-MCHI with a PZC ata pH of ~6.4,
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as suggested by chitosan pKa of 6.5. Therefore, in acidic condi-
tions, the HY-MCHI amino groups are protonated causing a pos-
itive charge of the surface, while the HY-MCHI exhibits negative
¢ potential as pH increases due to the deprotonation of hydroxyl
groups.[18,19,24,25]

Furthermore, the protonated amino groups cause an electro-
static repulsion among the HY-MCHI'’s polymeric chains, mak-
ing the hydrogel chemically and mechanically unstable.™! As
suggested by the measurement of the ¢ potential, both HY-MGEL
and HY-MCHI exhibit an amphoteric nature.[2326-33]

The ¢ potential analysis of HY-ACMC hydrogels (Figure S2,
Supporting Information) evidenced a negative surface charge
throughout the pH range studied (3-7) with a tendency to in-
crease as acidity increases. This trend suggests a PZC at pH<3
(Table 1) and is in agreement with several studies that reported
similar results for both sodium alginate and carboxymethyl
cellulose.?*3¢] Indeed, both these biopolymers contain carboxy-
late and show pKa values between 3.5 and 3.7.34%] Therefore,
since the pH range studied is above the pKa, the functional
groups are deprotonated, resulting in a negative surface charge.

The ¢ potential values of these adsorbents at different pH to-
gether with the PTE chemical speciation are crucial factors to un-
derstand the adsorption process.!!

2.2. PTEs Adsorption Tests in Ultrapure Water

HY-ACMC, HY-MGEL, and HY-MCHI have been tested for
PTEs’ removal from aqueous matrix. To clarify the adsorption be-
havior of each material, experiments were conducted at different
initial PTEs concentrations and pH values.

The influence of initial PTEs concentration was studied
through adsorption tests carried out at pH 5 in 107°, 107>, and
10~* M multi-element solutions (complete removal curves as
function of contact time are reported in Figure S3, Supporting
Information). As reported in Figure 2, both HY-ACMC and HY-
MGEL show good removal percentages (R%) for most of the stud-
ied elements after 24 h of treatment. In particular, HY-ACMC hy-
drogel leads to R% > 95% for Pb and >75% for Cu and Cd for all
the PTESs’ initial concentrations studied.

Gelatine-based hydrogel adsorption capacity is more affected
by elements’ concentration. Indeed, HY-MGEL shows decreas-
ing R% of Zn (96%; 54%, and 6%) going from 107° to 107* M
and a similar behavior can be noted also for Cd and Ni. On the
contrary, passing from 107° to 10~°m Cu and Pb R% increases to
decrease again at 10~ M. The latter two elements seem to be the
most affected by the competition for the hydrogel’s active sites.
According to Table S2 (Supporting Information), they are among
the elements with the largest ionic radius and thus characterized
by a lower charge density. Moreover, HY-MGEL is a permanent
hydrogel, meaning that its network is made up of covalent bonds
which make it more stable but at the same time probably less suit-
able for ionic exchange. The combination of these two factors can
affect Pb and Cu removal. However, for all investigated concen-
trations, a removal percentage >40% for most contaminants is
ensured.

On the other hand, HY-MCHI shows a high specificity for Hg
which is removed between 45% and 90% as a function of ini-
tial concentration. The R% of other PTEs are significantly lower
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Figure 2. Removal percentages after 24 h of contact with 1g L™! of adsor-

bent as a function of PTEs concentration: A) HY-ACMC; B) HY-MGEL; C)
HY-MCHI.

with respect to those of mercury and increase passing from 10~°
to 10™* M. It can be assumed that a higher initial concentration
promotes competition for the HY-MCHI active sites.

It is clear that the hydrogel adsorption behavior toward the
investigated contaminants depends on multiple factors, such as
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competition effects between the elements, their speciation at pH
5, and the steric hindrance and charge density of their aquaions.

Due to the complexity of these mechanisms and their com-
bined effect, a defined common trend for all the elements with
increasing concentration is not observable. Overall, an increasing
trend in the adsorption of PTEs as their concentrations decrease
can be generally observed for HY-ACMC and HY-MGEL, while
for HY-MCHI other factors are involved.

To evaluate the possible use of hydrogels in an aqueous matrix
with different acidity levels, adsorption tests were carried out at
different pH values (3.5, 5, and 7) maintaining an initial PTEs
concentration of 1075 M.

The solution pH affects not only the surface charge of the
materials, as demonstrated by ¢ potential measurements, but
also PTEs speciation (Figure S4, Supporting Information). There-
fore, both these factors influence the adsorption phenomenon
since they determine the interaction between adsorbate and
adsorbent.*®]

Figure 3 summarizes the removal percentages obtained af-
ter 24 h of contact for HY-ACMC (Figure 3A), HY-MGEL
(Figure 3B), and HY-MCHI (Figure 3C), while the complete ad-
sorption curves as a function of contact time are reported in
Figure S5 (Supporting Information).

HY-ACMC shows similar adsorption capacities throughout
the studied pH range. This behavior agrees with ¢ potential,
which is negative for all the pH studied with decreasing values,
corresponding to an increase in surface negative charges, as the
alkalinity of the solution increases (Table 1; Figure S2, Support-
ing Information). This allows HY-ACMC to establish an electro-
static interaction with metals in cationic form or as positively
charged hydrolytic species. Indeed, the highest removal percent-
ages for HY-ACMC were found for Pb, Cu, and Cd, which are pre-
dominantly present as Pb** or Pb(OH)*, Cu?* and Cd** in the
pH range 3.5-7 (Figure S4, Supporting Information). Although
Figure 3 A shows a selectivity in the removal of Pb, Cu, and Cd,
R% for Zn and Ni are not negligible (~30-50%) since they are
present as divalent cations and can be adsorbed through electro-
static interactions.

The removal trend (Pb > Cu > Cd >> Zn > Ni) is the result of
a competition for the surface adsorption sites of HY-ACMC and
can be related to the metallic ions properties such as electroneg-
ativity, ionic radius, and charge density. Considering Pb, Cu, Cd,
and Zn, the affinity for HY-ACMC matches with Pauling’s elec-
tronegativity order (Pb 2.33; Cu 1.9; Cd 1.69, and Zn 1.65), with
the reverse order of hydrated ionic radius (Pb 4.01 A; Cu 4.19
A; Cd 4.26 A, and Zn 4.3 A) and consequently of the charge den-
sity. These trends are in agreement with those reported in similar
studies regarding metal ions competitive removal.3*!]

Furthermore, another «crucial factor to explain the
competitive adsorption is the stability constant of the
metal-ligand complexes, which in HY-ACMC hydro-

gels are represented by metal — carboxylate (acetate)
complexes:
M™ + —COO™ < M(COO0)" (1)

Asreported in Table S2 (Supporting Information), the logK val-
ues for Pb, Cu, Cd, Zn, and Ni are 2.58, 2.21, 1.92, 1.57, and 1.44,
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Figure 3. Removal percentages after 24 h of contact with 1g L=! of adsor-
bent as function pH: A) HY-ACMC; B) HY-MGEL; C) HY-MCHI.

respectively (NIST SDR 96 Database (t = 25 °C, I = 0)), which
perfectly reflect the removal order found experimentally*.
Furthermore, it was found that in neutral conditions a longer
time was required to reach the equilibrium state, from ~4 h at
pH 3.5 and 5 to 5 h at pH 7 (Figure S5, Supporting Informa-
tion). Pb and Cu are removed by HY-ACMC with similar kinet-
ics at pH 3.5 and 5 since they are in the form of aquaions. In-
stead, at pH 7 the species Pb(OH)*, Cu(OH)* and Cu(OH),

Adv. Sustainable Syst. 2025, 9, 2400933 2400933 (5 of 12)

www.advsustainsys.com

are also present (Figure S4, Supporting Information) reducing
the amount of aquaions and leading to a slightly lower R% after
24 h of treatment.

Unlike HY-ACMC, HY-MGEL shows very low or no effective-
ness in removing the majority of the PTEs at pH 3.5 (Figure 3B).
As can be detectable from the ¢ potential measurements, the
gelatine-based material has a positive surface charge at pH
3.5 (PZC = 4.4, Table 1). Therefore, the protonation of HY-
MGEL’s amino groups causes electrostatic repulsion toward
metal cations, making their adsorption difficult.

Instead, as alkalinity increases, the HY-MGEL surface be-
comes negatively charged due to the deprotonation of hydroxyl
groups and hence more available to establish attractive electro-
static interactions with metallic cations. Indeed, at pH 5 Cu?**
and Pb** are the predominant species in the aqueous solution
(Figure S4, Supporting Information) and can be adsorbed on HY-
MGEL through electrostatic bonds. However, Pb and Cu R% val-
ues slightly decrease at pH 7 (Figure 3B) since also Pb(OH)*,
Cu(OH)*, and Cu(OH), are present (Figure S4, Supporting In-
formation), highlighting a HY-MGEL'’s selectivity toward diva-
lent metallic cations. As noted before for HY-ACMC, the compet-
itive adsorption outcomes depend also on the PTEs’ ionic radius
and the relative charge density since species with less charge and
larger size, such as Pb(OH)" and Cu(OH)*, lead to less stable
complexes.[*?] Therefore, the reduced R% of Pb and Cu found at
pH 7 is justified.

Furthermore, as shown in Figure 3B, a linear trend of R% for
Cd, Zn, and Ni as a function of pH is noteworthy: Cd > Zn >
Ni. Considering that they are present as Cd**, Zn?* and Ni%*
in all the pH ranges investigated, the removal sequence could
be related to a sum of factors including the electronegativity,
charge density, and affinity for surface functional groups (amino
or hydroxyl groups, and amide functionalities). Moreover, this
R% trend has been reported in different studies carried out em-
ploying materials containing the same moieties.[*>*]

As well as HY-MGEL, also HY-MCHI is not effective in re-
moving the PTEs at pH 3.5, while at pH 5 and 7 it ensures an
R% between 20% and 30% for Cu and 25% for Pb after 24 h of
contact time. On the contrary, Cd, Zn, and Ni are not removed by
HY-MCHI throughout the pH range examined (Figure 3C). The
minor adsorption capacity of HY-MCHI can be explained by con-
sidering its positive surface charge at pH values below its PZC
(Table 1), which produces electrostatic repulsion toward metals
in cationic form or positively charged aquoion species. However,
as can be noted in Figure 3C, HY-MCHI has a remarkably high
removal efficiency for Hg present in the multi-element solution.
Hg is mainly present in solution as a neutral hydrolytic species
therefore no electrostatic repulsion occurs (Figure S4, Support-
ing Information). Moreover, in this condition electron pair of
chitosan’s nitrogen atoms can be available for the complex for-
mation with the metal ions.[*®) The R% for this element reaches
~90% at pH 5 and maintains values higher than 60% at pH 3.5
and 7. This trend is in agreement with the results obtained by
Dubey et al.l**] and Monier et al.l*’! who highlighted that as the
solution’s pH increases, the number of Hg ions removed also in-
creases with optimum adsorption at pH 5. At strong acidic pH
values, the abundant presence of H* and H,0™" ions could com-
pete with Hg for the adsorption sites affecting the treatment out-
comes and making the amine groups less available for the metal
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ion coordination.[*~*8] While at pH>5 the decreased Hg reten-
tion and the increased R% for other PTEs could be due to hy-
drolytic equilibria competition.[*¢]

Finally, to analyze the limited effectiveness of arsenic removal
by HY-ACMC, HY-MGEL, and HY-MCH]I, the As speciation
needs to be considered. According to the equilibrium dissocia-
tion constants, the arsenate species are negative at pH>2.2.[184]
Therefore, as mentioned above, HY-ACMC removes As with
R%<10% due to its negatively charged surface (Figure S2, Sup-
porting Information), which causes an electrostatic repulsion to-
ward the arsenic species (Figure 3A). Although HY-MGEL shows
a positive ¢ potential at pH<4.4, the As removal is insignificant at
pH 3.5 (Figure 3B), since the HY-MGEL’s carboxylic groups can
interact with amino groups of the structure.[1#3051] As well as HY-
ACMC, also HY-MGEL’s negative surface charges hinder the As
adsorption at pH higher than its PZC (Figure 3B). By contrast,
HY-MCHI proves better at removing As especially at neutral pH
(Figure 3C), where H,AsO;" is the predominant species.[*] At
this pH, HY-MCHI still shows a partially positive surface charge
(Table 1) and a balance between the surface amino groups’ charge
and the distance between the polymeric chains.[*® These factors
allow the chitosan-based hydrogel to remove arsenic with an R%
at #15% (Figure 3C).

2.3. PTEs Adsorption Tests in Real Aquaculture Water

To study the behavior of the synthesized hydrogels in real condi-
tions, two water samples from aquaculture farms were employed
as a matrix for the preparation of the multi-element solutions.

Before usage, these water samples were characterized by ana-
lyzing natural PTEs content, hardness, and acidity. Table S3 (Sup-
porting Information) reports characterization results and Italian
legal limits concentration for all studied elements. For Italian koi-
carps’ aquaculture water the hardness, expressed in mg L' of
CaCO;,, was 98.06 and it presented a pH value of 8.03. Danish
water was characterized by a hardness of 194.71 and a pH of
7.76. Both samples displayed very low concentrations of PTEs,
so spikes of each element were necessary to perform adsorption
experiments. As reported in paragraph 2.7, these experiments
have been carried out at concentrations near the Italian legal
limit (50 pg L' As; 22 or 40 pg L~! Cu; 10 or 20 pug L' Pb;
50 or 75 pg L' Ni and 200 or 300 pg L' Zn, as reported in
Table S3, Supporting Information) as a function of water hard-
ness (Italian Legislative Decree n°152/2006, Annex 2, Part III,
Section B). Instead, Cd and Hg were introduced with a concen-
tration of 5 ug L~! which is higher than their legal limit (2.5 and
0.5 ug L1, respectively).

Figure 4 summarizes R% values obtained with HY-ACMC,
HY-MGEL, and HY-MCHI after 180 min of contact with PTEs
multi-element solution prepared in the two aquaculture water
samples. Complete adsorption curves are reported in Figure S6
(Supporting Information).

Regarding the koi-carps’ spiked water, HY-ACMC hydrogels
ensure a sufficient R% to bring all the pollutant concentrations
below the legal limits except for copper and arsenic. As evidenced
in Figure 2A, HY-ACMC shows a PTEs removal behavior not sig-
nificantly affected by the pollutant’s initial concentrations. This
suggests that the inhibition of Cu removal could be ascribable
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Figure 4. Removal percentages after 180 min of contact with 1 g L™ of
adsorbent in A) Italian koi-carps spiked water and B) Danish aquaculture
spiked water.

to its speciation. Indeed, at pH 8 the main species in solution is
Cu(OH),, which is neutral, while the concentration of the aqua-
ion form is negligible.

Furthermore, Cu can be strongly complexed by dissolved or-
ganic matter, in particular by humic acids (HA), forming solu-
ble complexes, which reduce its availability for adsorption. Es-
fandiar et al.®?] studied the influence of humic acid on differ-
ent metal speciation and reported as, at high organic matter con-
centration (20 mg L™!), the metal-HA complexes represented the
main species in solution for Cu and Pb. On the other hand, Zn,
Ni, and Cd’s speciation showed to be less affected by the pres-
ence of HA. This is consistent for koi-carps’ water as the organic
carbon content was 150 mg/L, as previously evaluated by a non-
purgeable organic carbon (NPOC) analysis.!>*]

On the other hand, since As is in anionic form and the surface
of the HY-ACMC is negative at aquaculture water pH (7.7-8.1),
the repulsion between the charges justifies the limited removal of
this contaminant. As in ultra-pure water experiments, the most
removed PTEs are Pb and Cd with R% values of 72% and 59%,
respectively.
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HY-MGEL s effective in the concentration reduction below the
legal limits for most of the elements studied with removal per-
centages between 30 and 56%. As (R% <10%) and Cu (R% = 0%)
are not removed sufficiently to return within legal limits. As for
HY-ACMC, also in this case the speciation of copper and arsenic,
the HA-metal complexes formation, and the surface charge of the
material can explain the poor R% obtained for these two PTEs.

Finally, although in general HY-MCHI removal capacity is
inversely proportional to the contaminant initial concentration
(Figure 2C), it shows a good removal capacity for most of the
PTEs investigated, except for As and Zn, leading to a sufficient
removal percentage to bring them below the concentration legal
limits. Indeed, Pb and Cu are removed more than 60%; Cd ~40%
and Ni 35%. Despite the low PTEs concentration (10~ m) these
R% values are probably related to the water pH, which is ~8 and
is higher than HY-MCHI PZC ensuring a negatively charged sur-
face of the material and a better removal capacity.

As shown in Figure 4B, in Danish aquaculture water HY-
ACMC and HY-MGEL show lower removal capabilities in re-
spect to those obtained in the previous aquaculture water sam-
ple. It is important to consider that in this case there was a
higher content of salts since the hardness is 194.71 mg L'
Cations such as K*, Na*, Ca**, and Mg?** could compete with
other aquaions for material surface active sites affecting their
R%. Several studies**2>* concerning the influence of environ-
mental factors on PTEs competitive adsorption reported that nat-
ural divalent cations show a higher inhibition effect on metal ions
removal compared to the monovalent ones according to the trend
Mg?*>Ca?*>K*. Indeed, in the treatment with HY-ACMC the
R% more reduced are those of Cd (from 60% to 17%), Zn (from
43% to 13%), and Ni (from 45% to 4%). All of them at a pH of
7.76 (Danish water pH value) are mainly present in solution as
bi-charged cations (Figure S4, Supporting Information). On the
other hand, in these conditions, Pb is in the form of aquaions
and of mono-charged cation (Pb(OH)*), hence its R% undergoes
a smaller reduction.

Similar behavior is evidenced for HY-MGEL, which shows a
lower removal capacity for all the PTEs studied except mercury.
Indeed, Cd and Pb show removal percentages at ~35% of those
in koi-carps’ water, Zn ~50%, and Ni 13%.

As for the koi-carps sample, also in this case HY-MCHI shows
a better efficiency in removing contaminants compared to pure
water, similar to those obtained in the previous real sample.

2.4. Hydrogels Regeneration and Reuse

Preliminary regeneration tests have been done on HY-ACMC hy-
drogels. According to existing literature, three different regener-
ation solutions have been tested: HCI 0.01 and 0.1 m['*%] and
Na,EDTA 0.01 m.¢! Figure 5A displays the desorption percent-
ages at the equilibrium state of HY-ACMC in the three regenera-
tion solutions. HCI 0.01 M solution leads to a release of less than
50% for all elements studied and is ineffective for Pb desorption,
while increasing HCI concentration to 0.1 M the percentage of
desorption rises between 70% and 80%. The best regeneration
solution was Na,EDTA 0.01 M as ensures a complete desorption
for all the PTEs except for Ni, which is however released for 65%.
This effectiveness is related to the Na, EDTA high complexing ca-
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Figure 5. Percentage of PTEs desorption from HY-ACMC hydrogels A)
with different regeneration solutions; B) with subsequent cycles of regen-
eration with HCI 0.1 m; C) with subsequent cycles of regeneration with
Na,EDTA 0.01 m.

pacity toward PTEs as evidenced by the complexation constants
reported in Table S4 (Supporting Information).

Figure 5B,C summarize the desorption percentages obtained
using HC1 0.1 M and Na,EDTA 0.01 M for subsequent regenera-
tion cycles each lasting 30 min.

In the first two desorption cycles with HC1 0.1 m PTEs release
is between 50% and 60% and it is not significant in the third and
fourth cycles. PD is released in all regeneration cycles with a per-
centage of still 1.5% in the fourth one. Regeneration treatment
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with HCI 0.1 M ensures a total release ~70% for Cd, Cu, and Pb,
65% for Zn, and 55% for Ni.

Employing Na, EDTA 0.01 M as a regeneration solution, a des-
orption percentage higher than 85% is achieved for all PTEs in
the first cycle, between 10% and 20% in the second one and it
decreases under 10% and then near 0% in the last two cycles.

This regeneration treatment ensures a complete release for
all investigated elements. The higher percentages of PTEs des-
orption, the lower concentration, and the not excessive acid-
ity of the solution led to the selection of Na,EDTA 0.01 M as
the most promising regeneration treatment. Then, HY-ACMC,
HY-MGEL, and HY-MCHI were reused for different subsequent
PTEs adsorption tests interspersed with 0.01 M Na,EDTA regen-
eration treatments.

Each regeneration treatment included only 3 desorption cycles
as the releases of the fourth one were found to be not significant.

Figure 6 and Table S5 (Supporting Information) summarize
the results of PTEs adsorption-desorption cycles obtained with
the three hydrogels.

Desorption values include the total releases obtained with all
three 30-minute’ cycles that make up each regeneration treat-
ment. Between each adsorption and desorption process, hydro-
gels have been washed with ultrapure water. PTEs concentrations
in washing water were also evaluated and were not significant in
all the regeneration treatments except for HY-ACMC, probably
due to the breakdown of its network.

Indeed, Figure 6A reports the results of only two adsorption-
desorption cycles obtained with HY-ACMC which proves to be
less resistant than other materials. As previously reported, the
physical cross-linking stability is affected by the presence of
monovalent metal cations in solution. During the regeneration
in Na,EDTA solution, sodium ions can substitute calcium ions
in the hydrogel network, partially compromising the integrity of
the structure.['*7] This can affect HY-ACMC’s PTEs removal ef-
ficiency, which is reduced by >65% after the first regeneration
treatment. Furthermore, some surface sites could be involved in
the coordination of sodium ions and are no longer available for
the removal of PTEs. Moreover, the desorption percentages ob-
tained in the second regeneration treatment are very low, prob-
ably also due to the damage of the hydrogel polymeric network
that makes subsequent uses very difficult.

As shown in Figure 6B, HY-MGEL shows a good PTEs removal
capacity in the first adsorption cycle which decreases in the sec-
ond and the third ones for Zn, Cd, and Ni. Pb and Cu removals
are reduced in the second cycle while increasing again in the third
one. Hgadsorption efficiency remains almost constant in the first
two cycles and decreases only in the third one. Regarding the re-
generation process, desorption is not complete in all cycles for
most of the studied PTEs (<65%) and initially decreases from
the first to the second cycle and then rises again in the third one.
Only for Ni and Zn in the last regeneration treatment full release
is achieved.

HY-MCHI increases its adsorption capacities going from the
first to the second cycle of PTEs removal and the efficiency is
maintained also in the third cycle. It is noteworthy that the first
regeneration treatment allows the adsorption of elements first
not removed like Cd, Cu, Ni, and Zn. It can be assumed that dur-
ing the desorption treatment, the excess of Na, EDTA not involved
in metal ions complexation could enter the HY-MCHI polymeric
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Figure 6. PTEs adsorption (after 180 min of contact with adsorbent mate-
rials) and releases obtained with Na,EDTA 0.01 m, expressed in mg g™,
in a subsequent cycle of reuse. A) HY-ACMC; B) HY-MGEL; C) HY-MCHI.

structure and interact electrostatically with chitosan. Indeed, at
the pH of the regeneration solution (pH 4.6), the amino groups of
HY-MCHI are protonated and positively charged while Na,EDTA
shows two carboxylate groups negatively charged (pKa 2.0, 2.7,
6.2, and 10.31%8]). This electrostatic interaction remains also in
the subsequent PTEs adsorption experiments since they were car-
ried out at pH 5. The entrapped EDTA?" can act as a chelating
agent increasing the number of HY-MCHI active sites available
for PTEs adsorption. This statement can be confirmed by com-
paring the PTEs removal percentages with the trend of the sta-
bility constants reported for EDTA-metal complexes (Table S4,
Supporting Information).>”!

Regeneration treatments of HY-MCHI are effective for all
PTEs adsorbed with releases between 60% and 85% except for
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Hg which interacts strongly with hydrogel’s surface, and which
is desorbed ~50%.

Although it is complex to make a meaningful comparison with
other materials described in recent studies due to the exploita-
tion of different concentrations of contaminants and adsorbent
materials, the influence of diverse environmental factors must be
considered. Indeed, in Table S6 (Supporting Information) a sum-
mary of the existing literature concerning the materials’ reusabil-
ity and a comparison with our results is reported.

The number of cycles carried out with the hydrogels developed
in this work is in line with the studies in the literature about the
removal of mixtures of PTEs, although in some cases a lower loss
in efficiency was reported. It is worth emphasizing that in most
published papers the materials’ adsorption capabilities are evalu-
ated in a bi- or tri-element mixture. On the contrary, in this study,
we considered solutions containing 7 PTEs, which imply more
competition mechanisms for the surface sites. This leads to an
increase in the complexity of the adsorption-desorption processes
that can result in a reduction of efficiency.

3. Conclusion

This work aims to evaluate the removal of seven PTEs (Pb, Cu,
Cd, Ni, Zn, Hg, and As) from both ultra-pure water and spiked
aquaculture water using three different hydrogels obtained
from biomasses: carboxymethylcellulose-alginate hydrogels (HY-
ACMCQ), prepared through gelation process, and methacrylated
chitosan (HY-MCHI) and gelatin (HY-MGEL) hydrogels, pro-
duced via photopolymerization.

Hydrogels have been deeply characterized, and their removal
capabilities as a function of the initial concentration of contam-
inants and the pH of the solution have been studied, as well as
their reusability.

The investigations about the pH-dependent removal have
demonstrated that PTEs’ adsorption is influenced by the acid-
ity of the systems due to the pH effect on the adsorbents” sur-
face ionic state, particularly for HY-MCHI and HY-MGEL, and
on PTEs speciation. Overall, all tested materials showed promis-
ing removal capabilities also in actual waters.

HY-ACMC has proven to be the most effective for single-cycle
water remediation treatments since its good performances are
not significantly affected by all the factors considered. However,
it cannot be easily regenerated as it shows an intrinsic structural
instability.

On the other hand, in ultra-pure water, HY-MCHI shows re-
duced adsorption capacity for all PTEs, except for mercury. How-
ever, regeneration with Na, EDTA improves its removal capabili-
ties toward all PTEs, granting its prolonged efficiency over time.
The introduction of an activation step with Na,EDTA could be
also considered to increase HY-MCHI efficiency in the first cycle
of use.

However, considering both performances in real water sam-
ples and reusability, HY-MGEL seems to be the most reliable ma-
terial for multiple water remediation treatments.

To conclude the evaluation of the possible use of these sustain-
able biomass-based materials in real situations it will certainly be
necessary to carry out scalability and biodegradability tests of the
materials in order to better understand the applicability of pilot
plants to aquaculture systems.
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4. Experimental Section

Materials:  Fresh yellow soybean (Glycine max) seeds were purchased
by Del Prete s.r.l. (Fondi, LT, Italy) and stored at room temperature before
use. Medium molecular weight chitosan (Mw = 190-310 KDa, 75-85%
N-deacetylation degree), gelatine from cold-water fish skin, methacrylic
anhydride (MA, 94%), acetic acid (96%), the photoinitiator Irgacure 2959,
alginic acid sodium salt (99%), chloroacetic acid (>99%), isopropyl alco-
hol, calcium chloride (CaCl,, >93%), disodium ethylenediaminetetraac-
etate (Na,EDTA, 99%), hydrochloric acid (HCl, 37%) and sodium hydrox-
ide (NaOH, >98%) were purchased from Sigma-Aldrich (Milano, Italy).
Elements standard solutions were prepared from concentrated (1000 and
10 000 mg L") stock solutions (Sigma-Aldrich TraceCERT St. Louis,
MO, USA) and diluted to the selected concentrations with ultra-pure wa-
ter, i.e., water purified in a Milli-Q system and having a resistivity of
18.2 MQecm.

Cellulose Isolation from Soybean Hulls: For carboxymethylcellulose-
alginate hydrogels preparation, a waste-derived cellulose was employed
and chemically modified. The biopolymer was isolated from soybean hulls,
previously subjected to the extraction of soybean peroxidase enzyme, %]
following the method proposed by Tummino et al.l®!l and Rigoletto
et al.33] In brief, the biomass was treated with a 2% w/v sodium hydrox-
ide solution (solid-liquid ratio 1:10) for two h at 80 °C, then washed with
distilled water up to a neutral pH value and dried at 60 °C. Successively,
the pre-treated pulp was subjected to acid hydrolysis with T m HCl (solid—
liquid ratio 1:10) at 80 °C for two h, then washed with distilled water up to
a neutral pH and dried at 60 °C. Finally, the pulp was treated once more
with the 2% w/v of NaOH solution (solid-liquid ratio 1:10), washed, and
dried at 60 °C again to obtain the final product.

Synthesis of Carboxymethylcellulose and Hydrogel Preparation: Car-
boxymethylcellulose was synthesized through the acetylation of previ-
ously obtained cellulose following the method proposed by Robles Barros
et al.[52] with minor modifications.

This procedure consists of two steps: alkalinization and etherification.
For the first stage, 3 g of cellulose was homogenized in 80 mL of isopropyl
alcohol under stirring for 30 min, followed by the addition of 10 mL of 50%
w/v NaOH solution. After 30 min of stirring the suspension was heated
up to 63 °C and 6.3 g of chloroacetic acid was added for the etherification
stage. At the end of the reaction (190 min), the modified cellulose was
recovered by filtration and washed with 70% ethanol. Finally, the CMC was
left under stirring in ethanol for 30 min, washed again with methanol, and
dried in an oven at 50 °C.

The degree of substitution (DS) was evaluated according to Aguir and
M’Henni.[83]1 1 g of CMC was mineralized at 600 °C for 4 h and the obtained
ash was cooled to room temperature and dissolved in 25 mL of hot dis-
tilled water (80 °C). The solution was titrated with 0.1N (0.05 m) H,SO, in
the presence of methyl orange. The obtained reddish solution was heated
to remove dissolved CO, until it reached a yellow color. A second titration
was performed with H,SO,.

The DS could be calculated using the Equation (2)

(0.162 x B) v

DS= ——272) g_01x~ 2
S=T-o0sxp .- 01%5, @

where 0.162 is the molar mass of the glucose unit (AGU) expressed in
kg mol~", 0.08 is the molar mass of sodium acetate group substituted in
the cellulose (kg mol="); 0.1 is the normality of sulfuric acid solution; m
is the mass (g) of the CMC samples mineralized and V is the total volume
(mL) of H,SO, used for the titration.

CMC-alginate hydrogels (HY-ACMC) were prepared through gelation
in calcium chloride solution and a CMC-alginate ratio of 1:3 was chosen.
0.225 g of sodium alginate and 0.18 g of CMC were dissolved in 12 mL of
distilled water and left under stirring until complete homogenization. Suc-
cessively, the viscous solution was dripped in 0.2 m CaCl, solution with a
plastic syringe in order to obtain beads.[>3] The resulting spherical hydro-
gels were left in the gelling solution for 3 days, then washed with distilled
water and dried at 105 °C overnight.
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Synthesis of Methacrylated Chitosan and Hydrogel Preparation: The
methacrylation reaction of chitosan was carried out as previously
described.!"®] CHI was solubilized in 2% w/w acetic acid aqueous solu-
tion with a concentration of 1.5% wt. Then, MA was added dropwise with
1:20 molar ratio between aminoglucose moieties of CHI and MA. The so-
lution was stirred for 4 h at 50 °C. The product solution was transferred
into a dialysis tubing cellulose membrane and dialyzed against distilled
water for 4 days. The dialysis was performed to remove the excess of MA
and the resulting by-products from the methacrylation reaction. After this
time, the product was freeze-dried to remove water and obtain methacry-
lated chitosan (MCHI).

In order to obtain a 3D polymeric network, the chitosan-
based hydrogels (HY-MCHI) were produced by means of radical
photopolymerization.[®! A total of 1.5% w/w of MCHI was dissolved in
2% w/w acetic acid solution, then 2 phr (per hundred resin) of Irgacure
2959 was added. Once the mixture was homogenous, the formula-
tion was poured into a cylinder-shape silicon mold (1 cm in diameter,
1 cm in height) and irradiated for 5 min with UV light (90 mW cm~2)
using a Hamamatsu LC8 lamp with 8 mm light guide and spectral
distribution range of 240-400 nm. Finally, the produced hydrogels were
air-dried.

Synthesis of Methacrylated Gelatine and Hydrogel Preparation: Gela-
tine from fish skin was methacrylated following a previously reported
procedure.['18] First, 30% w/w of GEL was solubilized in distilled wa-
ter at 50 °C. After the complete homogeneity was achieved, 0.6 g of MA
for 1 g of GEL was added dropwise. The reaction was conducted for 4 h
at 50 °C under stirring conditions and at pH 8 by the addition of 3 m
NaOH solution. The resulting solution was dialyzed against distilled wa-
ter for 3 days and then freeze-dried to obtain the methacrylated gelatin
(MGEL).

As well as HY-MCHI, also the gelatine-based hydrogels (HY-MGEL)
were obtained through radical UV-curing.[' MGEL (30% wt) was dis-
solved in distilled water before adding 1 phr of Irgacure 2959. Subse-
quently, the liquid solution was transferred to a rectangular silicone mold
with thickness equal to 1 mm. The samples were irradiated for 1 min with
UV light (90 mW cm~2) by means of the same Hamamatsu lamp men-
tioned above, then they were air-dried.

Hydrogels Characterization: The successful methacrylation reaction
of CHI and GEL was confirmed by ATR-FTIR. Thermo Scientific Nico-
let iS50 FTIR spectrometer (Thermo Fisher Scientific, Milano, lItaly)
equipped with a diamond crystal ATR accessory and a resolution of
4 cm™! in the range of 4000-600 cm~' was used. To investigate
the success of cellulose carboxymethylation reaction a Spectrum Two
UATR spectrometer (PerkinElmer) has been employed in the same
range.

The surface charge of hydrogels was investigated through the zeta ({)
potential measurement. ~#500 mg of swelled samples were introduced
into a cylindrical cell. The ¢ potential was evaluated as a function of pH
in 0.0017 m KCl electrolyte solution. 0.05 m HCl and 0.05 m NaOH solu-
tions were added to change the pH for titration in the acid and alkaline
range, respectively. Four ramps were carried out for each point collected.
An electrokinetic analyzer (SurPASS, Anton Paar) equipped with an auto-
matic titration unit was used.

The swelling behavior of the hydrogels was investigated through a
gravimetric method. Dried hydrogels were soaked in distilled water at
room temperature and weight gain was monitored until it remained
constant. The swelling ratio (Sw) was calculated with Equation (3)
where wg and wy represent the weight of the swollen and dry samples,
respectively.

Ws — Wy

Sw= ®3)

W

PTEs Adsorption Test in Ultra-Pure and Real Water Samples:  To evaluate
the influence of PTEs initial concentration and pH on the adsorption ca-
pacity, adsorption experiments were carried out in multi-element solutions
at specific concentrations and fixed pH values.
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PTEs removal percentage (R%) and adsorbent capacities (q.), ex-
pressed in mg of PTEs adsorbed for g of adsorbent, have been calculated
using Equation (4) and Equation (5).

R% = 100 — <£x1oo> (4
CO
(G -0 xV

g, = Wy ()

where C; is the PTE's initial molar concentration, Cis the PTE’s molar con-
centration at each contact time, V is the volume (L) of PTEs multi-element
solution and W,y is the weight (g) of adsorbent used for adsorption ex-
periments.

The influence of PTEs initial concentration was investigated employing
multi-element stock solutions prepared in ultrapure water at the concen-
tration of 107¢, 1073, and 10~ m (for each element). Adsorption experi-
ments were carried out at pH 5 with an adsorbent dose of 1 g L™". PTES’
concentration has been determined at different contact times (in the range
0-24 h) by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES, PerkinElmer Optima 7000 DV spectrometer) or by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7500ce) as a func-
tion of initial concentration.

The influence of pH on adsorbents’ efficiency was evaluated by perform-
ing adsorption experiments in a 107> M multi-element solution, using an
adsorbent dose of 1¢g LT at pH 3.5, 5, and 7. PTEs’ concentrations were
determined at different contact times by ICP-AES.

Contaminants’ speciation was studied as well. For this purpose, a mod-
eling technique was employed, assuming that only hydrolysis equilibria
occur as expected on the basis of the composition of solutions used dur-
ing the test. Speciation diagrams for each metal cation were obtained by
PyES softwarel®! taking into consideration: (i) thermodynamic formation
constants (infinite dilution condition)!®; (ii) temperature of 25 °C; (iii)
metal concentration 10> m; (iv) pH range between 3 and 8.

Two different water samples from aquaculture farms have been em-
ployed as matrix to study adsorption capacity in real conditions: Italian
koi carps’ aquaculture water from the Agrozootechnics Centre “Tetto Frati”
(Carmagnola — Turin, Italy) and Danish aquaculture water from Ultraaqua
(Aalborg, Denmark). After the sampling, the water samples were stored at
—18 °C until their use.

Water samples were then thawed and filtered with 0.45 um cellulose
acetate filters, their pH and hardness were measured. Successively, water
samples were acidified with HNO; (0.1%), and their original PTEs’ content
was determined by ICP-MS spectrometry. For the adsorption experiments,
water samples thawed, not-filtered, and not-acidified were used as matrix
for multi-element PTEs’ solutions preparation.

Each element was added at a concentration close to its Italian legal limit
(50 ug L=" As; 22 or40pg L=" Cu; 100r 20 ug L' Pb; 50 or 75 ug L~" Ni and
200 or 300 ug L™! Zn, as reported in Table S3, Supporting Information) as
function of water hardness (ltalian Legislative Decree n°152/2006, Annex
2, Part I1l, Section B). For Cd and Hg a concentration of 5 ug L™, higher
than their legal limits (2.5 and 0.5 pg L™! respectively) was selected.

As for the previous experiments, 1 g L™! of each adsorbent was em-
ployed, and PTEs’ concentrations were determined at different contact
times by ICP-AES. A range between 0 and 180 min was selected as this
was sufficient to reach PTEs removals close to equilibrium conditions.

Hydrogels Regeneration and Reuse: Different regeneration methods
were investigated in order to evaluate the possibility to use the hydrogels
for multiple successive adsorption-desorption cycles. For this purpose,
preliminary tests with HY-ACMC have been done using HCl 0.01 m; HCI
0.1 ™, and Na,EDTA 0.01 m as PTEs desorption mediums.[3>56:66.67]

At the end of each adsorption test, HY-ACMC hydrogels were washed
with 10 mL of ultrapure water and immersed in 20 mL of desorption solu-
tion. Released PTEs’ concentrations both in the washing water and in the
regeneration solutions were determined at different times (0-240 min) by
ICP-AES spectrometry.
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In the second phase, multiple desorption methods were studied. At
the end of the adsorption tests HY-ACMC hydrogels were immersed in
20 mL of each desorption solution for 30 min, then filtered and added
in 20 mL of fresh desorption solution. This treatment was repeated two
more times. The four volumes of regeneration medium were analyzed by
ICP-AES spectrometry to evaluate the PTEs released concentrations.

Na,EDTA 0.01 m was selected as the best regeneration solution and
was also tested on HY-MGEL and HY-MCHI. Classic adsorption experi-
ments (107> M multi-element solution, pH 5, 1 g L™! of adsorbent) were
carried out and PTEs concentrations were monitored at fixed adsorption
time (0, 60, 120, and 180 min) by ICP-AES spectrometry. At the end of
each experiment, the hydrogels were washed with 10 mL of ultrapure water
and subjected to 3 subsequent regeneration treatments, each one lasting
~30 min, with 20 mL of Na,EDTA 0.01 m. PTEs released concentrations
were monitored by ICP-AES spectrometry.

After the regeneration process, the hydrogels have been used for two
other adsorption cycles interspersed with 3 regeneration cycles.

The desorption (Des), expressed in mg g~', and desorption percent-
ages (Des%) were calculated using Equation (6) and Equations (7) respec-
tively.

(C X V,eg)
Des = ——~ (6)
WHY
w,
Desl = —21E=de 5 100 )
PTE—ads

where V., (L) is the volume of regeneration solution (HCl 0.01 m, HCI
0.1 ™M, or Na,EDTA 0.01 M), Wyy (g) is the dried weight of adsorbent,
C is the PTEs molar concentration at each regeneration treatment time,
WprE.ads IS the weight (mg) of each PTE adsorbed at the end of the ad-
sorption experiment, Wprg_qes is the weight (mg) of each PTE desorbed at
each regeneration treatment time.
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