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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
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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 (-NH;) 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 pg/L for surface inland waters
and between 75 and 7.5 ug/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.

— CPX —CPX
—— PEG4000 —— PEG4000
——— Chitosan ——— Chitosan
—— Xanthan —— Xanthan

Absorbance (arb. units)
Absorbance (arb. units)

500 1000 1500 2000 2500 3000 350
Wavenumber (cm ™) Wavenumber (cm™)

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 ™!,
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 !, corresponding
to the asymmetric and symmetric stretching of the carbon-hydrogen (C-H) bonds present
in the (-CHj3) groups, in agreement with previous reported bands observed in chitosan,
xanthan gum, and PEG4000 [50-53]. C=0 stretching vibrations registered by the band
at around 1650 cm ™! in the chitosan spectrum (green line) corresponds to the stretching
of the carbonyl group (C=0) 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~!, which
correspond to the bending of the carbon-carbon (C—C) and carbon-oxygen—carbon (C-
0O-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 !
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and 1340-1360 cm !, 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~! and
1325-1377 cm~! by Zajac et al. [50]. The band observed at 1280 cm ! is typically assigned
to the bending vibrations of the carbon-hydrogen (C-H) bonds present in the methylene
(=CHj-) groups in the PEG backbone (red line). This band was observed at 1262 cm ™! by
Zajac et al. [50]. C-O-C asymmetric stretching vibrations: the peak at around 1240 cm ! 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 ™!, corresponding to the stretching vibrations of the carbon-oxygen
(C-0) bond present in the ether linkages (-O-). The 1150 cm~! 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~! corresponds to the stretching of the carbonyl groups (C=0)
present and is relatively weak compared to the C-O-C stretching band. C-O-C rocking
vibrations: the intense peak at 850 cm ™! corresponds to the rocking of the ether linkages
(—O-) present in the PEG molecule (red line) and chitosan (green line), observed at 896 cm !
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=0 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 28003000 cm !, 1000~1200 cm !, and 600-800 cm~!, overlapping
(in the 500-600 cm~!, 800-1000 cm ! regions), or the appearance of some characteristic
peaks of pure components in the developed polymeric network (in 800-1000 cm~! and
1200-1350 cm !, 2700-2800 cm ™), 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 ! 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~!; 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 ™! from xanthan gum. The peak at 851 cm~1 g
related to the superposition of a number of vibrations with the main contributions of the
CH, rocking, C-O stretching, and C—C stretching vibrations. Therefore, the peak positions
of the Raman bands at about 851, 1140, and 1477 cm ™! 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 ™! are also assigned to the superposition of a number of vibrations
with the main contributions of the CH; rocking, C-O stretching, and C—C stretching of
terminal groups, while the bands observed at higher Raman shifts are assigned to CHj
modes: in-plane twisting at 1289 cm !, out-of-plane wagging at 1392 cm ™!, and scissoring
vibrations at 1441 and 1477 cm ™! [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.

@ —— Chitosan ) —— PEG4000

Intensity / (a.u.)

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

1© I Xanthan gum| 1@

Intensity / (a.u.)

AL
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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 20 = 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



Gels 2023, 9, 454

7 of 22

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.

0 -

Heat Flow (mW)
&

-8 - k
a0]
12- 1 exo
v T T T y T T T v
100 200 300 400 500
Temperature (°C)

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 m]. 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 4= 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
(300,000x) 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/mm? and 17.04 4 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.
=
o

O] g

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.



Gels 2023, 9, 454

12 of 22

> ® [CPX]=10mg
® [CPX]=25mg
@® [CPX]=50mg * *
404 @ [CPX]=100mg i
N ® [CPX] =200 mg i f
g ¢ 3
> 30- i i i i
£ (I T
S é
15 s ¢
: R
o
= e @
g e 5 8¢ ¢ ¢
10 ')
()
o
e @ ¢ ¢ 5 & ® & o9 o
0 T T T T T T T T ' T T T T
0 50 100 150 200 250 300 350
Time / (min)

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.

2

Absorbance/ (a.u),
1

0 . ; . ; :
200 250 300 350 400

Wavelength/ (nm)

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.
DCEF 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 DCFE.

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

[CPX] =10 mg
[CPX] =25 mg
200 [CPX] =50 mg

[CPX] =100 mg
[CPX] =200 mg

150

100

q,/mgg”

50

T T T T T T
0 50 100 150 200 250

Time / (min)

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 (R?) and the isotherm constants (gmax, b, n, and
Kg) for the Langmuir and Freundlich models. In addition, the equilibrium parameter (Rr,)
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 [CPX]
Parameters 10 mg 25 mg 50 mg 100 mg 200 mg
kq /(minfl) 0.018 0.012 0.013 0.004 0.006
qe /(mg x g_l) 208.67 202.44 189.93 187.06 175.01
R? 0.99 0.99 0.98 0.98 0.99

Table 2. Langmuir and Freundlich isotherm parameters.

Langmuir Isotherm Parameters Freundlich Isotherm Parameters
(max b Rp R2 Kg n R?
172.41 0.0014 0.80 0.99 292.33 16.28 0.93

Obviously, the R? 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 Ry, 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 (2-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.

o

_ o o
5O pm SO OO,
oS %‘\,ﬁ%m\ﬁ@»m Physical and

Chitosan chemical

o) _H
H (0] Wet hydrogel
n GREEN Pharmacotechnical
PEG 4000 "
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adsorption

Dry hydrogel

study

Xanthan gum

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 4000400 cm . 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~!. 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 x 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 (A Cu K«l = 1.541874 A), 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~!. 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/
SDTA851¢ instrument, in a synthetic airflow atmosphere with a flow of 80 mL min !, using
70 uL 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~ !. 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:

. Force at breakage (kg)
2y _ 8¢ (K8
Tensile strength (kg/mm”) = Film thickness (mm) x Film width (mm) @)

Increased film length
Inital film length

Elongation (%) = x 100 )

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: HC1/H,O solution (pH 3), purified water (pH 7), and NaOH/H,O 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):

Wt

Swelling ratio (%) = Wi X 100 ®)
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where W; is the sample weight at time ¢ after the incubation, and Wj 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 A = 276 nm (e = 9580 M~! x cm™1).

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

following equations:
(Cy—Ct) x 100

Ad(%) = Co (4)
g = (Go _I/?/t) xV )
ge = (Go _Iffe) xV ®)

where Ad (%) is the DCF removal efficiency of CPX; g, and g; are the adsorption capacity
expressed in (mg x g’l) at equilibrium and at time ¢ (min), respectively; Cy, C;, and C, 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 x 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 g; 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:

9 = ge(1—e7M) @)

The equation allowed the obtaining of ki, which is the rate constant of the pseudo
first-order sorption (min~!) and also the g, adsorption capacity at equilibrium (mg x 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 1 1

. Cg +
de Gmax meax

®)

where g, Was the maximum monolayer adsorption capacity (mg x g~ 1), and b defines
the Langmuir adsorption constant (L x mg~1).

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

1

R =
L™ 150G,

©)
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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:

Ing, = InKp + %lnC(2 (10)

where Kr and 7 are the Freundlich parameters that are obtained from the graphical repre-
sentation of /ng, versus InC,.

Supplementary Materials: The following supporting information can be downloaded at: https://
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 DCEF; 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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