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ABSTRACT

Hydrogels are interesting materials with potential applications in the treatment of water contaminated by organic and inor-
ganic toxic compounds. Among the different monomers/polymers commonly used, the natural polymer lignin is undoubt-
edly an attractive candidate due to its biocompatibility, biodegradability, low toxicity, and availability in high quantities as
the main by-product of the pulp industry. In the present work, the synthesis and characterization of a lignin-based hydrogel
are described and tested in the adsorption of the nonsteroidal anti-inflammatory drug, diclofenac, one of the so-called
emerging contaminants. Due to the anionic nature of diclofenac currently used in pharmaceutical preparations, a cationic
functionality is included in the polymeric backbone. The obtained hydrogel is characterized by a porous structure, thermal
stability, and an elastic behavior more pronounced than the viscous one. It has a high swelling capacity and is able to effi-
ciently remove diclofenac in batch mode, following a pseudo-second order kinetic, and adsorption could be well described
by Langmuir and Sips isothermal models. For the first time, diclofenac removal by a lignin-based hydrogel is also carried
out in a packed-bed column with a maximum capacity of ca. 50 mg/g, and different theoretical models are used to fit the
experimental data.

1 | Introduction

The rapid growth of urban areas and industrial activities over
the past few decades has significantly contributed to environ-
mental issues, particularly water pollution with a consequent
decline of water quality due to the presence of contaminants
of emerging concern (CECs) such as inorganic heavy metals
and organic chemicals (pesticides, dyes, pharmaceuticals,
etc.). Although pharmaceuticals are found in relatively low

concentrations (ng-mg/L), their continuous release in the en-
vironment could result in long-term exposure of aquatic or-
ganisms with consequent toxicity and harmful effects. For
this reason, pharmaceuticals have been added to the evolving
“watch-list” under the EU Water Framework Directive [1].
Among these, ibuprofen, naproxen, ketoprofen, and diclofenac
are non-steroidal anti-inflammatory drugs (NSAIDs) largely
used because of their multiple activities (anti-inflammatory,
pain-relieving, and antipyretic), but characterized by a
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particular stability and resistance to biodegradation and
hence ecotoxicity and potential threat to the environment [2].
Consequently, removing pharmaceutical contaminants from
water is of paramount importance, requiring the development
of effective and sustainable treatment methods. Photocatalytic
degradation, biofiltration, chlorination, advanced oxidative
processes, electro-coagulation, and adsorption are available
techniques [3] for the removal of these pollutants during waste-
water treatment, and adsorption is undoubtedly the simplest
one, which still guarantees effectiveness and easy pollutant re-
moval [4]. Adsorbent materials can be easily regenerated and
recycled, thus reducing both the cost of the process and the pro-
duction of waste materials. Different adsorbents, from diverse
origins, have been exploited for the removal of pharmaceutics,
and NSAIDs in particular, from wastewater and effluents: ac-
tivated carbons [5-7], graphene-based materials [8], silica and
zeolites [9], metal organic frameworks [10, 11], biochars [12, 13]
obtained by the pyrolysis of biomass wastes, and various kinds
of polymers such as molecularly imprinted polymers [14, 15].
Among these, special attention is deserved to hydrogels, cross-
linked polymers characterized by a stable 3D structure able to
absorb large amounts of water and swell their original volume
over multiple cycles. It is their high-water adsorption capacity
that determines the characteristics of these materials, such as
permeability, elasticity, and flexibility. Hydrogels can be syn-
thesized starting from many types of monomers, petroleum-
based such as acrylic acid, acrylate derivatives, and vinyl
alcohols, or natural such as cellulose, chitosan, lignin, starch,
or a combination of both, and can also be functionalized to in-
crease their adsorption capacity. Lignin is an ideal material to
be used for this purpose, being the second most abundant nat-
ural polymer on earth, bio-renewable, nontoxic, eco-friendly,
biodegradable, and frequently available in high quantities as a
main byproduct of the pulp industéry. Moreover, lignin can be
considered a versatile material and a sustainable feedstock for
functional materials as in the case of lignin pyrolysis to produce
monophenolic chemicals and other carbon-based adsorbents
[16]. However, due to its aromatic structure consisting of three
cross-linked aromatic units called “lignols” (coniferyl, sina-
pyl, and coumaryl alcohols), lignin is rather hydrophobic, and
for this reason, it is rarely used alone in hydrogel preparation.
However, it has the advantage to be easily grafted or combined
with other hydrophilic substances, thus obtaining lignin-based
composite hydrogels that can be used in several fields, from
biomedical to environmental applications [17]. Lignin-based
hydrogels, due to their porous structure and the presence of
several oxygen-containing groups as possible active sites, have
been prepared and used in water treatment for the removal of
pollutants, specifically heavy metals and organic dyes, from
water and wastewater [18, 19], whereas no reports can be found
in the literature on the application of these kinds of hydrogels
for NSAIDs adsorption. In this context, a cationic hydrogel
(LS-pAAm-DAC) was prepared by copolymerization of lignin
sulfonate (LS) with acrylamide (AAm) including in the poly-
meric backbone also an acryloyloxy derivative with a cationic
amino group, and characterized. The swelling and deswelling
capacities of the prepared hydrogel were investigated and, for
the first time, its adsorption performance toward diclofenac
(DCF-Na), one of the most common anti-inflammatory drugs
and hence also one of the most highly detected in wastewater,
was tested.

2 | Experimental Section
2.1 | Materials

LS, N,N’-Methylenebisacrylamide (MBAAm), AAm, potas-
sium persulfate (KPS), tetramethylethylenediamine (TEMED),
[2-(Acryloyloxy)ethyl|trimethylammonium chloride (80wt%
solution in water) (DAC) and Diclofenac Sodium (DCF-Na) were
purchased from Merck and used as received. Ultrapure water
(Younglin aqua Max Ultra 370) was used as the solvent in hy-
drogel synthesis and to prepare every solution employed in all
the experiments.

2.2 | Synthesis of LS-pAAm-DAC Cationic
Hydrogel

The crosslinked lignin-based hydrogel was prepared by rad-
ical polymerization following a procedure already described
in the literature [20] with slight modifications. Briefly, LS was
dissolved in 20mL of water (20mg/mL) together with AAm
(1400 mg, 20 mmol) and MBA Am (36 mg, 0.23 mmol) and stirred
at 300rpm and 30°C for 30 min. Then, KPS (220mg, 0.8 mmol)
was added to the reaction mixture, and the temperature was
raised to 40°C, followed by the addition of TEMED (70uL,
0.5mmol) and DAC (770 uL, 3.6 mmol). After 30 min, the gel for-
mation was observed, but the system was left in this condition
for 4h to complete the reaction. At the end of the synthesis, the
hydrogel was thoroughly washed and rinsed with water and ac-
etone to remove unreacted monomers and used in this hydrated
form for thermal and rheological analyses. For all other charac-
terizations and batch experiments, the hydrogel was firstly fro-
zen at —80°C for 4h and then freeze-dried at —40°C for 48h in
a Superco Engineering Proxima (Germany) lyophilizer in auto-
drying mode with a vacuum of 0.38 mbar. A pAAm hydrogel
was also prepared by reacting AAm and MBAAm with KPS in
the same conditions as described above and used as a reference
in the characterization measurements.

2.3 | Hydrogels Characterization

Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) spectra were acquired by a platinum
ATR accessory mounting a diamond crystal and coupled with a
Bruker INVENIO-R interferometer and a Deuterated TriGlycine
Sulfate (DTGS) detector (Bruker Optics, Ettlingen, Germany).
Few mg of each sample were deposited onto the clean diamond
crystal, and ATR-FTIR spectra were collected at room tem-
perature. The following setup was used for all the samples and
for background: 4000-400cm™! spectral range, 128 scans, and
4cm™! spectral resolution. The measurements were performed
in triplicate. IR spectra were vector normalized in the full spec-
tral range (OPUS 7.5, Bruker Optics, Ettlingen, Germany).

The surface morphology of the freeze-dried hydrogels was
analyzed by field emission scanning electron microscopy
(FE-SEM) using a Zeiss Supra 40-VP high vacuum FE-SEM
(Germany) microscope. The sample was deposited on con-
ductive carbon adhesive tape, and metallization with gold by
sputtering was carried out. The micrographs were acquired by
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means of an SE2 detector with an electron high tension (EHT)
of 5kV.

Thermogravimetric analysis (TGA) of pAAm and LS-pAAm-
DAC systems was carried out using a Mettler Toledo TGA/SDTA
851 by heating the freeze-dried materials from room tempera-
ture (RT) up to 600°C at 10°C/min under nitrogen flow (60 mL/
min). Thermograms (TG) and their derivative curves (DTG) ob-
tained from TGA measurements provide the information related
to the thermal stability of the materials. The second degrada-
tion temperature (T, .., maximum value of the second deg-
radation step), the third degradation rate temperature (T,
maximum value of the third degradation step) and the residual
mass at 600°C were obtained from the weight loss and its deriv-
ative curve.

Differential scanning calorimetry (DSC) tests were carried out
with a Seiko EXSTAR 6000 calorimeter, performing two heating
and one cooling scans from 30°C to 205°C for pAAm and from
30°C to 195°C for LS-pAAm-DAC at 10°C/min under a nitrogen
flow rate of 50mL/min. The thermal analysis was carried out
using freeze-dried polymeric systems.

The viscoelastic properties of pAAm and LS-pAAm-DAC hy-
drogels were investigated by using a MCR 702e Anton-Paar
rheometer (Graz, Austria). The tests were performed using
plane-plane geometry (upper plate diameter of 25mm, 1 mm
gap and 50 mm lower measuring plate). The dynamic oscilla-
tory measurements were carried out at a constant temperature
of 25°C. The samples were swollen in deionized water before
analysis and loaded onto the Peltier plate to cover the surface
area of the parallel plate. Three measurements of amplitude
sweep, frequency sweep, and temperature ramp have been
performed for each formulation in this set of experiments.
The amplitude sweep was obtained at a constant frequency
mode of 10rad/s over a strain rate range (y) of 0.01%-100%.
The oscillatory shear measurements for frequency sweep tests
were performed as a function of the oscillation frequency (w),
from 0.1 to 100rad/s, for a constant of 1% (in the linear range
of viscoelasticity). The storage (G’) and loss (G”) moduli were
determined in oscillatory shear conditions as a measure of
the stored and dissipated energy during one cycle of defor-
mation, respectively. The loss tangent (tand=G"/G’) gives
information about the viscoelastic character of the samples.
The temperature ramp was recorded at a constant strain rate
of 1%, with a low frequency of 10rad/s over a temperature
range of 5°C-50°C. The temperature ramp rate was 5°C/min.
Frequency and temperature ramp tests were conducted with
the humidity constantly set at 80%.

2.4 | Swelling and Deswelling Properties

Swelling and deswelling abilities of the LS-pA Am-DAC hydrogel
were determined gravimetrically. Small pieces of freeze-dried
hydrogels were accurately weighed and immersed in water to
swell until equilibrium at room temperature. The swelling de-
gree was determined by weighing the swollen hydrogels at reg-
ular time intervals after having removed the excess of water on
the surface with filter paper. The swelling degree was calculated
according to the following Equation (1):

M, — M,
S(%) = —5—> %100 )
0

where M and M, are the weights of the dry gel and the swollen
gel at time ¢, respectively.

For deswelling measurement, hydrogels were swelled to equilib-
rium in ultrapure water and then allowed to air dry at room tem-
perature and weighed at regular intervals. Once weight changes
were no more observed between the measurements, water reten-
tion (WR%) was calculated according to Equation (2):

WR (%)= (1 M, = Mo\ 100 2
=1~ =51 ©)

where M) is the weight of the dried hydrogel, M, and M, are the
weights of the swollen gel at equilibrium time and at time ¢, re-
spectively [21].

2.5 | DCF-Na Removal: Batch Experiment

Adsorption of DCF-Na by LS-pAAm-DAC hydrogel was stud-
ied in batch mode. Fixed masses of hydrogel (100 mg) were
immersed in 50 mL of DCF-Na aqueous solutions at different
concentrations (15, 30, 60, 80, and 125mg/L) and left on an
orbital shaker at 150rpm at room temperature for 420 min.
DCF-Na concentration in the supernatant was determined
by UV-Vis spectroscopy at 276 nm (Microplate Synergy HT,
Biotek, Winooski, VT, USA) at regular time intervals (15min
for the first 2h and then 30min for the following time) and
by using a calibration curve for DCF-Na in the concentration
range 0.5-125mg/L. Measurements were all performed in
triplicate on three independent samples.

A sample of LS-pA Am-DAC hydrogel used for DCF-Na adsorption
was freeze-dried again and analyzed by SEM and ATR-FTIR.

2.6 | DCF-Na Removal: Packed-Bed Column

250 mg of dried hydrogel was placed in a column with an inner
diameter of 1.25cm and left to swell in water overnight. The
adsorption experiments were conducted in spiked ultrapure
water with DCF-Na salt 50mg/L. The solution was passed
through the column upward with a peristaltic pump (Gilson
Minipuls 3) at a flow rate of 0.625mL/min. The bed height of
the column was 4.0 cm with a consequently empty bed contact
time (EBCT) of 7.6 min. Samples were collected every 20 min,
and the concentration of DCF-Na was measured by UV-Vis
spectroscopy at 276 nm.

3 | Results and Discussion

A lignin-based hydrogel was prepared in the present work by
radical polymerization, using potassium persulfate as a water-
soluble radical initiator, as it efficiently generates sulfate radi-
cal under moderate thermal conditions (approximately 40°C),
thereby helping to preserve the structural integrity of organic
components. Moreover, KPS is less toxic, more cost-effective,
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FIGURE 1 | (a) Synthesis of LS-pAAm-DAC hydrogel; (b) ATR spectra of LS (black line), pAAm (red line) and LS-pAAm-DAC (blue line); (c)

FESEM image of hydrogel LS-pAAm-DAC; (d) residual mass (TG) and differential residual mass (DTG) of pAAm and LS-pAAm-DAC polymeric
formulations; (¢) DSC thermograms at the second heating scan for pAAm and LS-pAAm-DAC.

and easier to handle compared to commonly used water-soluble
initiators such as 2,2’-Azobis[2-(2-imidazolin-2-yl)propane] di-
hydrochloride (AIBA) or 4,4’-Azobis(4-cyanopentanoic acid)
(ACPA) [22]. Different types of lignin products are available
according to the manufacturing processes, such as sulfon-
ate lignin, obtained in the sulfite pulping process, used in the
present work and chosen for its water solubility. Thanks to the
phenolic —OH groups present in the lignin macromolecule, phe-
noxyl radicals are formed and readily react with AAm and/or
MBAAm monomers or propagated monomers to form a grafted
network (Figure 1a) [20, 23]. Moreover, the cationic monomer

DAC was included in the synthesis to introduce a cationic func-
tionality in the polymer structure, which may be particularly
useful in the wastewater treatment field since many CECs, such
as DCF considered in the present work, are present in the aque-
ous environment as anionic compounds.

3.1 | Hydrogel Characterization

ATR spectra of LS-pAAm-DAC are shown in Figure 1b,
with those of LS and pAAm reported for comparison. In the
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LS-pAAm-DAC spectrum, some characteristic bands of pAAm
and DAC are clear, thus confirming the successful grafting onto
lignin. Moreover, for pAAm, the following bands were found:
~3343 and ~3190cm™! (asymmetric and symmetric stretching
of N—H); ~1656cm™ (stretching of C=0 amide); ~1610cm™!
(bending of N—H); ~1450cm™ (deformation of CH, moieties);
and ~1417cm™! (stretching C—N and deformation of N—H and
C—H). Noteworthy is a small peak at ~1729cm™ (stretching
vibration of the C=0 ester moiety) and the peaks at ~1475 and
~950cm™! (respectively stretching and bending vibrations of the
quaternary ammonium group) [24, 25] suggest the presence of
DAC functional groups in the hydrogel structure. Finally, the
presence of lignin is confirmed by the peaks at ~1120cm™!
(stretching of C—0), ~1043cm™! (stretching of S=O0), and
~615cm™! (stretching of S—0O) [20].

In SI (Figure S1) ATR spectra of LS-pAAm-DAC before and
after DCF-Na removal are shown, and the presence of some
characteristic peaks of DCF-Na confirms the adsorption of the
contaminant.

The morphology of the freeze-dried prepared LS-pAAm-DAC
hydrogel was characterized by FESEM (Figure 1c). The hydro-
gel surface showed a three-dimensional highly microporous
network structure, with interconnected pore distribution rang-
ing from a few to tens of microns. The presence of these pores
allows water transport and promotes also the diffusion of water
pollutants from the external surface of the hydrogel to the in-
terior, making this material a good candidate for water reme-
diation applications. The hydrogel interpenetrating network
channels did not change in size and shape after DCF-Na adsorp-
tion (Figure S2).

The thermal properties of pAAm and LS-pAAm-DAC based
polymeric hydrogels were investigated by TGA and DSC. The dif-
ferential scanning calorimetry was used to determine the glass
transition temperatures (Tg) of synthesized polymeric systems.

In Figure 1d, the residual mass (TG) and derivative (DTG)
curves for pAAm and LS-pAAm-DAC polymeric systems are
reported, and a multistep degradative behavior is clear for the
two polymeric systems [26-28]. The first stage of degradation
and the corresponding mass loss below 100°C is due to the evap-
oration of water or moisture absorbed by the polymer systems
[26, 28], and is indicative of the hygroscopic nature of the ana-
lyzed formulations. In the second region around 200°C-300°C,
PAAm based systems undergo irreversible degradation pro-
cesses related to intra- and intermolecular imidization reactions
at the amide group and to thermal decomposition of methyl
groups from quaternary ammonium [29]. As reported in the lit-
erature the second thermodegradative peak is associated with
the release of NH,, H,O, and minor quantities of CO, [30]. The
third degradation peak is centered at 300°C-500°C; in this
thermal condition, imides begin to decompose, forming CO,
and H,O. In this thermal region, previously formed cyclic im-
ides break down and, as a result, random cleavages of the main
polymer chain occur with the formation of glutarimides [30].
Moreover, in LS-pAAm-DAC an improvement in thermal stabil-
ity was observed, together with a shift to higher temperatures of

the second (from T, PAAm = 257°C to Ty, LS-pAAm-DAC = 275°C)
and third thermodegradative peaks (from T, PAAM = 343°C to

T

dIIT LS-pAAM-DAC = 367°C) [26]. A similar consideration can be
made for the T

nset 1114 Main peak (onset of the third degradation
rate temperature) that shifted to a higher temperature with the
addition of LS during the reaction in polymeric-based systems.
Finally, an increase in the residual mass values at 600°C for
LS-pAAm-DAC (around 16%) when compared to pure pAAm
(around 15%) is observed and induced by the presence of the LS.
These data agree with the literature [26].

Figure le shows DSC thermal curves of polymeric systems
during the second heating scan. The glass transition of pAAm
is centered at 199°C, as also reported by Silva et al. [31]. The
high value of T, for pAAm underlines the crosslinked nature of
the polymer as a result of the presence of the functional group
N,N’-methylenebisacrylamide in the chemical structure of LS-
PAAmM-DAC [32].

A decrease in Tg for LS-pAAm-DAC (140°C) was registered
likely due to the presence of the cationic acryloyloxy derivative.
In fact, such a considerable shift was not observed in an LS-
PAAm system (data not shown).

The viscoelastic properties of LS-pAAm-DAC were determined
and compared with those of pAAm hydrogel, as shown in
Figure 2. The viscoelastic parameters are determined by means
of different tests. Initially, an amplitude test is performed for the
evaluation of the % strain, linear viscoelastic range (LVE), and
structural strength at 25°C. The storage (G’) and loss (G”) mod-
uli against the % strain are determined in the range from 0.01%
to 100%. In Figure 2a the viscoelastic parameters, storage and
loss moduli (G" and G”, respectively), are plotted as a function
of shear strain (y) for pAAm and LS-pAAm-DAC hydrogels. G’
was higher than G” over the whole shear strain range of anal-
ysis, in agreement with the literature [23], reflecting that the
systems (in the range of analysis) are characterized by higher
elastic than viscous behavior. A constant plateau was observed
for the G’ value within the LVE region with G’ > G”, both sam-
ples have a solid structure (up to the value of y=10%). Initially,
the hydrogels demonstrated that the moduli were independent
of shear strain, displaying linear viscoelastic behavior (solid-
like) [33]. The LVE regime is fixed at 1% of strain; after that, a
slight deviation of G’ was observed. The maximum storage mod-
ulus in the linear viscoelastic region was observed at 4200 and
2300Pa for pAAm and LS-pAAm-DAC based systems, respec-
tively. Moreover, a reduction in the storage and loss moduli was
observed in LS-pAAm-DAC compared to pAAm after the in-
troduction of LS and cationic acryloyloxy derivative in the poly-
acrylamide (pAAm) backbone. At high shear strain (y=100%)
values, the LS-pAAm-DAC hydrogel exhibited a phase change
from primarily elastic to primarily viscous behavior.

The dependences of the viscoelastic parameters G’, G” and tand
on the oscillation frequency (w) for pAAm based formulations
are shown in Figure 2b,c, respectively. In the frequency sweep
test, both the hydrogels have a behavior similar to that observed
in the amplitude sweep analysis: from 0.1 to 100rad/s and for
a constant strain (y) of 1%, the elastic modulus (G”) (Figure 2b)
presents higher values than the viscous modulus (G”). The elas-
tic (G") and viscous (G”) moduli remain constant in the selected
frequency range and consequently also the tand is constant for
both polymeric systems.
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variation of tand as a function of w for pAAm and LS-pAAm-DAC; (d) temperature ramp of pAAm and LS-pAAm-DAC.

The consistent behavior of the moduli, with no significant vari-
ations, indicates that the material remains stable throughout
the test. For both hydrogels, the fact that G’ exceeds G” suggests
their high elastic nature [33]. Furthermore, the higher values of
G’ and G” for pAAm respect to LS-pAAm-DAC, supporting the
amplitude sweep test results and indicating the high viscoelas-
tic and mechanical properties of pAAm based system, that can
be related to the physical interaction points among the polymer
molecules [34].

The loss tangent values (tand), representing the ratio of G” to
G’ (indicating the viscoelastic character of the materials), were
plotted against frequency in Figure 2c. The tand values <1 un-
derline the viscoelastic nature of both the hydrogels.

Recent advances in ionic conductive hydrogels have demon-
strated how tunable viscoelasticity can enable multifunctional
applications, such as self-healing sensors [35]. While our lignin-
based hydrogel prioritizes adsorption capacity, future iterations
could explore similar conductive or self-repairing properties for
expanded functionality. However, pAAm formulation demon-
strates a more elastic nature than LS-pAAm-DAC in low and
high-frequency regions.

Figure 2d shows the behavior of the viscoelastic parameters G’,
G” at different temperatures. The temperature ramp test con-
firms the behavior evidenced in the amplitude and frequency
tests, with G’>G". Furthermore, pAAm shows higher elastic
and viscous moduli respect to LS-pA Am-DAC. The constancy of

storage and loss moduli parameters from 5°C to 50°C highlights
the possibility of efficiently using these polymeric formulations
as stable absorbing materials for removing pharmaceutical con-
taminants from water in the selected thermal range, without
showing differences in the viscoelastic mechanical response.
Future modifications could incorporate stimuli-responsive ele-
ments, as demonstrated in dual-sensitive hydrogels with tunable
adhesion and antibacterial properties, to expand functionality
for specific water treatment scenarios [36].

3.2 | Swelling and Deswelling Behavior

The swelling capacity of a hydrogel is one of the most import-
ant parameters to be considered for its possible application as
an adsorbent, and it depends on many factors: the nature of the
polymers used in the synthesis (possible charge, ionic content,
crosslinking agent content) and the environmental conditions
(pH and temperature of the medium).

The equilibrium swelling ratio of LS-pAAm-DAC in water
(pH=7), calculated through Equation (1), is plotted in Figure 3
as a function of the immersion time: a rapid swelling was
achieved in the first hour with almost 800% swelling, and it con-
tinued to increase in a slower manner in the following 5h, then
reaching equilibrium. No significant differences were observed
in the hydrogel weight after 24h. Concerning the possibility of
reusing hydrogels as water-absorbing materials, their deswell-
ing capabilities are important as well. The water retention curve

Journal of Polymer Science, 2025

5UB017 SUOWLIOD BAIEBIO 3ol idde ) Aq PaUBACB 316 D1 VO ‘2SN J0 S9N 10} AIRIGIT UIIUO /BIIM UO (SUO1IPUOO-PUE-SWSY w003 |1 ARG puI U0/ SAIY) SUONIPUOD PUE SIS | 8} 39S *[G202/20/62] U0 ARRIqITaUIIUO |1 BIIBUEIL0D Ad ETS0SZ0Z 10/200T OT/10p/w00"Aa| 1 ARRIq1 PUI|UO//SdIY WOJ) papeojumod ‘0 ‘69TYZr9z



for LS-pAAm-DAC is shown in the inset of Figure 3 and was
obtained by measuring the mass of each sample left in the air at
regular time intervals. The proposed hydrogel tends to release
water and to deswell slowly in the first hours, and this may
likely be due to the presence of strong interactions between the
polar and/or ionic groups in the hydrogel matrix and the water
molecules.

3.3 | DCF-Na Removal: Batch Experiments

The effect of DCF-Na concentration on adsorption capacity
(g, and removal efficiency of LS-pAAm-DAC was determined
at five different concentrations in the range 15-125mg/L, and
the obtained results are shown in Figure 4a,b, respectively.
As shown in Figure 4a, the adsorption capacity per unit mass
(q,) rapidly increased in the first 45min for all concentrations
tested, followed by a slower increase until a plateau was reached
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FIGURE3 | Swelling behavior of lyophilised LS-pAAm-DAC hydro-
gel in ultrapure H,O; in the inset, water retention % of the same sample
left in open air and an image of the swollen hydrogel.

a)

(180-200min, q,), with longer equilibrium times for the highest
concentrations. Initially, all active sites on the adsorbent surface
are unoccupied, and the concentration of DCF-Na in the solu-
tion remains high. Consequently, DCF-Na is rapidly adsorbed
by the hydrogel, leading to a sharp increase in the adsorption ca-
pacity (q,). As adsorption progresses, the available active sites on
the hydrogel become progressively saturated, and the concen-
tration gradient between the solution and the hydrogel surface
diminishes, resulting in a slower rate of increase in q,.

The adsorption capacity at equilibrium(q,) was thus determined,
and it was found that g, increased with DCF-Na concentration,
as shown in Figure 4b. In fact, q, increased from ~4mg/g for
15mg/L DCF-Na to ~29mg/g at the highest DCF-Na concentra-
tion (125mg/L), as a consequence of a reduction in the mass trans-
fer resistance at high contaminant concentrations favoring the
adsorption process and hence the amount of adsorbed DCF-Na
[37]. In the same graph, the removal efficiency (RE%) toward
DCF-Na was also plotted as a function of DCF-Na concentration,
and it was shown that RE% decreased with DCF-Na concentration.
This behavior may be attributed to the fact that hydrogel samples
immersed in solutions with varying DCF-Na concentrations had
identical weights, and thus an equal number of potential adsorp-
tion sites. At low DCF-Na concentrations, the ratio of the active
sites on the hydrogel matrix to DCF-Na molecules is high, allow-
ing for rapid and efficient adsorption, as reflected by high RE% val-
ues. Conversely, at higher DCF-Na concentrations, the adsorption
sites become saturated, leading to a decrease in RE%.

3.4 | Adsorption Kinetics

Determination of adsorption kinetics represents a key step in the
evaluation of the efficiency of the hydrogel and allows describ-
ing the mechanisms involved in the adsorption process through
the formulation of theoretical models. Three different mod-
els are commonly used to express adsorption kinetics, namely
pseudo-first order (PFO), pseudo-second order (PSO) and intra-
particle diffusion [38].
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FIGURE4 | (a)Adsorption capacities (q,) of DCF-Na by LS-pAAm-DAC hydrogel over time, at different DCF-Na concentrations; (b) effect of DCF-
Na concentration on removal efficiency % and on equilibrium adsorption capacities.
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TABLE1 | Kinetics parameters for the adsorption of DCF-Na at different concentrations.

C, (mg/L) 15 30

Qe exp (mg/g) 4.45 9.53

Pseudo second order
9 e (ME/E) 4.49 9.54
k, (g/(mgmin)) 0.01566 0.005294
R? 0.999 0.997

Intraparticle diffusion

ko (g/(mgmin®%)) 0.213 0.470
P, 1.918 3.529
R? 0.930 0923
k,, (g/(mgmin)) 0.00564 0.0862
P, 4.041 7.252
Rg 0.906 0.924
ks (g/(mgmin)) 0.0572 0.240
P, 3.273 4.565
R? 0.958 0.974

3

60 80 125
16.93 22.16 28.56
17.77 23.85 30.40

0.002179 0.001373 0.001291
0.998 0.999 0.999
0.820 1.343 1.665
6.000 5.036 7.559
0.945 0.959 0.978
0.447 0.670 0.680
9.100 11.106 17.39
0.980 0.991 0.969
0.154 0.104 0.202
13.729 20.04 24.54
0.907 0.946 0.879

According to the first kinetic order model, adsorption rate de-
pends on the diffusion of the adsorbate on the adsorbent sur-
face, meaning that physical adsorption is the dominant process,
and the rate constant k; (1/min) may be obtained by the linear
Equation (3)

kyt
2.303

log(q. — q,) = logg, — ©)

where ¢ is the adsorption time (min), g, and g, are the adsorption
capacities (mg/g) at time ¢ and at equilibrium, respectively.

In the pseudo-second kinetic order model, the adsorption pro-
cess is mainly led by chemical interactions between the adsor-
bent and the adsorbate. This model can be described in its linear
form by Equation (4)

—_ = + —
@ k@ q. @

where the rate constant k, is expressed in g/(mgmin).

Finally, the intraparticle or internal diffusion model is described
by Equation (5)

q, =kt/>+P 5)

where the intraparticle diffusion rate constant is k; in g/
(mgmin®3) and the constant P is the intercept of the linear re-
gression: if P=0 the rate constant depends only on the intrapar-
ticle diffusion; otherwise, the adsorption process depends on
multiple steps [39, 40].

In this study, all three models were used to analyze the adsorp-
tion kinetic data, but the PFO model gave poor correlation co-
efficients (R?) and was not considered. In Table 1, the fitting
parameters for the other two kinetic models are reported, and the
high values for the correlation coefficient (R?>0.99), as shown
in Figure S3, suggest that the PSO kinetic model better describes
the adsorption behavior of LS-pAAm-DAC toward DCF-Na.
Moreover, the calculated equilibrium adsorption capacity (q,)
obtained from the PSO model is in a very good agreement with
the experimental one. This supports the hypothesis that chemical
adsorption is the dominant mechanism [41], which in the present
case may be caused, besides hydrogen bonding and n-m stack-
ing interactions, also by the electrostatic interaction between
the quaternary ammonium group (-N*(CH,),) contained in the
LS-pAAm-DAC hydrogel adsorbent and the negative charge of
the carboxylate group in DCF-Na (Figure 5). Similar electrostatic
interactions and physical entrapment mechanisms have been uti-
lized in various types of charged hydrogels, such as chitosan and
alginate, to remove cationic or anionic contaminants, including
dyes [42, 43]. Moreover, when considering broader applications,
such mechanisms have also been exploited in peptide-based hy-
drogels for the immobilization of enzymes [44].

As can be observed in Table 1, good correlation coefficients
were found also for the intraparticle diffusion model, so this
latter model cannot be excluded and may also take place.
According to this model [45], the adsorption process can be
described by three different steps: [39] the external diffu-
sion (or film diffusion), i.e., the transfer of adsorbate from
the bulk solution in the liquid film around the adsorbent; the
internal diffusion (or intraparticle diffusion) of the adsor-
bate through the pores of the adsorbent; and the adsorption
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FIGURES5 | Possible adsorption mechanism of DCF-Na by lignin-based hydrogel based on electrostatic, hydrogen, and n-n interactions.

onto the active sites in the inner and outer surface of the ad-
sorbents. In Figure S4, the three linear regions are visible
suggesting that, during adsorption, more than one process
simultaneously operates, and, since the intercept p> 0, it can
be assumed the adsorption process is controlled by multiple
steps. This possible multi-step adsorption process aligns with
contaminant transport mechanisms in porous media, where
anomalous diffusion of contaminants or other substances may
occur [46].

3.5 | Adsorption Isotherm

Adsorption isotherm is a valuable tool for studying the adsorp-
tion capacity, the surface properties of an adsorbent material,
and the interactions between the adsorbate and the adsorbent.
In this work, two different isotherm models were applied:
Langmuir and Freundlich [14, 47], together with their combina-
tion as represented by the Sips model [48].

Langmuir isotherm model assumes a monolayer adsorption on
energetically equivalent active sites on the adsorbent. It is based
on three assumptions: (a) the solid surface has a finite number of
active sites that are energetically equivalent; (b) there are no in-
teractions between the adsorbed species, so the adsorption rate
is independent from the absorbate amount; (c) the monolayer is
formed when each active site is occupied by one particle.

The Freundlich isotherm model describes adsorption as a mul-
tilayer process, with energetically inhomogeneous active sites
and interactions between the adsorbed particles: (a) multilayer
adsorption occurs on heterogeneous surfaces; (b) the amount of
the adsorbate depends on the concentration and increases with
it; (c) binding sites are occupied gradually, and the strength of
the binding decreases with increasing degree of site occupation.

The general nonlinear equations for the Langmuir and the
Freundlich models can be expressed as reported in Equations (6)
and (7):
g = au K. - C,
¢ 14K, -C, ©)

qe = KF ' Cel/n (7)

where q, is the amount of pollutant adsorbed at equilibrium
(mg/g), C, the equilibrium concentration of DCF-Na (mg/L), q,, is
the maximum achievable monolayer adsorption capacity (mg/g).
K, the Langmuir binding constant (L/mg), is related to the ad-
sorption energy of DCF-Na on the surface of hydrogel; whereas
K (mg/g) is the Freundlich constant, which refers to the adsorp-
tion capacity, and 1/n is the heterogeneity factor (1/n>1 the ad-
sorption process is unfavorable; 1/n <1 the process is favorable).

The Sips isotherm is a three-parameter theoretical model used
in the description of adsorption in heterogeneous systems. It is
described by the following non-linear Equation (8) in which g,
(mg/g) is the maximum adsorption capacity, Ky (L/mg) is the
Sips equilibrium constant, and I/n is the Sips exponent that ex-
plains the homogeneity/heterogeneity of the adsorption system.

= —"—7 ®

When 1/n=1 the Sips equation comes down to the Langmuir
one (high adsorbate concentration) and the equation predicts a
monolayer adsorption, whereas when C, or K are close to 0 the
Sips isotherm resembles the Freundlich one.

In Figure 6, the equilibrium adsorption capacity q, is plotted ver-
sus DCF-Na equilibrium concentrations, and the experimental
data are fitted with the three isothermal models. The obtained
isotherm constants are reported in Table 2, together with the lin-
ear correlation coefficients R2. From the correlation coefficients
reported in Table 2, it can be concluded that experimental data
fit well both the Langmuir and Sips models (R?>0.99). DCF-Na
adsorption of LS-pAAm-DAC hydrogel tends to be monolayer,
with an almost homogeneous distribution of the contaminant on
the surface of the hydrogel. Moreover, the 1/n value of 0.714 ob-
tained from the Freundlich model indicates a favorable adsorp-
tion process, which means that multilayer adsorption may also
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play an important role in the DCF-Na removal from LS-pAAm-
DAC (R? for Freundlich model is 0.977).

Table 3 presents a comparison of the maximum adsorption ca-
pacities of DFC, as predicted by the Langmuir model, across var-
ious adsorbents. The adsorption capacity of LS-pAAm-DAC is
notable when compared to other natural polymer-based systems
[49, 50], carbon-based materials [51, 52], and magnetic nanopar-
ticles [53], although it remains lower than that of some other ad-
sorbents reported in the literature [37, 54].

3.6 | DCF-Na Removal: Packed-Bed Column

The results obtained in the adsorption experiment in batch
mode were used to test DCF-Na removal by LS-pAAm-DAC in
a packed-bed column from a 43.5mg/L DCF-Na spiked solution.
The collected data are reported in Figure 7 as breakthrough
curves with DCF-Na normalized concentration (C/C) vs. elution
time (¢, min) and are further analyzed and fitted with different
models [14, 55, 56]. The Thomas model is based on the theory of
mass transfer and is used to calculate the maximum adsorption
capacity. The analytical relationship representing the model is re-
ported below by Equation (9):

C; 1

& T el ®

where, C, is the concentration of the diclofenac (mg/L) in the efflu-
ent at time ¢ (min), C, is DCF-Na initial concentration in the influ-
ent (mg/L), K, is the Thomas constant velocity (mL/(mgmin)), F
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FIGURE 6 | Adsorption isotherm models for DCF-Na batch adsorp-
tion by LS-pAAm-DAC.

is the flow rate (mL/min), m is the dry hydrogel mass in the column
(g), and q, is the adsorption capacity at the equilibrium (mg/g).

Another model reported in the literature for column adsorption
study is the Clark model, whose main assumption is the use of a
mass-transfer concept in combination with the Freundlich iso-
therm and is expressed by Equation (10):

C, 1

Co (10)

 [1+Aek0]H

TABLE 3 | Comparison of q,, (mg/g) values obtained in DCF

adsorption.
Adsorbent q,; (mg/g) References
Kaolin-CS-g-poly(A A-co- 18.51 [49]
NIPAM)
Guazuma ulmifolia Lam. Fruit 19.7 [50]
Phosphorous-doped 21.11 [51]
microporous carbonous
material PPhA
Multiwalled carbon nanotubes 7.26 [52]
Ni, .Zn, ;Fe,0, MNPs 52.91 [53]
CPX hydrogel 172.41 [54]
PMA/nMMT hydrogel 152.9 [37]
nanocomposite
LS-pAAm-DAC 62.55 This work

1.0

—— Thomas model
—— Clark model -
—— Yoon Nelson model

T T T T T T T T ’
0 200 400 600 800 1000
t (min)
FIGURE 7 | Adsorption isotherm models for DCF-Na adsorption by
LS-pAAm-DAC in packed-bed column.

TABLE 2 | Isotherm parameters calculated from Langmuir, Freundlich, Sips models.

Isothermal adsorption models (batch experiments)

Langmuir Freundlich Sips

qy, (mg/g) K, (L/mg) R? K (mg/g) 1/n R? qy (mg/g) K (L/mg) R?

62.55 0.0156 0.994 1.69 0.714 0.977 42.87 0.0126 0.998
10 Journal of Polymer Science, 2025
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TABLE 4 | Isotherm parameters calculated from Thomas, Clark, and Yoon-Nelson models.

Isothermal adsorption models (packed-bed column)

Thomas Clark Yoon-Nelson

qe(exp) KTH (mL/ KYN (1/

(mg/g) q,(mg/g) mgmin) R? A R (1/min) 1/n R? Lexp) (min) ¢t (min) min) R?
53.4 54.7 0.131 0996 329 0.00622 0.44 0.996 500 503 0.00571  0.996

where C and C, (mg/L) are DCF-Na concentrations in the in-
fluent and in the effluent at time ¢, respectively, A is the dimen-
sionless Clark constant, R is the Clark constant (1/min), ¢ is the
time passed (min), and n is the Freundlich constant. A, R, and n
parameters were obtained from the nonlinear regression.

The Yoon and Nelson model is an easy-to-apply model because
no detailed data are required regarding the adsorbate, adsor-
bent, and column properties. It is expressed by the following
Equation (11):

9 1 1y

Co 1+ ekn(D

where C, and C, (mg/L) are DCF-Na concentrations in the influ-
ent and in the effluent at time ¢, respectively, K, is the constant
velocity of Yoon-Nelson (1/min), t and t are the passed time and
the time to reach the breakthrough (min), respectively.

All the three models adequately described the columns' behav-
ior given the same and high correlation coefficients (R?>0.99),
and the correspondence between the experimental data and the
values predicted by the models (g, for the Thomas model and ¢
for the Yoon-Nelson model), as shown in Table 4.

Moreover, differences were found in the g, value determined in
the column experiment and calculated using the Thomas Model,
as well as in the Freundlich constant », in batch and in column,
likely due to different conditions of the two experiments: the
concentration gradient at the interface between the solution and
the adsorbent in the column is always large, whereas in batch
experiments the concentration gradient between the two phases
gradually decreases with time [57].

The results obtained are preliminary, and the effects of various
parameters—such as initial DCF-Na concentration, flow rate,
and bed height—on column performance have yet to be inves-
tigated. In addition, the potential for reusing the column in suc-
cessive cycles remains to be evaluated.

4 | Conclusion

A lignin-based hydrogel containing cationic acryloxy groups
(DAC) was synthesized by a radical polymerization, character-
ized, and tested in the removal of the anti-inflammatory drug
DCF-Na. The prepared hydrogel showed efficient adsorption to-
ward DCF-Na in a process in which both physical and chemical
interactions may be involved, driven by electrostatic interaction,
hydrogen bond, and van der Waals forces. The kinetic data fit

well with the pseudo-second-order model, and, as indicated by
the intraparticle diffusion model fitting, the process may be gov-
erned by multiple steps. Adsorption isotherm models were used
to analyze the batch data to obtain the best parameters useful to
optimize the process (q,, K, n) and to clarify the mechanism of
adsorption, which tends to be monolayer with an almost homo-
geneous distribution of the contaminant on the surface of the
hydrogel. Preliminary packed-bed column adsorption experi-
ments demonstrated the potential of lignin-based hydrogels as
effective adsorbent materials for diclofenac (DCF), achieving an
adsorption capacity of approximately 54 mg/g. Further experi-
ments, both in batch and column mode, are planned to evaluate
the adsorption capacity of these hydrogels not only toward other
emerging contaminants such as NSAIDs but also heavy metals,
dyes, and endocrine-disrupting compounds. This is made possi-
ble by the potential to introduce specific functional groups into
the polymeric network, thereby enhancing its affinity toward
various contaminants. Hydrogel composites could also be pre-
pared by integrating the hydrogel matrix with other materials,
such as nanoparticles or inorganic phases. These additions may
synergistically enhance mechanical strength, sorption kinet-
ics, or catalytic activity, thereby opening the door to additional
applications.

To sum up, these semisynthetic derivatives may offer a greener
alternative to conventional synthetic polymers, thanks to the
environmentally friendly nature and low cost of lignin, as
well as the hydrogel's intrinsic biocompatibility, water affin-
ity, and degradability. These features reinforce their potential
as sustainable and customizable platforms for environmental
protection.
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