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Introduction

Recent advances in polymer design and progress in the devel- and integrated nanofillers.

Controlled synthesis of ternary acrylamide/sodium
acrylate/polyethyleneglycol hybrids by integrating
different clays and fillers: a comprehensive
evaluation of structural featurest

Rabia Bozbay, (22° Mertcan Er, 2 2° Kubra Kara Ersoy® and Nermin Orakdogen (2
A series of anionic poly(acrylamide-co-sodium acrylate)/poly(ethylene glycol), PAN/PEG, hybrids were
conveniently synthesized via free radical aqueous polymerization by integrating bentonite, kaolin, mica,
graphene and silica, following a simple and eco-friendly crosslinking methodology. A comparative
perspective was presented on how integrated nanofillers affect the physicochemical properties of hybrid
gels depending on the differences in their structures. Among the five types of nanofillers, bentonite-
integrated hybrid gel had the highest water absorbency, while graphene-integrated gel had the lowest.
The elastic moduli of hybrid gels with the same content of inorganic component followed the order
graphene > silica > mica > kaolin > bentonite. Adding 1.50% (w/v) bentonite to the PAN/PEG matrix
increased the elastic modulus by 1.4 times compared to the as-prepared state, while adding the same
amount of graphene created a 4.1-fold increase. By decreasing the synthesis temperature of hybrids to
cryoconditions, —18 °C, an increase in the modulus of all gels was observed, while the modulus of
graphene-doped gels increased from 25.9 kPa to 39.1 kPa. pH-dependent swelling demonstrated that
hybrid gels can dynamically bind or release protons in response to changes in surrounding pH and thus
abruptly change their overall dimensions. On-off switching behavior as reversible pulsatile swelling in
pH 11.2 and deswelling in pH 2.1 showed that hybrid gels exhibit reversible pH-responsiveness following
Fickian diffusion of water into the hybrid matrix. The change in pH of the swelling medium caused a
4.5-fold increase in swelling ratio for the silica-doped hybrid gels. The studies in which anionic hybrids
were tested to explore adsorption potential for cationic dye methylene blue (MB) showed that adsorbent
properties could be tuned to the desired extent by incorporating different fillers. In terms of efficiency
among the selected fillers, the maximum efficiency for MB was obtained as 99.2% and 88.60% for
hybrids containing graphene and silica, respectively. The adsorption of MB on hybrids was fit to the
three-parameter Sips model rather than the two-parameter models. The results introduced a new
perspective on the design of ternary hybrid gels that could effectively address both the mechanical and
responsive properties of soft materials, providing a platform for subsequent cationic dye adsorption.

are achieved through the entanglements between the polymer
chains and the extremely close contact between these chains
12 These structures have been

opment of multicomponent gels have opened new possibilities
for the development of hybrid-structured materials with
enhanced properties. Hybrid nanocomposites differ from other
multicomponent systems in that their extraordinary properties
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developed in which the properties of clay minerals such as
cheapness, availability, environmental friendliness, large sur-
face area and stability are combined with the advantageous
properties of polymers such as high adsorption efficiency
and better regeneration at nanoscale depending on the
modification process. For more specific material synthesis,
different nanofillers are incorporated to achieve versatile and
outstanding gel properties and reactivity. These nanofillers vary
in shape and size from micrometers to nanometers, such as
polymeric-components, inorganic/ceramic and carbon-based
nanoparticles.>*
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Hybrid design provides a powerful strategy for incorporating
nanostructures that provide versatile and customized function-
ality for nanometer-scale control. To develop safe and envir-
onmentally friendly materials, the synthesis of hybrid gels from
sustainable green materials has shown improved properties
such as mechanical strength, low gas permeability and heat
resistance, reduced costs and increased effectiveness in remov-
ing various pollutants from wastewater.’> The chemical compat-
ibility between the functional network and the nanofiller is
decisive in developing the multifunctional nanocomposites.
The extent of interactions between the nanofiller and polymer
network, including hydrogen bonding, van der Waals and
electrostatic interactions, is effective in designing optimized
materials with synergistic properties. To continuously reinforce
the network structure after polymerization and match its
properties to the nanoparticles, one or more components with
specific functionality can be integrated into the network. The
incorporation of inorganic components such as layered sili-
cates; bentonite, mica, kaolin, carbon-based materials gra-
phene and graphene oxide, metal oxide nanoparticles; silica,
titanium and aluminum oxides into the polymer matrix is
intended to change the physicochemical properties to the
desired extent, including swelling and modulation of elasticity
with advanced properties useful for micropollutants removal.®
Since clay polymer hybrids offer easy synthesis in large quan-
tities with improved performances, it is necessary to evaluate
the process efficiency on a large scale in the removal of
biological, organic and inorganic micropollutants from water/
wastewater. The blending of modified polymeric structure and
inorganic clays or fillers has led to the emergence of a new class
of hybrid materials with microcomposite and nanocomposite
structures, depending on the procedure followed.

The properties of hybrid structures differ significantly from
the properties of the individual components, which
makes them interesting in some cases with dramatic synergis-
tic properties. As reported by Bergaya and coworkers,
small amounts of inorganic nanoparticles dispersed in a poly-
mer, typically less than 5%, can significantly improve the
polymer properties.” Tang and co-workers proposed to prepare
kaolin-integrated sodium alginate graft poly(acrylic acid-co-
acrylamide) SA-g-P(AAc-co-AAm)/KIn composite hydrogel by
adjusting the ratio of AAc:AAm:Kln to 6:9:1.57 (in g) and
showed that the composites were effective in removing Rhoda-
mine B from aqueous solution.® Hosseini and coworkers pre-
pared ternary nanocomposite aerogel systems containing
carboxymethyl cellulose grafted by polyacrylic acid reinforced
with different levels of graphene oxide particles.” A significant
increase in the storage modulus and thermal stability of
nanocomposites was attributed to the presence of
graphene oxide. While the average size of pores decreases,
the porosity of the nanocomposites is reported to increase
with graphene oxide concentration, which is effective in
increasing their ability to remove pollutants from water. Dai
and coworkers combined 50 mg graphene oxide and 1.0 g
bentonite to reinforce polyvinyl alcohol/carboxymethyl cellu-
lose hydrogels.’® The addition of graphene oxide and/or
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bentonite increased the thermal stability which was attributed
to the improved cross-linked structure and hydrogen bond
interactions, while the barrier effect of bentonite contributed
to the increase in the thermal stability. Limparyoon and cow-
orkers prepared acrylamide/2-acrylamido-2-methylpropane sul-
fonic acid copolymer nanocomposites using phyllosilicate
mineral mica."" The addition of 5-30% (w/w) mica to the
copolymer resulted in an interlayer structure and the nano-
composites showed better thermal stability and higher water
absorbency compared to the blank copolymer. In another work,
Zhang and Wang studied the influences of clay-type on the
comprehensive swelling of polyacrylamide/clay composites
based on various clays, such as attapulgite, kaolinite, mica,
vermiculate and Na-montmorillonite prepared by free-radical
aqueous polymerization."” The composites incorporated with
Na-montmorillonite exhibited higher swelling rate, while those
doped with mica showed higher reswelling ability. Jiang and
coworkers reported the rheological behavior and secondary
networks of polyacrylamide hydrogels filled with different types
and contents of hydrophilic silica by in situ polymerization.*®
Their results suggested the existence of a non-bonded com-
plexation between the molecular chains and silica, which
imparts specific properties to the hydrogel network.
Comparative syntheses using different clays, carbon-based
materials, metal oxides or their mixtures have rarely been
performed on the same template polymeric structure.'®'®
Recognizing the need to enhance the mechanical resilience of
polyacrylamide-based hybrids after polymerization, the study
attempted to apply an innovative approach by incorporating
nanoparticles into the anionic poly(acrylamide-co-sodium acry-
late) matrix in the presence of linear poly(ethylene glycol) (PEG)
chains via in situ polymerization. Hybrid material design has
generally focused on the effects of a particular clay type on the
swelling and elastic properties of nanocomposites, and these
studies have provided perspective on changes in low and high
clay content by varying the amount of clay. However, it is
unclear how the performance of a hybrid material changes
when different clay types are added to the same gel system
under the same experimental conditions and whether different
inorganic clay types can be applied synergistically to good
effect. Nowadays, limited literatures have been reported on
the addition of different types of nanoparticles to anionic
copolymerized gel systems with semi-interpenetrated structure.
Inspired by this idea, anionic sodium acrylate-functionalized
gel system containing poly(ethylene glycol) chains was success-
fully prepared in the presence of different nanoparticles in this
study. A concept was established for the synthesis of ternary
hybrid gels consisting of different fillers as the inorganic
component and site-specific (alkyl)Jamide and carboxyl groups
containing polymeric backbone as the organic counterpart
pursuing a simple, green and economic methodology. Based
on the literature review, graphene, bentonite kaolin, mica, and
silica are selected as five different inorganic components for
the development of useful, applicable and environmentally
friendly materials in the water treatment process. By varying
the polymerization conditions (the type of the nanofiller and
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the polymerization temperature), five hybrid samples with
different nanofiller loadings were produced. A strategy
for ternary hybrid gel design has been promoted to investigate
the effect of various inorganic components on the elasticity,
swelling and thermal stability of ionically modified
polyacrylamide-based nanocomposites. The competitive applic-
ability, swelling, elasticity and structural features of the pre-
pared hybrid gels and the removal of cationically charged
pollutants were evaluated by considering various parameters.
The main objective is to find the relationship between the
composition/structure of ternary hybrid gels and their physico-
chemical capacities. Here, the hybrid composition is controlled
by the polymerization temperature, the change in the micro-
structure, the type and content of nanoparticles and clays with
different plate-like structures are considered as factors affecting
the properties of hybrids. Since it contains a ternary polymeric
structure and different fillers, the novelty of this work is mainly
to provide a perspective on a new approach to compare the
hybrid structure in terms of the swelling, elasticity, and adsorp-
tion results, while keeping all the experimental parameters
constant. The possible adsorption mechanisms for cationic
methylene blue dye were evaluated and the equilibrium iso-
therms and dynamics were discussed depending on the type of
nanoparticles added to the structure.

Experimental section
Materials

The main monomer acrylamide (AAm, >99%, Merck,
Darmstadt, Germany), the anionic comonomer sodium acrylate
(NaA, >97%, Sigma Aldrich, Darmstadt, Germany), and
poly(ethylene glycol) (M,, 2000) (PEG) were purchased from
Sigma Aldrich. The tetrafunctional cross-linking agent N,N-
methylenebisacrylamide (BAAm, >99%), the redox-initiator
system ammonium persulfate (APS, >98.0%), and N,N,N',N’-
tetramethylethylenediamine (TEMED, ~99%) were supplied
from Merck (Darmstadt, Germany) and used as received. Ben-
tonite nanoclay was supplied from Aldrich, and according to
the provider, consists of more than 98% Na-montmorillonite.
Mica was purchased from U.S. Geological Survey, Denver,
Colorado. The main chemical composition is SiO, 65.8%,
ALO; 15.8%, Fe,0; 2.62%, FeO 3.93%, Na,O 2.05%, K,O
3.28%, TiO, 1.01%, CaO 1.40%, and MgO 1.69%. Kaolin
(>90%) was provided by Kaolin EAD Company, Turkey. Gra-
phene nanoplatelet, a purity of 99.9%, with the average thick-
ness of 3 nm, diameter of 1.5 pm has a particular 800 m* g~ *
surface area was purchased from Nanografi Nano Technology
Company, Germany. Hydrophilic nano-silica particles of 9-
15 nm in size was supplied from Zhejiang Yuda Chemical
P.R. China in the form of powder. Sodium phosphate tribasic
dodecahydrate (NazPO4-12H,0, > 98.0%, Merck, Darmstadt,
Germany), hydrochloric acid (HCl, Merck, 37%, Darmstadt,
Germany), potassium dihydrogen phosphate (KH,PO,,
>99.0%, Riedel-de Haen, Germany), disodium hydrogen phos-
phate (Na,HPO,, >99.0%, Merck, Darmstadt, Germany),
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sodium chloride (NaCl, >99.0%, Merck, Darmstadt, Germany),
and calcium chloride (CaCl,, J. T. Baker, Phillipsburg, NJ, USA)
were used for pH- and salt-responsive swelling experiments.
Ultrapure water obtained from the MILLI-Q Laboratory system
was used in hybrid gel syntheses, while distilled and deionized
water was used in all swelling experiments.

Synthesis of hybrid PAN/PEG-NC gels by in situ filler
incorporation

For synthesizing the blank gels, named P(AAm-co-NaA)/PEG,
514.5 mg of PEG-2000 was dissolved in 6.0 mL of water by
stirring at room temperature (23.7 °C). To maintain AAm/NaA
mol ratio fixed at 94/6 (mol%/mol%), 514.5 mg of AAm, and
450 pL of NaA were included and stirred for additional 1 h for
homogeneous mixture. Then, 1.0 mL of BAAm stock solution
(0.2906 g/20 mL), and 1.0 mL of TEMED stock solution
(0.750 mL/20 mL) were included, and the mixture was mixed
again for additional 1 h. As the last component, 1.0 mL stock
solution of the radical initiator APS (0.16 g/20 mL), was added
by setting [APS]/[TEMED] = 1/7 and finally, the reaction mixture
was transferred into polypropylene syringes with an inner
diameter of 4 mm to obtain cylindrical gel specimens for
moduli determination in compression as well as for swelling
testing. The concentration of AAm in the reaction mixture was
7.235 mM, and that of NaA was 0.476 mM. The amount of
BAAm in the synthesis was chosen as 14.5 mg in order to keep
the crosslinker ratio X, which is defined as the molar ratio of
the crosslinker agent BAAm to the total monomers (AAm +
NaA), constant at 1/82. In this way, the total monomer concen-
tration was adjusted to be 5.73%. The concentrations of initia-
tor APS and the activator TEMED were characterized as molar
ratio [APS]/[AAm] = 0.5 and [TEMED]/[AAm] = 3.5, respectively,
according to the neutral monomer content. For the preparation
of ternary hybrid gels, the filler, 1.50% (w/v), was first dispersed
in 6.0 mL of water well for 4 h followed by addition of linear
PEG-2000 chains, monomers; AAm, NaA and BAAm with stir-
ring for another half hour.

Table S1 (ESIt) presents the chemical composition and basic
properties of clay minerals used in nanocomposite synthesis in
a comparative manner, while Scheme 1 shows the optical views
of the aqueous dispersion of bentonite (Bnt), kaolin (Kln),
mica, silica (Slc), and graphene (Grn) prepared for the synth-
esis. After addition of TEMED and APS stock solutions, the
polymerization with in situ mixing of filler with these mono-
mers was performed in a similar way as in the case of poly-
merization for the unfilled blank gel. In both cases, the
polymerization reaction was conducted at 24 °C for 48 h for
the preparation of hydrogels (named Hgs) via free-radical
crosslinking copolymerization and at —18 °C for the cryogels
(named Cgs) via freezing-induced cryogelation. The composi-
tions of the ternary hybrids including content of fillers, concen-
tration of monomers AAm, NaA, and BAAm in the reaction
mixture were given in Table S2 (ESIt). For the present system,
filler-free blank P(AAm-co-NaA)/PEG gels were named as PAN/
PEG, while the filler-integrated hybrid gels were named as PAN/
PEG-NC, in which A is used for AAm, N for anionic monomer

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (A) Synthetic steps performed during preparation of hybrid PAN/PEG-NC gels. (B) Aqueous dispersion of bentonite, graphene, kaolin, mica
and silica. (C) Polypropylene syringes containing silica-filled hybrid gels after completion of the polymerization reaction.

NaA, and NC is used to indicate the presence of nanocompo-
nent. The nomenclature PAN/PEG-NC/Bnt refers to the hybrid
gels prepared in the presence of Bnt nanoclay. Scheme 1
illustrates the synthetic steps performed during preparation
of hybrid PAN/PEG-NC gels as well as hybrid PAN/PEG-NC/Mica
hydrogel after preparation state.

Swelling testing of hybrid PAN/PEG-NC gels-doped with
different fillers

After polymerization was completed within 48 h, the rod-
shaped gels were removed from the syringes and divided into
three groups. Scheme 2 presents the optical appearances of as-
prepared state hybrid PAN/PEG-NC hydrogels containing var-
ious fillers. The gels in the first group were weighed and placed
in pure water to be used as the characterization group. The
second group of the gels was used in the mechanical measure-
ments and both weight and diameter changes were monitored,
while the gels in the third group were separated to be used in
the swelling experiments. The swelling degree of the prepared
blank gel and hybrid gels were determined by following the
diameter change of cylindrical samples. After measuring the
initial diameters using a calibrated compass, Mitutoyo Digi-
matic Caliper, Series 500, resolution: 0.01 mm, the gel samples
were immersed into distilled water at ambient conditions for
defined periods of time. The change in the diameters of the
samples was monitored regularly until the thermodynamic
equilibrium was achieved. Under normal conditions, in the
swelling process of a gel sample, the swelling is uniform in
three dimensions, which is defined as isotropic swelling, which

This journal is © The Royal Society of Chemistry 2025

refers to an isotropic volume change defined by its apparent
swelling. In each case, the samples were run in triplicate, with
the equilibrium swelling ratio ¢y calculated by;
3
gy (DI 1 ”
Vrel Vsw

where D, and D are the diameter of the samples before and
after the swelling process, 1y and vg, are the characteristic
parameters used to relate the gel structure to the physicochem-
ical properties such as the swelling, stiffness, and solute trans-
port and named as the crosslinked polymer volume fraction in
relaxed state and the volume fraction of the crosslinked poly-
mer chains in the equilibrium swollen-state, respectively.
Eqn (1) correlates the synthesis variables and swelling behavior
to make predictions of the stiffness and solute diffusivity
characteristics of synthetic gels. Using the mass-based method
which relies on the knowledge of polymer and solvent densities
and the assumption of additive volumes, the crosslinked poly-
mer volume fraction in relaxed state 14 was experimentally
determined by:

1+ @)

Vrel =

(1o /mary 1>pp] h

Ps

where m, is the weight of sample as-prepared state and mq is
the weight of dried gel, respectively, p, is the density of PAAm-
based gel, 1.286 g mL ™', and ps is the density of water,
1.0 g mL™'. Additionally, the gel fraction we, insoluble fraction
of the samples, was determined using the dry masses under the
same experimental conditions and three specimens were tested
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Scheme 2 Optical appearances of hybrid PAN/PEG-NC hydrogels containing various nanofillers after their preparation state (A), swollen-state view of
Kln-integrated PAN/PEG-NC/KIn (B) and mica-integrated PAN/PEG-NC/Mica (C) hydrogels after swelling process.

for each synthesis. From the comparative analysis of mass-
based determination of polymer volume fractions, the results
were presented in Table 1. For hybrid hydrogels, the gel fraction
Wgel Was ranged between 90.4-93.6%, while for the cryogels, it
was ranged between 91.2-93.7%. Compared with blank PAN/
PEG gels, the addition of various fillers slightly increased the
gel fraction of ternary hybrids as the polymer chains growing
around the nanoparticles and the aggregation of these particles
affected the degree of polymerization. Increasing gel fractions
indicate the development of interactions between the layers
and polymer chains and confirm the hydrogen-bonded cross-
linked structure of hybrids. The network structure of hybrids is
tuned by changing the synthesis conditions such as the initial
polymer concentration depending on the filler type and the
filler-polymer interaction. An opposite trend can be observed
with respect to the gel fraction and filler addition, with increas-
ing the filler amount causing an increase in the weight of the
gel sample, which may not result in an increased interaction
with the gel network and may therefore be associated with the

Table 1 Physico-chemical network parameters of hybrid PAN/PEG-NC
gels. vy = the crosslinked polymer volume fraction in relaxed state after
preparation, vs, = volume fraction of crosslinked polymer in the equili-
brium swollen-state, and wge = gel fraction

Hybrid hydrogels (Hgs) Hybrid cryogels (Cgs)

Sample code Vel Vew X 1071 Weel  Vrel Vew X 1071 Weel
Blank PAN/PEG 0.0530 0.0989 90.4 0.0756 0.2098 91.2
PAN/PEG-NC/KIn  0.0647 0.1048 92.0 0.0704 0.2027 92.4
PAN/PEG-NC/Bnt  0.0612 0.1008 92.2 0.0678 0.1923 92.3
PAN/PEG-NC/Slc 0.0542 0.1173 93.2 0.0501 0.2725 93.7
PAN/PEG-NC/Mica 0.0605 0.1084 93.6 0.0768 0.2195 92.9
PAN/PEG-NC/Grn  0.0594 0.1587 92.5 0.0718 0.5051 93.2

870 | Soft Matter, 2025, 21, 866-892

formation of nanoparticle clusters, which will affect the gel
fraction to a lesser degree.

Measurement of point of zero charge (pHp;c) of hybrid gels-
doped with different fillers

0.1 M NaNO; solution (25 mL) was placed in 100 mL Erlen-
meyer flasks with the initial pHs ranged between 2 and 12 by
the addition of 0.1 M HCI and 0.1 M NaOH in each flask. The
initial pH values of the prepared solutions were recorded using
a pH meter. Subsequently, approximately 0.10 g of the prepared
hybrid gels was added to 25 mL of pH-adjusted solutions in the
flasks and shaken at 180 rpm at room temperature for 48 h.
After this period, the suspension was centrifuged, and the final
pHs of the solution were measured. The ApH (pHgina —
PHinitia1) graph is plotted against the initial pH values and the
intersection point of the curves corresponds to the zero charge
PHpzc point of the prepared hybrids.

Compressive modulus of hybrid PAN/PEG-NC gels-doped with
different fillers

Compressive moduli of hybrids were measured using uniaxial-
controlled equipment with a mechanical loading system
equipped with a digital comparator (IDC type Digimatic Indi-
cator 543-262, Mitutoyo, Kawasaki, Japan). After measuring the
initial sample length L,, the measurements were conducted
between the parallel plates in slow uniaxial compression mode
at room temperature to follow the change in the sample length
AL = Ly — L, which is the displacement defined as the change in
the length relative to the initial length of sample. The uniaxial
compression was increased from 0% to 10% in 3 min at a rate
of 0.5 mm min~ ', while the applied force f was recorded. The
relaxation time of network chains was set to 10 s after each

This journal is © The Royal Society of Chemistry 2025
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compression and the elastic modulus was determined using
the slope of the linear dependence described by the simplified
Mooney-Rivlin equation:

6 =f1S=G(a — o ?) (3)

where ¢ is the nominal stress in Pa m™2, S is the initial cross-
section of the sample before measurement, S = ©(Dy/2)* and «
is the relative deformation ratio of sample as o = L/L, The
geometry of sample is cylindrical, with a diameter of 4-4.5 mm
and a height of 5-6 mm. The compressive moduli were
obtained as the average values from four experiments.

Study of dye removal capacity of hybrid gels-doped with
different fillers

After the prepared hybrids were dried, to analyze their compre-
hensive performance, the dried samples were ground into fine
powder using a mortar and 10 mg of samples was dispersed in
20 mL of MB solution (10-100 mg L") and then mixed at
180 rpm using an orbital shaker (Four Es Or-Pro Digital Orbital
Shaker) at 23 °C. After adsorbing for a period of time, the
swollen samples were filtered, a small amount of the solution
was taken and cationic dye MB concentration was determined
by UV-vis spectroscopy at Ama.x of MB 664 nm using the
deionized water as a reference. The batch adsorption experi-
ment was performed by agitating the MB solutions at a fixed
contact time. The concentrations of MB in the filtrates were
determined on the basis of the standard curve of MB using
batch equilibration (4 = 0.0443 + 0.1332C, R> = 0.9990). Adsorp-
tion isotherm was studied for optimization of MB adsorption
mechanism and effective design of adsorption. The experi-
mental design was based on three independent factors; type
of filler in the structure, initial MB concentration, and contact
time at three levels. The results expressing the surface proper-
ties and capacities of hybrid gels were evaluated according to
the filler types included in the structure. The equilibrium
adsorption isotherm was evaluated at constant optimum con-
ditions of the contact time as 24 h, adsorbent dose as 10 mg,
and initial MB concentrations varied from 20 to 100 mg L™"
(i.e., 20, 40, 60, 80, and 100 mg L™ "). Dye adsorption capacity of
MB onto hybrid gels at equilibrium, ¢. (mg g~') and at time ¢, ¢,
(mg g~ ') was calculated using the following equations:
go = G g g, GGy

where C; is the initial concentration of dye (mg L"), C. and C;
are the concentration of MB dye at equilibrium and at time ¢
(mg L"), respectively. V is volume of the dye solution (L), and
m is the mass of dry adsorbent (g). The adsorption% of MB dye
by hybrids was determined using the following equation;

(G -G

Adsorption (%) = e

100 (5)

Based on the adsorption kinetics, to analyze the cationic MB
adsorption of nanofiller-integrated hybrid gels, pseudo first-
order (PFO), pseudo second-order (PSO), Elovich, intraparticle
diffusion model and Avrami kinetic models were tested. For the
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adsorption isotherm analysis, the data were simulated using
five isotherm models including Langmuir, Freundlich, Red-
lich-Peterson, Sips, and Dubinin-Radushkevich (D-R) model.

Characterization of hybrid PAN/PEG-NC gels-doped with
different fillers

ATR-FTIR spectra were conducted on a with a PerkinElmer
Spectrum 100 FTIR in the attenuated total reflectance mode at a
resolution of 4 cm™" in a scanning range of 600-4000 cm ™.
XRD patterns were performed on a Bruker D8 Advance X-ray
diffractometer in the region of diffraction angle (20) from 4° to
50° with Cu-Ka radiation at A = 0.154 nm. By applying an
accelerating voltage of 40 kv and a current intensity of
40 mA, the scans were detected with an angular step of 0.02°.
Thermodegradation analysis was carried out on a SEIKO
EXSTAR 6200 Model TG/DTA thermogravimetric analyzer using
dry nitrogen purge at a heating rate of 10 °C min~'. The
measurements were detected in the temperature range of 25—
600 °C at a speed of 150 mL min~' under a nitrogen atmo-
sphere. For the adsorption measurements of MB dye, a UV-vis
spectrophotometer (Novel N4S UV-vis spectrophotometer) with
a wavelength range 190-1100 nm and wavelength repeatability
<0.5 nm was used. For the measurements, the photometric
accuracy was £0.3%7 with £0.002 Abs (0-0.5 A) and photo-
metric repeatability <0.15%7. For adsorption data analysis, UV
WINS8 Spectrum data processing software was used. During the
adsorption tests, an orbital shaker (Four Es Or-Pro Digital
Orbital Shaker) with a 32 x 32 cm universal holder table was
used to continuously shake the samples, operating at 20-
500 rpm.

Results and discussion

The aim of this study is to improve the performance of ternary
polyacrylamide-based gels by utilizing novel linking methods in
which various organic and inorganic components are inte-
grated to form multifunctional hybrid networks. Based on this
hypothesis, comprehensive insights into the structural and
compressive modulus changes of anionic copolymer gel formed
in the presence of linear PEG chains by the integration of
various fillers have been provided. These changes were visua-
lized and quantified by a range of analytical techniques, while
both the immediate and recovery responses and mechanical
properties of ternary hybrid networks were evaluated according
to the type of nanoparticles incorporated into the structure.

Effect of filler incorporation on structure of hybrid gels

To evaluate polymer-filler interactions, Fig. 1 presents ATR-
FTIR spectra of the raw nanofillers and their hybrid counter-
parts. The spectrum of the blank PAN/PEG hydrogel is included
for comparison, highlighting the interactions between the
fillers and the polymer network to make the role of fillers in
the nanocomposites more apparent and to strengthen the
overall argument. The spectrum of blank PAN/PEG hydrogel
is composed of bands from AAm, anionic comonomer NaA and
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Mica and hybrid PAN/PEG-NC/Mica (D). The red lines correspond to the spectrum of blank PAN/PEG gel for comparison.

PEG moieties. The asymmetrical and symmetrical stretching
vibration peak of -NH, groups on PAAm moiety were detected
at 3354 cm™ " and 3178 cm™ ', respectively.'® N-H stretching of
PAAm units seen at around 3350 and 3190 cm ™' was observed
all the hybrid hydrogel samples with a slight shift. Asymmetric
C-H stretching vibrations placed in the groups of polymer alkyl
chains and cross-linking points were detected at about 2938
ecm ', The characteristic peaks at 1653, 1602 and 1448 cm ™'
were attributed to the stretching vibration of carbonyl group
(C=0), the bending vibration of N-H of amide groups, and the
C-N stretching on PAAm chains, respectively."”” The bands at

872 | Soft Matter, 2025, 21, 866-892

1560 and 1405-1410 cm ' were due to the asymmetric and
asymmetric stretching mode of carboxylate (COO™) group of
NaA units, respectively. The stretching vibrations of carboxylate
of NaA units and C-N from PAAm units are superposed at 1405-
1411 cm™"."® In the fingerprint area, small shifts of the doublet
at 1450 and 1420 cm ™' were observed for the hybrid gels. The
band at 1324 cm™ ' corresponding to -C-N- group of cross-
linker BAAm forming cross-bridge bonds between the network
chains was detected in the spectra of all gel samples."® The
peak appeared at 1178 cm™ ' was considered due to the stretch-
ing vibration of ~CO-O- group of NaA units.” The absorption
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peak at 2858 cm ™~ ' was corresponded to the stretching modes of
CH, in PEG while the strong absorption peak of C-O, and C-C
stretching of PEG moiety was detected at 1120 cm™* indicating
the presence of PEG chains in the copolymer poly(acrylamide-
co-sodium acrylate) matrix.>*

In Fig. 1(A), the characteristic absorption peaks of Kln
observed at 3688 and 3620 cm ' were assigned to the in-
phase vibration of the inner surface hydroxyl and inner hydro-
xyl, respectively.”®> Four types of hydroxyl groups have been
identified in kaolinite: external surface hydroxyl, internal sur-
face hydroxyl, internal hydroxyl and absorbed water hydroxyl.>*
As shown in the inner part in Fig. 1(A), the bands at 3666 and
3650 cm ™" belong to the characteristic vibration bands of outer
surface hydroxyl and absorbed water. In the spectrum of the
PAN/PEG-NC/KIn hybrid, the observation of these bands at
3695, 3669, 3652 and 3618 cm ' supports the successful
incorporation of KIn into the semi-IPN structure.* A significant
decrease in the intensity of the bands at 3695 and 3618 cm™ " of
Kln was observed, while the characteristic peaks of the inner
surface O-H group shifted from 3688 to 3695 cm ™', indicating
that the interaction between -OH groups on Kln and hybrid
chains occurred during the polymerization.”* For poly(acrylic
acid-co-acrylamide)/Kaolin composites, similar observation was
reported by Liang and Liu.>® For raw Kln, the peak at 914 cm™*
was due to bending vibration of (Al)O-H. The main Kln peaks
were detected at 1024 and 795 cm ' which are the Si-O
stretching and Si-O-Si stretching frequencies, respectively.
The peaks observed at 1114, and 736 cm ™' were attributed to
the interference of clay minerals like quarts and muscovite. The
absorption peaks of Kln exist at 1027 and 910 cm™* in the
spectrum of PAN/PEG-NC/KIn hydrogel, which provides evi-
dence that the Kln acted as a physical filler in the hybrid
network.”® The FTIR spectrum of raw Bnt was given in
Fig. 1(B). The characteristic vibrations of raw Bnt observed in
the region of 910-1110 cm ™" were assigned to Si-O-Si, Al-O
and Si-O stretching vibrations, and additional bands between
786 and 830 cm ™', were assigned to AI-OH-Mg bonds and
Fe’*~OH-Mg bonds, respectively.>” The peak at 3619 cm ™" was
attributed to Al,OH stretching, while the broad peak at
3407 cm™ " belongs to the OH stretching of H-bonded water
of raw Bnt, which is reported to be intensified due to more
octahedral Mg atom substitution than Fe atoms.”® In the
spectrum of hybrid PAN/PEG-NC/Bnt gel, the slight peak at
3623 cm ™" was detected due to the interaction between Bnt and
hybrid network. The peak assigned to the OH deformational
mode of water was observed at 1634 cm ™', while the peak at
1107 cm ™' was due to the longitudinal Si-O stretching mode.

The Si-O-Si stretching peaks of tetrahedral layer was clearly
observed at 983 cm ™', while the OH bending peaks of octahe-
dral layer was detected at 910 and 830 cm ™ *, respectively.>® The
peak at 786 cm ™' originates from the external clay component
quartz, while the peak occurred at 1425 cm™* was due to the
presence of calcite. The main characteristic bands identified in
both Bnt and PAN/PEG gel were observed in PAN/PEG-NC/Bnt
spectrum, confirming the interactions between Bnt and the
hybrid network. A band in the range of 1110-1042 cm ™, which
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increased with the incorporation of Bnt and shifted towards
larger wave numbers, was attributed to the Si-O-Si stretching
vibrations originating from Bnt.>* The spectrum of raw Slc,
Fig. 1(C), showed a broad band in the range of 3000-3800 cm *
with a maximum at 3422 cm ™" assigned to OH bond stretching
of the surface silanol groups.®" The peak of 3750 cm ™" was due
to isolated silanol vibrations*> while the symmetric mode of Si-
0-Si band was detected at 786 cm™".**** The stretching vibra-
tion of Si-O was observed between 968 cm ™" and the band at
1646 cm™ ' represents the terminal silanol groups Si-OH which
is responsible for the adsorption of water molecules, while the
C-H stretching vibration appeared at 2881 cm™'. The discrete
sharp band at 841 cm™" was ascribed to O-H bending mode of
hydrogen bonded, while the Si-O in-plane stretching vibrations
of the silanol Si-OH groups observed at 968 cm ™ '. The sharp
band appearing at 1093-1059 cm ™" and the shoulder at around
1150 cm™' were attributed, respectively to the transversal
optical and longitudinal optical modes of the Si-O-Si asym-
metric stretching vibrations. This band was shifted towards
higher wave number at 1099 and 1018 cm™* in PAN/PEG-NC/Slc
Hgs.** Similarly, the peak at 1266 cm™ ' corresponding to
Si-O stretching was shifted towards the higher wavenumber,
1266 cm~ ' in PAN/PEG-NC/Slc Hgs.***®

In Fig. 1(D), the absorption bands of mica found at
3621 cm™ " was attributed to the Si-OH stretching vibration
close to neighboring octahedral sites filled with divalent ions;
Fe®" and Mg”", the characteristic absorption band at 3462 cm ™"
showed asymmetrical stretching vibration of -OH groups.*®
The strong absorption band at 983 cm™ " represented Si-O-Si
stretching vibration of mica.*” Hybrid PAN/PEG-NC/Mica sam-
ple displayed two discrete sharp bands at 1083 and 1025 cm ™ *
presumably due to N-H stretching vibrations and out-of-plane
stretching vibration of Si-O-Si, respectively. The results showed
successful loading of mica into the hybrid gel structure. More-
over, the sharp peak at 778 cm™* is due to the Al-O stretching
vibration of mica, while the shift of this peak towards higher
wavenumber at 783 cm ™" in the hybrid structure is the result of
the interaction between mica and the hybrid network. The
rather sharp band at 691 cm™ " was attributed to Si-O stretching
vibration coupled with Mg-O vibration. Similarly, the peak at
691 cm ™' shifted towards the higher wave number, 695 cm ™,
for the hybrid gel corresponding to the Si-O bending with Mg>*
ions, indicating that the overall structure of mica was preserved
in the hybrid gels.*®*° All these observations indicated that clay
particles were present in the structure of the ternary hybrid
gels. Similar obervations reported by Ibraeva and coworkers for
organic-inorganic hybrid composites consisting of PAAm and
clay minerals such as bentonite, montmorillonite, kaolin as
well as silica and titanium dioxides designed by in situ synthetic
protocol. FTIR and Raman spectroscopy results revealed for-
mation of hydrogen bonds between NH, groups of PAAm and
oxygen groups of TiO,, SiO, and aluminosilicates.*’

Fig. 2 shows TG curves of raw fillers and hybrid PAN/PEG-NC
hydrogels. Table S3 (ESIt) present the data showing % mass
loss of raw fillers at temperatures 120 °C and 800 °C. As seen in
TG curve of raw Bnt, 14.0 wt% of water was liberated below
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the gel homogeneity.

158 °C, and the water loss was not rapid until about 591.7 °C
(83.1 wt%). Between 522.6 and 650.2 °C, a second slight
reaction occurred with a percent mass loss of 4.9 wt%. In the
range of 650-800 °C, Bnt nanoclay was stable and the percent
mass loss, 80.5 wt%, was constant.*’ Thermogram of raw kaolin
showed a two-step weight loss; only small amount of water
liberation below 140 °C was due to the evaporation of adsorbed
water. In the second step between 464-541 °C, the weight loss
11.6 wt% was assigned to dehydroxylation of kaolin and
formation of metakaolin (Al,Si,O;). With heating up to
800 °C, due to removal of zeolitic water raw kaolin showed a
mass loss of 11.7 wt%."> Mica was almost stable and displayed
no mass loss all over the temperature range. Only above 300 °C,
it begun to lose small amount of water. The loss of water was
not rapid, and at 800 °C, the mass loss was 0.9 wt%.** Slc
nanoparticles had a single degradation stage at 26.9 °C with a
weight loss of 0.2 wt%, which was the loss of the moisture
retained in the Sle nanoparticles. Above this initial stage, Slc

874 | Soft Matter, 2025, 21, 866-892

was almost stable and at 800 °C, the mass loss was 0.9 wt%. Grn
showed about 8.3 wt% mass loss below 100 °C resulting from
the evaporation of adsorbed water. The thermal stability started
to decrease at a temperature of about 100 °C which can be
associated with structural rearrangement of carbon and dis-
played a gradual mass loss due to the disruption of the carbon
network.

Blank PAN/PEG hydrogel indicated three-stages of thermal
decomposition: 174.3-225.2 °C, 222.5-289.6 °C and 289.6-
441.3 °C. The second stage was related to the depolymerization
reactions and intermolecular dehydration reactions; with a
weight loss of approximately 17.1%. The third stage of decom-
position was attributed to the main chain degradation of
copolymer and PEG units with a weight loss of approximately
26%. To gain more insight into the formation of hybrids and to
determine the rate of degradation, TGA curves of representative
PAN/PEG-NC hydrogel incorporated with 1.50% (w/v) of various
fillers were compared in Fig. 2. For all samples, minor weight
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loss was observed at temperatures less than 200 °C which is
associated with the loss of adsorbed water on the surface of the
particles known as bound water. Most of these hybrid gels
exhibited a three-stage thermal decomposition except for that
of incorporated with Grn nanosheets, which exhibited a two-
stage decomposition. Although derivative weight loss curve of
Grn-loaded hybrid gels showed a broad peak with a maximum
at about 199.3 °C, it was assumed to be two-stage degradation
which may be attributed to the structure difference of Grn
nanosheets comparing with other clays. Following the initial
stage within the temperature of 174.9-222.5 °C, there was
weight loss of 19.2% between 222.5 and 293.2 °C assigned to
the thermal decomposition of amide side groups of AAm and
crosslinker on the network. Beyond 294 °C up to 471.3 °C, the
weight loss was 53.1% as a result of depolymerization reactions
and the breaking of the crosslinks between the polymer chains.

The maximum thermal decomposition temperatures, corres-
ponding mass loss, and char yield of the samples were shown
in Table S4 (ESIt). The char residue at 650 °C and thermal
stability of hybrid PAN/PEG-NC samples incorporated with the
same content of nanofillers is in the order Grn > Kln >
Mica > Bnt > Slc > PAN/PEG. TG curves showed that once
the thermally resistant fillers were incorporated, the thermal
motion of polymer chains within hybrid gels was consequently
impeded, thereby enhancing the thermal stabilities of the
hybrids and Grn nanosheets could enhance the thermal stabi-
lity to the highest degree among the nanofillers investigated.
These results are supported by the XRD spectra obtained for the
Grn-doped PAN/PEG-NC/Grn gels. The weight loss trends
appear to be different between nanofillers and hybrid PAN/
PEG-NC samples. Bare mica shows almost no weight change
when heated, but hybrid PAN/PEG-NC/Mica sample exhibits
significant weight loss. In contrast, bare Grn experiences sig-
nificant weight loss when heated, but the hybrid PAN/PEG-NC/
Grn sample exhibits minimal weight change. Souza and cow-
orkers reported that inclusion of mica at different composition
may lead to a significant decrease in T, by a plasticizing effect
and to promote the speed up of crystallization and therefore, an
increase in the crystallization rate of poly(lactic acid), which
may reduce thermal stability.** When comparing the nanofil-
lers, the 42.2% residue is based on the fact that while Grn as a
filler maintains a good dispersibility in the polymer matrix, the
char retention is high. The excellent reinforcements were
attributed to good dispersion of Grn and strong interfacial
adhesion between layered stacks of Grn nanosheets and semi-
IPN PAN/PEG matrix which is well consistent with the previous
report of Akinyi et al. for hybrid graphene-clay/polyimide
nanocomposites. It was reported that at higher Grn loadings,
poor dispersibility occurs and therefore the thermal decom-
position and stability of hybrid are affected.*> The higher
improvement in the stability of the matrix was attributed to
the homogeneous distribution of Grn nanosheets being more
conducive to improving the thermal stability. Moreover, Grn
nanosheets act as barriers to prevent oxygen permeation and
volatile degradation products escape, thus promoting charring,
so-called “tortuous path” effect.*® The chemical structure of
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fillers and their state existed in the hybrid network may be the
main reasons for the observed difference in TG results of
hybrid PAN/PEG-NC gels.

Fig. 3(A) shows XRD pattern of bare Slc and Slc-integrated
PAN/PEG-NC/Slc gel comparing with blank PAN/PEG gel. The
bare Slc spectrum showed a broad peak with a Bragg angle at
20 = 22.4°, which is the characteristic peak of amorphous Slc
particles.”” The blank PAN/PEG gel showed a broad peak with a
maximum at 260 = 14.5°, which was also observed at 14.6° after
integrating Slc nanoparticles into PAN/PEG-NC/Slc. The hybrid
gel showed a maximum at 23.5°, which is attributed to the
presence of extensive hydrogen bonding between the silanol of
Slc and the carbonyls of PAN/PEG network.”® XRD patterns of
raw Kln and PAN/PEG-NC/KIn hybrid gel were presented in
Fig. 3(B). The raw Kln showed strong diffraction peaks at 260 =
12.3° and 24.9°. The other peaks detected for Kln at 17.76°,
20.85°, and 26.64° showed the existence of crystalline phases
namely; quartz hexagonal, kaolinite triclinic, montmorillonite
hexagonal, koenite hexagonal and potassium silicon hydride
cubic.”® In the Kln-integrated PAN/PEG-NC/KIn gel, the char-
acteristic peaks of Kln nanoclay are observed at the same
angles, confirming the incorporation of Kln into PAN/PEG
matrix to form hybrid structure. The reflection corresponding
to dyos-value of Kln was observed in PAN/PEG-NC/KIn sample
which seems to indicate that the acrylamide polymerization in
the presence of sodium acrylate and PEG chains led to dis-
ordered Kln structures in the hybrid matrix. Kln showed
enhanced interactions between the filler and the PAN/PEG
matrix, through the interactions between amino (-NH,) from
PAAm and carboxylic groups (-COOH) from sodium acrylate
and hydroxyl of PEG chains. Similar results have been reported
by Zaharia and coworkers for nanocomposites based on the
cross-linked poly(acrylic acid) and kaolinite, modified with
different loadings of PAAm prepared by inverse dispersion
polymerization.”® The obtained results showed that acrylic acid
polymerization led to the formation of exfoliated/disordered
kaolinite and especially the PAAm modified surface of kaolinite
led to an increase in the interlayer space, facilitating the
penetration of acrylic acid and its polymerization into the
interlayer space of kaolinite layers, thus leading to the for-
mation of nanocomposite structures.

From Fig. 3(C), it is observed that the raw Bnt contains
sodium-rich montmorillonite as the dominant clay mineral
with a characteristic diffraction peak at 20 = 6.6° corresponding
to the interlayer distance (d-space) of 13.30 A. Other character-
istic peaks at 20 = 19.7° and 34.9° with d values of 4.48 A and
2.57 A indicated that montmorillonite appears well crystallized
in the sample. The peak at 26 = 28.5° was corresponded to
quartz impurity in Bnt.>" While the main diffraction peak of
Bnt is observed at the same 6.6° angle, the large decrease in the
peak intensity in hybrid PAN/PEG-NC/Bnt gel indicates the
interaction between Bnt nanoclay and PAN/PEG chains. Similar
results were observed by Khan and coworkers and in the
diffractogram of PAAm/bentonite hydrogel nanocomposite,
the disappearance of the basal peak of bentonite was stated
to depict the exfoliation phenomenon, while the decrease in the
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intensity of some crystalline peaks confirmed the polymeriza-
tion of AAm.>> After the interaction between Bnt and PAN/PEG
polymeric matrix, the peak of montmorillonite (26 = 34.9°) was
also preserved.>® Similar results were reported by Wali and co-
workers for Bnt-grafted poly(acrylamide-co-acrylic acid) super-
absorbent composites, and it was suggested that interlayer
penetration may occur in the acrylamide and acrylic acid
solution.>

In Fig. 3(D), XRD pattern of bare mica showed a strong peak
at 20 = 8.9° corresponding basal plane of (003) with a basal
spacing of 9.92 A. The peaks detected in the spectrum at 20 =
6.2°, 12.5°, 17.9, 36.5°, 39.5°, and 45.5° were due to the
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polycrystalline structure mica as well as the presence of the
other silicates; chlorite and quartz.® In the XRD pattern of
hybrid PAN/PEG-NC/Mica, the presence of the peak at 26 = 8.6°
observed with low intensity indicates the presence of mica in
the hybrid structure. The other characteristic peak of mica was
detected at 20 = 20.9°, 26.7°, and 28.1° in hybrid gels. In their
work on fabricating Mica/poly(acrylic acid) nanocomposites,
Lin and coworkers reported that the synthesis of nanocompo-
sites consisting of polymer and ultrafine mica particles, by
grafting acrylic acid polymer onto mica, is mainly based on the
reaction between the OH groups on the mica surface and the
COOH groups on the acrylic acid.®® Unlike this method, in
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which pure mica is incorporated into poly(acrylic acid) to
prepare nanocomposites, in the synthesis proposed by Lee
and Chen, reactive mica was prepared by intercalating hydro-
philic vinyl monomer into mica in the first step, and then
polymerization was carried out in the interlayer galleries of
mica.>” It was stated that no reaction took place between OH
groups on the mica surface and COONa groups on sodium
acrylate, suggesting that mica did not act as an additional
network point and pure mica did not increase the cross-link
density of the composite gel. Therefore, it was concluded that
this method is important for improving the water-absorbing
properties of superabsorbent materials. In Fig. 3(E), the
observed peaks in XRD pattern confirmed the crystalline nature
of the raw Grn. A sharp intensive peak observed at 20 of 26.4°
corresponding intense (002) plane is highly specific for the
crystalline nature of Grn samples. XRD pattern showed addi-
tional peak at 26 value of 43.2° for the 101 plane. Similar results
were reported by Selvam and coworkers for graphene sheets
obtained through the reduction of graphene oxide from hydra-
zine hydrate.>® The diffractogram of Grn-doped PAN/PEG-NC/
Grn gel showed an amorphous structure of the cross-linked
hybrid matrix compared to blank PAN/PEG, while the peak
observed at 26.4° corresponding to the (002) reflection of Grn
nanosheets indicated the partial rearrangement, which is based
towards the presence of Grn in the structure. The dispersion
level of nanofiller in the semi-IPN matrix and the interfacial
interaction between the nanofiller and PAN/PEG matrix are two
decisive factors to affect the properties improvement of hybrid
samples. The broad peaks observed at 26.4° and 43.2°, indi-
cated disordered graphene nanosheets dispersed in the matrix.
XRD results proved the formation of hybrid gels with signifi-
cant structural changes upon different types of filler doping.

Effect of filler incorporation on elasticity of ternary hybrid gels

The mechanical properties of PAN/PEG gels were changed by
altering the filler-type incorporated into the ternary structure.
The cross-link density was estimated for hybrid PAN/PEG-NC
gels with different fillers. The effects of filler-type and the
polymerization temperature on the mechanical properties were
discussed on the basis of the network structure of hybrids.
Upon completion of the gelation at ambient temperature, the
hybrid hydrogels were subjected to the uniaxial compression
testing and the results were collected in Fig. S1(A) (ESI{). Due to
the presence of frozen parts in the synthesis carried out at
—18 °C, the syringes were first brought to room temperature
and the gels were removed from the syringe and swollen in
water, and then, the mechanical measurements were per-
formed in the swollen state.

The swollen-state measurements of hybrid hydrogels and
cryogels were presented in Fig. S1(B) and (C) (ESIt). Based on
the simplified Mooney-Rivlin equation given by eqn (3), the
compressive elastic modulus of hybrid gels after-preparation-
state and after swelling-state were determined from the slope of
stress-strain curves in Fig. S1 (ESIf) and the results were
collected in Fig. 4(A). The elastic moduli of hybrid hydrogel
and cryogels incorporated with the same content of inorganic
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component is in the order NC-Grn > NC-Slc > NC-Mica > NC-
Kln > NC-Bnt. Graphene-doped hybrid PAN/PEG-NC/Grn gels
exhibited the highest G, and G values with the lowest swelling
degree, while Bnt-doped gels had the lowest elastic modulus.
The results were attributed to the presence and fine dispersion
of Grn nanosheets consisting of short stacks of platelet-shaped
sheets that are in a planar form. KIn and mica are non-swelling
1:1 and 2:1 minerals, respectively, while Bnt is a swelling 2: 1
mineral but has different interlayer cations and layer charges."”
Ding and coworkers studied the elastic properties of polyacry-
lamide hydrogel enhanced by kaolinite with a highly exposed
layer surface by the intercalation-expansion method with a
crosslinker function.®® Kaolinite shows a lamellar aggregate
morphology with the accumulation of hydrogen-bonded alumi-
nosilicate layers, while most of the hydroxyl groups with
reactive functions are hidden within the tightly packed alumi-
nosilicate layers. In the hydrogel system, the kaolinite layer
acted as an additional crosslinker by promoting the formation
of a complex crosslinking network with the participation of
surface hydroxyl groups. The surface functional groups reacted
with the polyacrylamide molecular chains, increasing the flex-
ibility of the matrix. With the addition of Grn nanosheets, a 4.1-
fold increase in the post-synthesis modulus of PAN/PEG hydro-
gel was observed, while with the addition of Slc, the increase
was 3.3-fold. Due to the strong surface activity of hydrogen
groups on the surface, Slc particles were distributed on the
surface of PAN/PEG network and strongly bonded to the net-
work chains, strengthening the interface interaction between
these two components. Wu and coworkers studied the effects of
Slc content (varied between 0 and 10% in relation to the whole
system) on the properties of polyacrylamide/Slc composite
hydrogels prepared via in situ free-radical polymerization.®®
When the Slc content was 15%, the maximum elastic modulus
was 16.1 kPa, and adding more Slc to the network structure
increased the amount of energy required for fracture under
compression. Slc nanoparticles stiffens the network by creating
additional physical crosslinking points, while the brittle
nature of the bonds and the wide distribution of distances
between crosslinks can create a wide dissipative zone. For
poly(dimethylacrylamide)/Slc hybrid hydrogels, Lin and cow-
orkers reported that adsorption of poly(dimethylacrylamide)
chains onto Slc nanoparticles results in the formation of a
physical network due to the presence of hydroxyl groups.
Chemically cross-linked gels containing polymers physically
adsorbed onto Slc nanoparticles provide a common way to
improve the properties. Both physical adsorption and the
presence of chemical covalent bonds are important in deter-
mining the mechanical properties in filled rubber
architectures.®' Based on Rubber elasticity theory, the compres-
sive modulus as-prepared state G, relates with the crosslinking
density v, by:

RT
GO = AI/eRTl/rel = Armyrel (6)

which characterizes the elasticity of as-prepared state real net-
work as a function of the polymer concentration. To determine
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Fig. 4 (A) Comparison of compressive elastic moduli at equilibrium swollen state G with that of as-prepared state Go. (B) Effective crosslink density and
network chain length N of hybrid PAN/PEG-NC gels calculated by phantom network model. (C) Optical views of mica-doped hybrid gels during uniaxial

compression and finger testing; before and after removal of stress.

the structural relationship between the compression modulus
and mesh size of hybrid gels, both the effective crosslink
density and mesh size were estimated for each hybrid formula-
tion using model eqn (7), and the results are shown in Fig. 4(B)
according to the filler type. As seen in Fig. 4(B), Slc nano-
particles reduced the chain length between two cross-linking
points in the gel structure the most compared to the blank
PAN/PEG gel due to the formation of Slc-filled hybrid network
and physical cross-linker.

Fig. 4 presents the optical views of mica-doped hybrid gels
during uniaxial compression and finger testing; before and
after removal of stress. Fig. S2 and S3 (ESIt) show the behavior
of Slc, Bnt, Grn and Kln-integrated hybrid samples during the
uniaxial compression and manual compression. When com-
pared to Slc-doped hybrid gels, it is seen that the crosslink
density in mica-doped hybrid gels is higher than in PAN/PEG
gels. For the composites of polypropylene with mica powder
produced by melt mixing, Khonakdar and coworkers reported
that treated mica increases the flexural modulus, with the

878 | Soft Matter, 2025, 21, 866-892

result that the impact strength of the composites decreases
with increasing mica concentration. Treated or untreated mica
has been reported to act as a stress concentrator.®” In another
work, Wan and coworkers prepared microcrystal muscovite
composites by water solution polymerization using acrylic acid,
acrylamide and itaconic acid as comonomers.*® The increase in
the gel strength can be attributed to the increase in the cross-
linking points, as the OH groups in the microcrystalline mus-
covite structure act as physical crosslinks. When the amount of
muscovite exceeds 15%, the gel strength decreases as the
presence of excessive particles reduces the polymerization rate
and the free volume of the polymer matrix.

Effect of filler incorporation on swelling of hybrid gels

The swelling of hybrid gels based on anionic polymer matrix
and inorganic nanofillers varied depending on the filler-type
and their distribution in the hybrid matrix (Fig. 5). The lower
molecular flexibility of ternary hybrid structure, with fillers
having surface functional groups acting as an additional
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Fig. 5 The equilibrium volume swelling ratio of hybrid PAN/PEG-NC Hgs (A) and that of Cgs (B). Comparison of the optical appearances of semi-IPN
PAN/PEG, Kln, Grn and Bnt-doped hybrid hydrogels (C) and mica and Slc-doped hybrid hydrogels (D) after reaching swelling equilibrium with the

cryogels shown in the red frame.

crosslinking agent, reduced the water absorption. The blank
PAN/PEG hydrogel without filler and Slc-integrated PAN/PEG-
NC/Slc hydrogel was highly transparent, while Grn-doped gels
are black in color, and all cryogel samples are opaque in color,
with varying brightness. Considering the presence of 5.14%
(w/v) PEG in the copolymer structure, both blank PAN/PEG Hgs
and Cgs showed high swelling capacity due to the hydrophilic
nature of PEG. The ether groups in PEG are hydrophilic and in
aqueous solution PEG tends to bind two or three water mole-
cules per ethylene oxide unit, leading to a large exclusion
volume. For the present hybrid system, the equilibrium water
absorbency of hybrid gels incorporated with the same amount
of nanofiller is in the order NC-Bnt > NC-KIn > NC-Mica >
NC-Sle > NC-Grn. Among the nanofillers used, Bnt nanoclay
can form multiple water layers in the interlayer space, poten-
tially affecting swelling giving hybrid gel network enough space
to absorb and hold the water molecules. The relatively high
swelling capacity of hybrid hydrogels and cryogels-doped with
Kln and Bnt nanoclays is due to the higher specific surface area
of Bnt compared to Kln, which causes more swelling. The

This journal is © The Royal Society of Chemistry 2025

weakening of electrostatic interactions due to the screening
of the surface charge by the binding of polymer chains to the
negatively charged Bnt surface and the attraction of water
molecules by the network chains along the diffusion gradient
dominates the swelling. In studies examining the different
effects of Bnt and Kln on composite hydrogels, it was reported
that Kln significantly increased the tensile strength and
mechanical properties of composite gels, while Bnt signifi-
cantly increased their water absorption capacity. However, to
analyze how the performance of a hydrogel changes when Bnt
and Kln are added simultaneously and whether two different
types of gels can be synergistically applied to produce a good
effect, Cheng and coworkers synthesized poly(acrylic acid-co-
acrylamide)/Bnt/Kln composite hydrogels.®* The composites
showed more swelling in the presence of Bnt than Kln. Increas-
ing Bnt concentration significantly increased the swelling of
the gels, while it decreased monotonically with increasing Kin
concentration. This decrease observed in the presence of Kin
particles can be attributed to the interaction between the
carboxylic groups of the polymer chains and the free hydroxyl
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groups present on the surface of the clay particles. The for-
mation of new chemical and physical bonds representing new
cross-linking points in the hybrid network leads to a decrease
in the water absorption ability. A similar result was described
by Zaharia and coworkers in the case of polyacrylamide-
modified kaolinite containing poly(acrylic acid-co-methylene
bisacrylamide) nanocomposite hydrogels.*°

Grn-incorporated hybrid gels have the lowest swelling capa-
city due to the increased network stiffness because higher
crosslinking formation makes it more difficult for water mole-
cules to penetrate the hybrid network. Insufficient space for the
water molecules to enter the network results in lower swelling.
Therefore, the degree of interaction between the clay surface
and the hybrid matrix depends on the hydrogen bonding
between the functional groups on the surfaces and the amide
group, carbonyl group and hydroxyl group in the hybrid matrix.
Penkavova and co-workers investigated the swelling of polya-
crylamide hydrogel-based nanocomposites containing gra-
phene, kaolin, or LAPONITE® XLG; the addition of graphene
nanosheets or kaolin makes the nanocomposites less stiff,
while the addition of LAPONITE® makes them stiffer than
the original PAAm hydrogels.

The prepared kaolin and LAPONITE® nanocomposites swell
less in water than the original hydrogels, while the graphene
nanocomposites show no obvious tendency.®® Ibraeva and
coworkers reported similar swelling tendency for the swelling
capacity of PAAm-based organic-inorganic hybrid composite

Pllllll!lll,ll DERERRNERNRENE

Fig. 6 The equilibrium volume swelling ratio of hybrid hydrogels as a function of swelling pH (A), pHpzc point of hybrid PAN/PEG-NC gels doped with
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materials prepared using bentonite, montmorillonite, kaolin as
well as silica and titanium dioxides in the following order:
PAAm/bentonite > PAAmM/TiO, > PAAmM/SiO, > PAAm/kaolin ~
PAAm/montmorillonite.’® Wu and coworkers prepared starch-
graft-AAm/clay composites containing kaolinite, sercite and
bentonite by graft-copolymerization reaction among AAm and
potato starch.®® Due to moderate dispersion of kaolinite in the
water and cross-linking extent with AAm and starch, the
composites doped with kaolinite had higher water absorbency
when compared with those doped with sercite and bentonite.
Since the hydration and distension of bentonite is larger than
those of sercite and kaolinite, bentonite tend to dissolve more
easily and produce much more particulates in water. Therefore,
the crosslinking density of the composites containing bento-
nite was larger than that of containing sercite and kaolinite.®®
For the swelling of pineapple peel carboxymethyl cellulose-g-
poly(acrylic acid-co-acrylamide)/graphene oxide hydrogels,
increasing the graphene oxide content leads to a decrease in
the swelling ratio, since the incorporation of graphene oxide
increases the cross-linking density of hydrogels. It may lead to
the dominance of graphene oxide/polymer interactions over
polymers/water interactions, which probably hinders the swel-
ling process of the hydrogels."’

Multi-stimuli responsive-swelling depending on the filler-type

Fig. 6 and Fig. S4 (ESIf) presents the equilibrium volume
swelling ratio of hybrid gels as a function of swelling pH. Since
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Kln and Grn (B). Optical images of hybrid gel containing Kln, Mica and Slc after swelling in pH solutions (C).
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the swelling properties of anionic hydrogels are closely affected
by their charge density, the swelling of hybrid gels prepared by
adding different fillers to modulate the charge density in the
copolymeric network containing anionic sodium acrylate at a
fixed 6% mol ratio were investigated. An alternative approach
to modulate the charge density of anionic hybrid structure is
based on manipulating the degree of ionization of carboxylic
acids in the polymer chains by adjusting pH of the surrounding
swelling medium. The swelling tendency of hybrid gels is
directly affected by the changes in charge density. The swelling
profile of PAN/PEG gels containing different fillers is signifi-
cantly lower under strong acidic conditions, increasing up to
pH 6.0, and the hybrids continue to swell, although this
increase is slower in the range of pH 6.0-8.0, after pH 8.0,
the swelling rate of hybrids increases rapidly with increasing
pH levels. The pH of all samples was measured before the
experiment and after 48 h of swelling equilibrium, and the
same amount of gel was used to measure how the samples were
affected by the pH change. According to the plot in Fig. 6(B), the
point in which the ApH value intersects the x-axis is defined as
the point of zero charge (pHpyc) and the pHp,¢ of Grn-doped
hybrid PAN/PEG-NC/Grn gels was found to be 6.27 and that of
Kln nanoclay-doped PAN/PEG-NC/KIn gels was 6.23, which
implies that at pH < pHpyc, the hybrid gel surface is positively
charged due to the protonation whereas it acquires negative
charge above pHpzc. These results provide significant insights
into the electrostatic repulsion and attraction interactions
affecting the dye adsorption capacity of the adsorbent. Below
pH 6.2, the repulsion between the positive surface of hybrid
gels and cationic dye molecules impedes the uptake. With an
increase in pH, the electrostatic attraction between negatively
charged surface and cationic dye molecules enhances the
removal efficiency. At pH < 6.0, the internal H-bonding within
hybrid network converts most of the carboxylate anions in the
polymer chains into carboxy acid groups. This transformation
eliminates the negative ion repulsion in the hybrid structure,
strengthens the H-bonding relationship between the carboxy and
amide groups, and thus increases the degree of physical cross-
linking. In this pH range, the hybrid structure does not tend to
swell, and the gels experience a shrinkage state as seen in Fig. 6(A).
As pH value increases in the range of 5.4-8.0, the negatively
charged groups within the hybrid network increase due to the
ionization of the carboxyl groups, and the increased negative
charge density induces the electrostatic repulsion, causing the
molecular chains in the hybrid to stretch significantly. Thus, the
hybrid gels tend to absorb a large amount of water and swell
intensively as presented in the images in Fig. 6(C).

Among the clays incorporated, Slc-integrated hybrid PAN/
PEG-NC/Slc gels exhibited high swelling degree in basic pH
region since the surfaces of SiO, particles have a large number
of hydroxyl groups and therefore tend to form H-bonding
through van der Waals forces. The ionization of pendant acidic
groups in basic pH region enhanced the relaxation of polymer
segments because of the elimination of H-bonding. Since most
of the carboxylate groups in copolymer PAN chains were pro-
tonated under acidic pHs, the acidic functional groups in the
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network exist as -COOH groups and thus, the main anion-
anion repulsive forces between the negatively charged carbox-
ylate groups attached to the network chains were mainly
eliminated. As a result, the swelling ratio of hybrid gels were
considerably lower since the pores inside the network were not
expanded effectively. The existence of H-bonding interactions
between -COOH groups in the network creates additional
crosslinking sites, and this restricts the movements of polymer
segments and results in the relatively lower swelling ratio.
Moreover, in the copolymer PAN matrix, the linear PEG chains
are held by H-bonding between protons of the amide groups
and oxygen atoms of PEG. Replacing sodium with protons in
acidic pH values results in additional H-bonding between the
oxygen of PEG and the protons of carboxylic acid groups. The
trend was in accordance with the swelling-pH dependencies of
hydrogels carrying weak acid functional groups.®” Devine and
coworkers prepared pH-responsive poly(acrylic acid-co-N-vinyl
pyrrolidone) gels forming hydrogen bonding between the
—-COOH of polyacrylic acid and -C—=0 of the poly(N-vinyl
pyrrolidone). The swelling of hydrogels at basic pH region is
significantly different from that in acidic pH region which
makes the resulting hydrogels suitable for gastric drug delivery
systems.®®

Fig. 7 compares the equilibrium volume swelling ratio of
hybrid hydrogels as a function of the ionic strength of salt
solution of NaCl and CacCl,, respectively. The results for hybrid
cryogels were collected in Fig. S5 (ESIT). The swelling capacity
of hybrids was significantly affected by the salt solutions, the
amount of absorption decreased due to the decrease in osmotic
pressure between the gel and aqueous phases in salt solutions.
The swelling showed a tendency to decrease depending on both
the “type” and “ionic strength” of the salt added to the swelling
medium. With increasing the ionic strength, the swelling
decreases due to the decrease in the osmotic pressure differ-
ence between the hybrid network and the external salt solution.
In addition, the penetration of counter ions Na* and Ca”" into
the network and a more pronounced screening effect of these
ions on anionic groups -COO™ also become important. As the
charge of cation increased, the degree of cross-linking
increased and hybrid gels showed less swelling in CaCl, solu-
tions regardless of the filler-type. The swelling behavior of
polyvinyl alcohol/carboxymethyl cellulose hydrogels doped with
graphene oxide and bentonite in 0.9% NacCl solution is con-
sistent with this study, with bentonite-doped gels showing
greater swelling than graphene oxide-doped gels.'® Pourjavadi
and coworkers studied the swelling of composites based on
kappa-carrageenan prepared by graft copolymerization of acry-
lamide in the presence of bentonite. The composites-doped
with bentonite showed less swelling capacity in CalCl, solu-
tions compared to NaClL.*® Fig. $6 (ESIt) presents the equili-
brium volume swelling ratio of hybrid hydrogels as a function
of swelling temperature and the optical images of temperature-
swelling hybrid gels containing Kln, Mica, and Slc were pre-
sented for visual comparison. The swelling ratio of hybrid gels
increased significantly with an increase in the temperature
between 25 °C and 35 °C. Although the increase in the swelling
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Fig. 7 The equilibrium volume swelling ratio of hybrid hydrogels as a function of the ionic strength of salt solution of NaCl (A) and CaCl, (B), respectively.
Optical images of blank PAN/PEG gels in salt solutions of different ionic strengths (C).

ratio slowed down with further increase in the temperature, the
hybrid gels maintained their swollen-state compared to the
ambient temperature. The results for hybrid cryogels were
presented in Fig. S4 (ESIt). At low swelling temperatures, the
interaction of the hybrid chain networks with water molecules
causes the swelling by expanding the chains, which occurs
through the entanglement of interpenetrating polymer net-
work. However, increasing the temperature disrupts the hydro-
gen bonds between the interpenetrated chains and increases
the swelling ratio. Similar results were reported by Li and
coworkers for the temperature-dependent swelling of polyacry-
lamide/LAPONITE® hydrogels.”” The swelling experiments
were performed at 25, 35, and 60 °C and it was found that
the increase in temperature significantly increased the swelling
of nanocomposites.

Effect of filler incorporation on dynamic swelling of hybrid gels

Fig. S7 (ESIT) shows the dynamic swelling of filler-integrated
hybrid hydrogels in pH 11.2 and deswelling in pH 2.1. The
swelling of hybrid gels-doped with various fillers varied
depending on the relative contribution of water diffusion and
relaxation of cross-linked polymer chains. While the swelling of
hybrid hydrogels is slower and the time it takes to reach
equilibrium is longer, the swelling rate of cryogels is higher

882 | Soft Matter, 2025, 21, 866-892

due to their porous structure and it is shorter to reach the
plateau region. The absorbency of the filler-integrated hybrid
gels increased from pH 2.1 to 11.2, and reversibility to pH 2.1
was achieved, and a gradual, reproducible swelling change of
hybrid gels was demonstrated with changing pH.

At pH 11.2, hybrid cryogels showed different swelling ten-
dency according to the filler type due to anion-anion repulsive
electrostatic forces, while at pH 2.1, they shrank within a few
minutes due to the protonation of carboxylate groups. This
sharp swelling-deswelling behavior of cryogels in particular
makes them suitable candidates for controlled drug delivery
systems. To explain the swelling mechanism of hybrid gels,
Peppas power law equation model presented in eqn (S1) (ESIT)
(Table S5, ESIT) was used to analyze the experimental data and
the curves were presented in Fig. S7(C) (ESIT). Using this model,
the dynamic swelling constants k which is the swelling rate
constant, and the characteristic exponent n describing the
mode of the water transport mechanism were determined
(Table S6, ESIt). As the values of diffusional exponent deter-
mined from this model for Bnt, Kln, Slc, Mica and Grn-
integrated PAN/PEG-NC gels ranged between 0.1153-0.1508,
the diffusion of water is Fickian diffusion and the process is
diffusion-controlled with a much lower the diffusion rate than
the relaxation of hybrid matrix. The diffusion of water into the

This journal is © The Royal Society of Chemistry 2025
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filler-doped hybrid structures can be quite complicated due to
polar or non-polar interactions, dynamic inhomogeneity in the
amorphous phase, and polymer dynamics resulting from solva-
tion. Initially, the water molecules interact strongly with the
functional groups such as amide groups in the hybrid PAN/
PEG-NC structure, plasticizing the soft amorphous phase and
leading to increased mobility of the chains. In the hybrid
structure, the presence of nanofillers such as Bnt, Kln, Slc,
Mica and Grn creates a mobility gradient in the amorphous
phase, and due to these hard fractions, not all amorphous
phases may be equally accessible to water molecules. Preda and
coworkers studied the diffusion of water in polyamides to
determine the influence of polymer relaxations and the differ-
ences in the mobility of amorphous phase by NMR.”" It has
been suggested that diffusion is limited by the change in
conformation of amide groups in polyamides, depending on
the relaxation time of hydrogen bonds between water mole-
cules and amide groups, while a diffusion mechanism based on
the retention of water molecules between neighboring amide
groups has been proposed. Zhang and coworkers prepared
semi-IPN hydrogels based on poly(acrylamide-co-acrylic acid)
and linear polyallyamine and using oscillatory swelling techni-
ques, pH on-off switching properties of the hydrogels were
tested for theophylline as a model drug. semi-IPN hydrogels
released the loaded drug completely within 150 min with a non-
Fickian mechanism where both diffusion and polymer relaxa-
tion control the overall rate of water uptake.”

In addition, the Schott second-order dynamic model pre-
sented in eqn (S2) (ESIT) was used to analyze the experimental
data. The plots of average swelling rate t/¢(t) versus swelling
time ¢ with straight lines indicated that the swelling process of
hybrid gels in pH 11.2 solutions follows second-order swelling
kinetic model. Based on this model, the initial swelling rate of
hybrids was used to determine the values of kg, the constant
rate for swelling, by fitting experimental data shown in Fig.
S7(D) (ESIT). The rate of relaxation of chain segments in the
hybrid network is related to the initial swelling ratio of gels. At
pH 11.2, the ionization tendency of carboxylate groups
increases further, leading to a stronger electrostatic repulsion,
which favors the relaxation of the polymer network. Rapid relaxa-
tion allows the water molecules to penetrate the network more
easily, thus increasing the initial swelling ratio. However, it has also
been reported that at high pH values, the mobility of the polymer
network decreases due to the screening effect of sodium cations,
which limit the diffusion of water molecules into the polymer
network. Mohan and coworkers prepared a series of semi-IPNs
composed of poly(acrylamide-co-sodium acrylate) with different
amounts of a blood-compatible polymer poly(vinylsulfonic acid
sodium salt). Due to the incorporation of carboxylic and sulfonic
repeating units into the networks, a stepwise swelling and deswel-
ling behavior was detected on altering the physiological solution;
glucose and synthetic urine.”

Adsorption ability of filler-integrated hybrid PAN/PEG NC-gels

Although numerous experimental studies have been presented
on the adsorption of organic dyes onto nanocomposites,

This journal is © The Royal Society of Chemistry 2025
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usually limited to a matrix-additive and dye combination,
comparative studies on the adsorption ability of gels containing
different inorganic components are very limited. For this
purpose, anionic PAN matrix crowded with PEG chains was
combined with five different additives and compared as adsor-
bents for cationic methylene blue (MB) dye. It can be clearly
observed from Fig. 8 that the initial rate of MB removal
increased sharply with time and reached maximum within 60
min due to accessibility of active sites and the incorporation of
Grn and Slc evidently improved the dye adsorption abilities of
the prepared hybrid gels. Taking adsorption of MB as an
example of cationic dye, the adsorption capacities of hybrid
gels followed NC-Grn (99.2%) > NC-Slc (88.6%) > NC-Kln
(76.7%) > NC-Mica (67.7%) > NC-Bnt (57.7%), respectively,
showing an obvious enhancement of adsorption ability with
Grn-doped gels. The adsorption capacity of Bnt-integrated
hybrid gel is quite low for all the tested systems. While hybrid
gels containing Grn nanosheets exhibited superadsorbent
properties, the adsorption capacity of hybrid gels containing
Bnt decreased.

Fig. 8(G) shows the picture of MB solution (10 mg L")
before and after adsorption for hybrid gels-doped with Slc,
Kln, Mica, Bnt and Grn, respectively. The color of solution with
Grn-doped PAN/PEG-NC/Grn turned to transparent signifi-
cantly, especially in comparation with blank PAN/PEG, indicat-
ing the beneficial effects of Grn nanosheets on MB adsorption.
Penkavova and coworkers studied the MB adsorption of
polyacrylamide-based nanocomposites containing graphene,
kaolin or LAPONITE®™ and reported significant increases in
adsorption capacity for LAPONITE®, slight increases for gra-
phene and surprising decreases for kaolin nanocomposites.®>
Depending on the hydrogel morphology, medium-sized pores
are advantageous for adsorption. MB adsorption by different
filler-containing hybrids was investigated as a function of
contact time between the phases and the results were analyzed
by the adsorption kinetics models; pseudo first-order (PFO),”*
pseudo second-order (PSO),”® Elovich,”® intraparticle diffusion
model’”” and Avrami kinetic models’® were tested using the
linear and non-linear equations presented in Table S7 (ESIT).
The validity of these models was first analyzed by the non-linear
analysis in Fig. 9. Linear regression assumes that the experi-
mental data is linear without checking whether the adsorption
process or the kinetic trend is linear. The non-linear method
would be more suitable for estimating the parameters included
in the kinetic rate expression since linear regression assumes
that the distribution of points on the line follows a Gaussian
distribution and the standard deviation is the same at each
point. In the non-linear method, since all the isotherm para-
meters are kept constant on the same axis, the error distribu-
tion does not change as in the linear technique.”

Using eqn (S3) (ESIf), PFO kinetic model was tested to
determine the rate constant of pseudo-first-order k, (min ")
and the adsorption capacity of MB molecules at equilibrium g,
(mg g™ ").”* As the experimental g. values were not in agreement
with calculated g, values (in Table S8, ESIt) and the values of R
were low for most of the adsorption data (Table 2), the
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and T = 23 °C)

adsorption process of MB onto hybrid gels does not follow the
PFO model. As the non-linear fit of PSO model showed high R
values and closely related calculated g. values, the linear form
of this model was tested for the whole hybrid systems as
follows:”®

dg, , t 1
2 ey (ge — ==
dt Z(qe q[) ' qr  qe * k2Qe2

)

where £, is the rate constant of PSO model (g mg " min™"). In

884 | Soft Matter, 2025, 21, 866-892

Fig. S8(A) (ESIt), the plot t/q, against time ¢ for each hybrid gel
system is presented, and the linear relationships required for
the applicability of the PSO kinetic model were obtained. From
the slope and intercept of the curves, the values of k, and
experimental g, for each hybrid-system were determined. As
seen, the model showed good agreement between the experi-
mental and calculated g. values (Table S8, ESIf) and the R?
values from linear (Table S9, ESIf) and non-linear fitting
(Table 2) were higher than 0.99 and closer to unity for all hybrid

This journal is © The Royal Society of Chemistry 2025
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system. Based on the comparison of these calculated values, it can
be concluded that the PSO reaction rate depends on the amount of
MB adsorbed on the hybrid surfaces and the amount adsorbed at
equilibrium, as the PSO kinetic equation describe the MB sorption
more accurately. Similar result was reported by Gayathri and
Palanisamy for MB adsorption onto polyacrylamide/graphite com-
posites and the effect adsorption parameters revealed that PSO and

This journal is © The Royal Society of Chemistry 2025

Langmuir model exhibited good correlation with the adsorption
kinetic and isotherm data, while H-bonding and electrostatic
interactions dominated the adsorption of dye.*’

To suggest a comprehensive mechanism of MB diffusion
into the hybrid gels, the intraparticle diffusion (IPD) model was
used based on the fraction of adsorbate molecules expressed in
terms of the square root of time by ref. 77:

Soft Matter, 2025, 21, 866-892 | 885


https://doi.org/10.1039/d4sm01090f

Published on 03 Januari 2025. Downloaded on 11/11/2025 12:25:49 PTG.

Soft Matter

View Article Online

Paper

Table 2 Comparison of non-linearized PFO, PSO, Elovich, Avrami, fractional and intraparticle diffusion kinetic models’ rate constants calculated from

the experimental data

Pseudo-first order model (PFO)

Elovich model

Sample ky x 107" (min™) R? o (mg g~" min™") B (g mg™) R?
Blank PAN/PEG 0.5907 0.9472 5.6522 1.1676 0.9461
PAN/PEG-NC/KIn 0.4031 0.9804 1.1416 1.0404 0.9713
PAN/PEG-NC/Bnt 2.1294 0.9688 10.029 3.2451 0.9495
PAN/PEG-NC/Slc 0.6723 0.9682 6.6393 1.1830 0.9446
PAN/PEG-NC/Mica 0.3708 0.9874 0.8415 1.1079 0.9651
PAN/PEG-NC/Grn 0.3839 0.9698 1.2939 0.8037 0.9789
Pseudo-second order model (PSO) Avrami model
Sample k, x 107° (g mg ' min™") R Nay kay (min™") R
Blank PAN/PEG 1.6545 0.9720 6.1453 0.0624 0.9863
PAN/PEG-NC/KIn 1.0321 0.9957 5.3240 0.0378 0.9985
PAN/PEG-NC/Bnt 9.3965 0.9961 4.0215 0.2236 0.9981
PAN/PEG-NC/Slc 1.8420 0.9895 6.1208 0.0696 0.9967
PAN/PEG-NC/Mica 1.0245 0.9953 4.7613 0.0354 0.9991
PAN/PEG-NC/Grn 0.7784 0.9957 0.6499 6.8416 0.9984

g, = ket + C 8) decreasing order in AG® values (NC-Grn > NC-Slc > NC-Kln >

€
NC-Mica > NC-Bnt) indicated greater driving force and thus

where kyie is the rate constant of IPD model (mg g~* min'/?) faster adsorption capacity.

and C is the thickness of adsorbent determined from the slope
and intercept of linear plot of g, vs. t"* in Fig. S8(B) (ESI+). All
linear regions have different slopes away from the origin for
different filler-doped hybrids, indicating that MB adsorption is
regulated by a multi-step mechanism. The slope is larger in the
first stage (Table S9, ESIT), where the MB dye is transferred to
the outer surface of the hybrid gel by diffusion into the
boundary layer. In the second stage, MB molecules continu-
ously diffuse to the adsorbent sites of the pores in hybrid
matrix by intraparticle diffusion. Based on Elovich model”®
using eqn (S5) (ESIt), the parameters oc (mg g~ min~ ') which
is the initial rate of MB adsorption, and f (g mg ') which
defines the extent of surface coverage were determined
(Table 2). The correlation coefficients of Elovich kinetic model
were more than 0.9446, revealing the good model applicability.
In addition, for Bnt-doped hybrid gels, the higher initial rate
coefficient o of MB adsorption and the f coefficient based on
surface coverage are proportional to the low adsorption
capacity.

Using eqn (S6) (ESIT), Avrami kinetic model’® was applied to
determine the coefficients k,, and n,, which are Avrami kinetic
constant and the model exponent time related to the adsorp-
tion mechanism, respectively. Since good fit to the Avrami
model was obtained with high R* values (>0.99), the adsorp-
tion mechanism may follow multiple kinetic orders that change
during the contact of adsorbate with adsorbent. For the adsorp-
tion of MB onto filler-doped hybrid gels, the values of standard
Gibbs free energy change AG° were calculated by van’t Hoff
equation as; AG° = —RTInK,., where K. is the equilibrium
stability constant of adsorption which was determined as K. =
ge/Ce. According to the results of thermodynamic calculations
shown in Table S8 (ESIt), negative AG® values indicate that the
adsorption process is spontaneous for all hybrid gels. The

178
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Adsorption isotherms of filler-integrated hybrid PAN/PEG NC-
gels

To illustrate the relation between the amount of adsorbed MB
(mg ¢~ ') per unit mass of adsorbent at equilibrium and the
residual MB concentration (mg L") in solution, the adsorption
isotherm studies were performed by varying the initial MB
concentration between 20-100 mg L~ '. While the adsorption
kinetics of hybrid gels loaded different fillers and their selec-
tivity to MB dye were investigated at steady state, Slc- and Grn-
loaded hybrid structures with efficient adsorption were selected
in the adsorption isotherm studies. Fig. 10 shows the adsorp-
tion capacity of MB onto Slc and Grn-doped hybrid gels,
utilizing 10 mg L' adsorbent dosage, 24 h contact shaking
time, pH 7 at 23 °C. The obtained results from the adsorption
isotherm models were analyzed by five kinetic models includ-
ing Langmuir, Freundlich, Redlich-Peterson (R-P), Sips, and
Dubinin-Radushkevich (D-R) isotherm models”™ given by
eqn (S8)-(S12) in Table S10 (ESIt). The adsorption capacity
tends to increase significantly with the increase of the initial
MB concentration as seen in Fig. 10(A). As MB concentration
increased from 20 to 100 mg L™, the adsorption capacity of
blank PAN/PEG gel, Slc and Grn-integrated hybrid gels
increased between 9.93-81.74 mg g ', 14.0-84.8 mg g ' and
19.6-95.1 mg g ', respectively. Increasing MB concentration
provides an enhanced driving force to overcome the mass
transfer resistance of the dye molecules from the aqueous
phase to the solid phase.

Fig. 11 shows the plots of non-linear Langmuir, Freundlich,
Redlich-Peterson, Sips, and D-R isotherms for adsorption of
MB onto hybrid PAN/PEC-NC gels containing Slc and Grn. In
Fig. 11(A) and (B), the blank PAN/PEG and Slc-doped hybrid
gels fit the S-type isotherm, the slope initially increases with the

This journal is © The Royal Society of Chemistry 2025
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adsorptive concentration and then decreases. This trend
indicates that the hybrid surface has a low affinity for the dye
at low concentrations and increases at high concentrations.
The L-shaped isotherm of Grn-doped PAN/PEG-NC/Grn gel
given in Fig. 11(C) shows a decreasing slope with increasing
concentration as the vacant adsorption sites decrease as the
hybrid surface is covered. Therefore, the high affinity of Grn-
doped hybrid gels for MB at low concentrations then decreases
with increasing dye concentration. The correlation coefficients
and isotherm parameters were presented in Table 3. Based on
the non-linear Langmuir isotherm model using eqn (S8) (ESIY),
higher R value was obtained for Grn-doped hybrid gel, while
the R* values were lower for the blank and Slc-doped gels.
The monolayer capacities of Slc and Grn-doped adsorbents
are compatible with the experimental values; 83.56 and
96.49 mg g ', respectively, which may indicate the presence
of functional groups on the surfaces as well as the higher

This journal is © The Royal Society of Chemistry 2025

surface areas of the hybrid structures. Using eqn (S9) (ESIT),
Freundlich adsorption model describing the multilayer adsorp-
tion with heterogeneous surface was tested. In this model,
where the 1/ny value varying between 0 and 1 represents favorable
adsorption conditions, high R* values were obtained and the
heterogeneity of the surface for Grn nanosheets was supported.
The value of ng reveals that adsorption of MB on PAN/PEG-NC/Grn
surface is favorable and confirms high bonding capacity.

The D-R isotherm was tested by eqn (S12) (ESIT) to deter-
mine the mean adsorption energy and the characteristics of
adsorption. The D-R model suggests that when E values range
from 0 to 8 k] mol *, the possible adsorption is the physisorp-
tion. In Table 3, the values for blank PAN/PEG, Slc and
Grn-doped hybrid gels are found to be 1.3350, 4.6220 and
0.7039 kJ mol™", respectively, suggesting the physisorption
process. Sips isotherm model as a combination of the Freun-
dlich and Langmuir isotherm models was used by eqn (S11)
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(ESIt) to analyze the heterogeneous surface in detail. At high
adsorbate concentrations, the Sips isotherm approaches the
Langmuir isotherm, whereas it approaches the Freundlich
isotherm at low concentrations. Using this model, the calcu-
lated values of Ks (L g~ ') which defined as Sips constant related
to energy of adsorption, and the model exponent ng which can
be considered as the parameter characterizing the system
heterogeneity were presented in Table 3. The model assumes
that when ng =
Langmuir equation and indicates a homogeneous adsorption.
Since the ng values in Table 3 are less than 1, the results do not
fit the Langmuir model. The relatively low ks values obtained
support the fact that the active sites have different energies

1, the Sips equation transforms into the

during the adsorption process and that the process is multi-
layered and obeys the Freundlich isotherm. The Sips model
best represents the equilibrium data with R* values greater than

888 | Soft Matter, 2025, 21, 866-892

0.99, indicating heterogeneous surface adsorption of MB on the
hybrid. Since the R” values of the three models decrease in the
order Sips > Freundlich > Langmuir, the results show that the
equilibrium data fit the three-parameter model rather than the
two-parameter models.

Ahmed and Dhedan showed the successful prediction of MB
adsorption on agricultural waste based activated carbons using
the Sips isotherm compared to the Langmuir and Freundlich
isotherms.®' The obtained result was attributed to the ability of
Sips isotherm to predict wide concentration ranges. Redlich-
Peterson (R-P) model given by eqn (S11) (ESIt) including three
adjustable parameters was also used as a compromise between
Langmuir and Freundlich systems. In this model, the para-
meters; Kgp and f are the R-P constants and the value of f§ is
equal to 1 when this model is reduced to the Langmuir
isotherm. According to the results given in Table 3, since only

This journal is © The Royal Society of Chemistry 2025
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Table 3 Data from non-linear fitting experimental data on adsorption isotherms of MB dye onto hybrid PAN/PEC-NC gels

Isotherm model Isotherm parameters

Blank PAN/PEG PAN/PEG-NC/Slc PAN/PEG-NC/Grn

Langmuir Gmax (Mg L)
Ky (L mgil)
R2
Freundlich Kp (mg g™") (mg L™~
1/ng
RZ

Redlich-Peterson (R-P) Kep (Lg ") x 107°

ORrp
Bre

RZ
Sips Ks(Lg)x10"
ng
RZ
B (mol®J~?)

Dubinin-Radushkevich (D-R)
E (] mol )
RZ

the p value for Grn-doped hybrid gels complies with this
condition, it is thought that the results obtained with the Sips
equation may be more realistic than those obtained with the
Langmuir equation.

FTIR spectroscopy was conducted on blank PAN/PEG and
hybrid gels with different fillers after adsorption as depicted in
Scheme 3. FTIR spectrum of MB presents several bands belong-
ing the axial-deformation vibrations of the C-H bond in poly-
nuclear aromatic rings between 700 and 900 cm™'. The
stretching vibration of the aromatic ring at 1582 cm™’, the

76.258 83.567 96.495
0.3256 0.4567 0.2545
0.7531 0.9146 0.9995
0.1327 0.7873 3.4644
2.6867 1.7091 0.6188
0.9815 0.9967 0.9927
4.0950 9.3445 9.1356
0.328 0.7881 34.647
2.6853 1.7087 0.6188
0.9815 0.9967 0.9927
3.9531 0.1710 0.3029
0.1620 0.2007 0.9275
0.9938 0.9999 0.9996
0.2025 0.1261 0.9370
1.3350 4.6220 0.7039
0.9992 0.9885 0.9546

vibration of the heterocycle skeleton at 1487 cm™ ', the sym-
metric bending vibration of the CH; groups in the dimethyla-
mine groups at 1389 cm ™' and the CN stretching vibration at
1238 cm ! were the spectral peaks associated with the char-
acterization of MB dye.®? In the spectral analysis of blank PAN/
PEG and hybrid gels, distinct traces of MB were observed, as
well as characteristic peaks for the characterization of
these gels before adsorption. The bands in the regions 1260-
1360 cm ™" were attributed to the axial deformation of the C-N
bond of aromatic amines,®* while that of 1030-1240 cm ™" were
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Scheme 3 FTIR spectra of blank PAN/PEG and hybrid gels with different fillers (A) and proposed interactions for cationic MB dye onto anionic hybrid

gels (B).
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due to the axial deformation vibrations of the C-N bond of
aliphatic amines. The intensity of the band between 3300 and
3600 cm ' attributed to both carboxylic acid and phenolic
groups changed due to the interaction of these groups with
MB dye. Typically, the synergic effect of PAN/PEG matrix and
Sle, Bnt, Kln, Mica and Grn nanosheets leads to good adsorp-
tion of dye. The results showed that the likely mechanism of
cationic MB adsorption by the anionic hybrid PAN/PEG-NC gels
involves n-= interaction (n-m electron donor-acceptor interac-
tions) between Grn nanosheets and aromatic ring of MB, n-=n
interaction (n-= electron donor-acceptor interactions) between
oxygen groups of hybrid PAN/PEG-NC network act as electron
donors and the aromatic rings of MB act as electron acceptors,
dipole-dipole hydrogen bonding between hydroxyl groups (H-
donor) of PEG units and the electronegative residue (N lone
pair) of MB molecule, and Yoshida hydrogen bonding inter-
action between -OH groups of PAN/PEG matrix and aromatic
rings in MB and the electrostatic interaction between -NH,
group of copolymer PAN chains and the positively charged
active sites of cationic MB molecule.

Table S11 (ESIt) lists the comparison of MB adsorption
capacity of the prepared hybrid gels with those obtained from
different studies reported in the literature. The performance of
various polymeric gels used in the removal of MB dye from
water was compared with the performance of existing hybrid
gels. The distribution of adsorption capacities observed in
Table S11 (ESIt) is large from 50 mg g~ ' to 250 mg g~ '. As
the adsorption capacity of the gels in Table S11 (ESIt) varies
mainly according to the polymer matrix/additive combination,
no significant trend can be observed according to the types and
contents of the additives. The adsorption capacity is affected by
the amount of the substance, whether the adsorbent is dry or
wet, the dye concentration, and the presence of salt. It should
be noted that direct comparison of the adsorption efficiencies
obtained from different systems provides an approximate idea,
and the differences between the adsorption capacities in the
presented studies will be large due to differences in the
experimental conditions. It can be seen that the prepared
hybrid gels can be classified as good candidates for the effective
adsorbents for cationic dye removal.

Conclusions

A systematic method was used to design anionic poly
(acrylamide-co-sodium acrylate)/poly(ethylene glycol) hybrid
gels at varied reaction parameters. The study provides useful
information for the rational design of new generation envir-
onmentally friendly, cost effective and efficient hybrid struc-
tures for cationic dye removal from wastewater. The partial
rearrangements obtained from XRD results confirmed the
connection between the nanofiller and PAN/PEG chains.
Hybrid gels are tough materials and the integration of nano-
fillers with different structures was beneficial to enhance the
mechanical strength due to the non-covalent or physical cross-
linking interaction between the network chains and fillers. The

890 | Soft Matter, 2025, 21, 866-892
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elastic moduli of hybrid PAN/PEG-NC gels incorporated with
the same content of inorganic component is in the order NC-
Graphene > NC-Silica > NC-Mica > NC-Kaolin > NC-
Bentonite. Besides graphene, silica particles played a signifi-
cant role in the mechanical properties of the hybrid gels. The
compressive elasticity corresponds to the improved toughness
of hybrid gels based on the energy dissipation mechanism
compared to the chemically cross-linked interaction. Among
hybrid gels with the same amount of filler, the highest swelling
was observed in Bnt-integrated gels, while the least swelling
was in Grn-integrated gels. All prepared hybrid gels showed a
similar change trend in the swelling ratio with increasing pH
values due to the presence of anionic polysodium acrylate units
in the structure. Due to the interplay between pH-dependent
ionization and electrostatic interactions, hybrid gels have
shown the ability to regulate the swelling in response to
changes in the surrounding pH between 2.1-11.2. Regardless
of the filler-type, the equilibrium water content and the swel-
ling ratio increased significantly with the increase in the
temperature of swelling medium. With the increase of ionic
strength in salt solutions, especially at very high salt concentra-
tions, the swelling of hybrid gels was strongly suppressed and
salting out behavior was observed. By increasing the pH
between 2.1 and 11.2, Bnt-doped gel exhibited a swelling ratio
5-fold higher than the initial condition, while the least swelling
was observed in the Kln and Mica-doped gels with a 4.1-fold
increase. The dynamic swelling kinetics study revealed that
the diffusion of hybrid gels was a Fickian mechanism.
Under the selected operating conditions and for a contact time
of 360 min, the maximum efficiency of MB adsorbed for
hybrids containing Graphene and Silica was 99.2% and
88.60%, respectively. Adsorption kinetics and equilibrium
adsorption isotherm fitted pseudo-second-order kinetic
model and Sips isotherm model well, respectively. The Sips
model best represented the adsorption equilibrium data
while the adsorption of MB on the hybrid was shown to fit
the three-parameter model rather than the two-parameter
models. The prepared hybrid gels provided a perspective for
new alternative strategies for exploratory small laboratory scale
water treatment as a step towards large-scale and long-term
applications.
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