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Abstract: Removal of dyes through adsorption from wastewater has gained substantial interest
in recent years, especially in development of hydrogel based adsorbents, owing to their easy use
and economical nature. The aim of the present study was to design a super-adsorbent hydrogel
based on sodium styrenesulfonate (NaSS) monomer for removal of dyes like methylene blue (MB).
NaSS displays both an aromatic ring and strongly ionic group in its monomer structure that can
enhance adsorption capacity. Poly(sodium styrenesulfonate-co-dimethylacrylamide) hydrogels were
prepared by solution free radical polymerization using gelatin methacryloyl (GelMA) as crosslinker,
creating a highly porous, three-dimensionally crosslinked polymer network contributing to higher
swelling ratios of up to 27,500%. These super-adsorbent hydrogels exhibited high adsorption
capacity of 1270 mg/g for MB adsorption with above 98% removal efficiency. This is the first report
for such a high adsorption capacity for dye absorbance for NaSS-based hydrogels. Additionally, the
adsorption kinetics using a pseudo-first-order and the Freundlich adsorption isotherm models for
multilayer, heterogeneous adsorption processes has been reported. The adsorbents’ reusability was
confirmed through 4 repeated cycles of desorption-adsorption. The results discussed herein illustrate
that NaSS based chemistries can be used as an efficient option for removal of organic dyes from
contaminated wastewater.
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1. Introduction

Organic dyes are chemical compounds that are widely used in industries such as
textile [1,2], paper, leather tanning [3], plastics [4], coatings [5,6], pharmaceutical [7],
cosmetics [8], printing, ground water tracing, and many other chemical industries [9–13].
These industries consume large amounts of water at different stages and the wastewater
generated is discharged as polluted effluents, which contain toxic substances such as heavy
metals ions, dyes and other organic pollutants. The effluents cause serious environmental
pollution and pose threats to human health as the pollutants are non-biodegradable, highly
toxic, and often carcinogenic and/or mutagenic in nature [14]. Due to toxic effects of
dyes, their removal from wastewater has become an important aspect in the field of water
remediation. Among a variety of organic dyes, methylene blue (MB) is the most commonly
used dye in textile and paper industries [15]. MB is toxic in nature with a carcinogenic and
mutagenic character and is readily dissolved in the water. MB is harmful to humans at a
lower dosage of 1 to 7.5 ppm [16] and can cause increased heart rate, jaundice, vomiting,
shock, eye burns and mental confusion.

A variety of methods are employed for removal of these dyes that include chemical
oxidation [17], photochemistry [18], biological treatments, adsorption [12,19,20], ion ex-
change [21], and physical treatments [12]. Among these treatments, adsorption is among
the most promising technique for dye removal from wastewater and has attracted interests
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of researchers and industry owing to its advantages like simple design, low cost, insensi-
tivity to pollutants, easy regeneration, and effectiveness [22]. Hydrogels are most widely
studied material as an adsorbent for organic dye removal from wastewater owing to their
excellent water absorption, high porosity, easy handling, and facile preparation resulting in
a flexible network of polymer chains that helps penetration of solutes into the network [23].
The polymer backbone in these hydrogels can be designed with specific hydrophilic func-
tional groups, e.g., carboxylic acids, amines, or sulfonic acids, which could be employed
as complexing agents for dyes possessing opposite charge [15,24–26]. Hydrogels have
physically well-defined, three-dimensional structures and can swell to several times of
their original volume in aqueous solutions, creating a very large surface contact area for
adsorption of these organic dyes [19,27].

In last decade, engineered hydrogels have emerged as an effective adsorbent for
removal of a wide range of dyes from wastewater [20,28]. Some recent examples that
utilize engineering materials such as graphene [29], carbon nanotubes [30,31], activated
charcoal [32], and other surface-treated materials [33] in hydrogels for improvements in
strength but at the expense of economic and/or environmental cost. Recently, a significant
amount of attention in biopolymer derived materials in adsorbent hydrogels has pro-
vided improved sustainability and excellent performance with a low carbon footprint [34].
Among different polymer backbone chemistries, polyacrylic acid chemistries are widely
used in adsorption studies of cationic dyes [35]. Due to the presence of oxygen atoms,
acrylics can complex cationic dyes. But a weak acidity of the carboxylic groups leaves
these acrylic-based materials sensitive to solution pH, which affect dye adsorption capacity
as a function of pH [25]. Novel adsorbents of the future should provide high adsorption
capacity, low cost and effectiveness over a wide pH range.

Herein, we report a super-adsorbent hydrogel based on sodium styrene sulfonate
monomer (NaSS). After producing a poly (NaSS) containing backbone with a strongly
anionic polyelectrolyte results that provides negatively charged sulfonate groups along
its backbone chain. These charges can be used for removal of cationic dyes like MB. An
interesting feature of poly(NaSS) is that its pKa is approximately 1 [36], and hence, the
sulfonate groups contribution towards swelling behavior is largely pH independent and
increases the interaction strength with cationic dye moieties [37]. A low ionic pKa is a
unique characteristic property making them ideal candidates to use in dye removal from
wastewater streams under either acidic or alkaline conditions.

To improve the structural integrity and toughness of hydrogels for reusability, the poly-
mer network was strengthened by copolymerizing NaSS and N, N′-dimethylacrylamide
(DMA) monomers through crosslinking with a modified biopolymer, gelatin methacryloyl
(GelMA) as crosslinker. DMA can induce additional self-crosslinking in the crosslinked
polymer matrix, thereby increasing the porosity and available pore surface area for ad-
sorption [38]. According to our knowledge, there are limited reports where NaSS was
used as a monomer for hydrogel synthesis to be used as a dye-abatement adsorbent for
methylene blue [39]. To date, most of the hydrogel adsorbents reported showing higher
than 1000 mg/g adsorption capacities are based on advanced and expensive engineering
materials such as graphene, carbon nanotubes [15,29,40] that compromise cost-effectiveness
of an adsorption technique. The super-adsorbent hydrogels described herein demonstrated
higher water absorption capacities with practical swelling ratios of over 27,500% that allow
internal absorption sites to be fully exposed to MB, resulting in a high sorption capacity
that reaches 1270 mg/g under neutral pH conditions.

A maximum adsorption of more than 1000 mg/g of MB by a NaSS-based super-
adsorbent hydrogel is reported for the first time. A multilayer and heterogeneous ad-
sorption of MB behavior by the super-adsorbent hydrogels that is supported by pseudo-
first-order and Freundlich adsorption isotherm models is postulated. In addition, these
super-adsorbent hydrogels demonstrate excellent regeneration capability, making them
a promising and economically viable candidate for effective removal of organic dyes
from wastewater.
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2. Materials and Methods
2.1. Materials

Gelatin (type B, 100 bloom, from bovine skin), methacrylic anhydride, sodium car-
bonate, sodium bicarbonate, 2,2′-Azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride
(VA-044), sodium styrene sulfonate (NaSS), methylene blue (MB), sodium hydroxide
(NaOH), hydrochloric acid (HCl), deuterium oxide (D2O) were obtained from Sigma
Aldrich and used as received. N, N′-dimethylacrylamide (DMA) monomers were passed
through a basic alumina column prior to use. Ultra-high purity argon gas (99.999%) was
obtained from Airgas.

2.2. Preparation of Gelatin Methacryloyl (GelMA)

GelMA was prepared using gelatin type B by following a procedure previously
discussed by M Zhu et al. [41]. In brief, gelatin (20 g) was dissolved in 250 mL of carbonate-
bicarbonate (CB) buffer (0.25 M) by continuous stirring at 50 ◦C maintained by water
bath. The pH of the gelatin solution was adjusted to 9.4 using sodium hydroxide. Under
vigorous stirring, methacrylic anhydride (0.1 mL per gram of gelatin) was slowly added
and reaction continued for 2 h at 50 ◦C. The final pH of the reaction was adjusted to 7.4 to
stop the reaction. The reaction mixture was filtered and then dialyzed against ultrapure
water at 50 ◦C using a 12–14 kDa cutoff dialysis tubes, lyophilized, and stored at −20 ◦C
until further use.

2.3. Preparation of Super-Adsorbent Hydrogels

The super-adsorbent hydrogel was prepared using a free radical polymerization
technique in aqueous solution using a closed kettle reactor assembly as per our previously
reported procedure [42]. A typical polymerization process is as follows: a GelMA solution
(1% w/v) was prepared in 75 mL deionized water to which NaSS (13.5 g, 60 mol-% of
total monomer) and DMA (4.34 g, 40 mol-% of total monomer) were added under argon
gas and stirred until clear solution was obtained. Polymerization was initiated by adding
VA-044 initiator (0.07 g, 0.2 mol-%) and reaction was continued for 24 h at 30 ◦C. The
resulting hydrogel was cut in small cubes, dried at 60 ◦C in oven and pulverized before
characterization and evaluation.

2.4. Physiochemical Characterization

Proton nuclear magnetic resonance spectroscopy (1H NMR) spectroscopy (Bruker
400 MHz Avance III HD Liquid state NMR, Bruker, Switzerland) was used to quantify
methacrylation of gelatin in D2O. Fourier transform infrared spectroscopy (FT-IR) was
used to examine the chemical structure of methacrylated gelatin and hydrogel samples.
FT-IR spectra were recorded between 4000 and 400 cm−1 with setting of 16 signal-averaged
scans at a resolution of 2 cm−1 using Nicolet iS50 FT-IR spectrometer (Thermo Fischer
Scientific, Madison, WI, USA). The morphology and porous crosslinked polymer structure
of the freeze-dried swollen hydrogel was studied using a high-resolution scanning electron
microscope (Helios 600 Nanolab) at operating voltage of 5 kV. The samples were gold
sputter-coated for charge dissipation. An elastic modulus of ~4 kPa for the as-synthesized
gel of about 1 part gel per 4 parts water was measured using a Haake MARS III rheometer
with a parallel plate geometry (PP35L Ti L) at 1 s−1.

2.5. Swelling Measurements

The equilibrium swelling ratio of hydrogel was determined by immersing a weighed
dried hydrogel sample in deionized water for 24 h. During this period water was changed
every 8 h. The excess surface water on swollen gel was removed using filter paper and
weight of swollen gel was taken. The equilibrium swelling ratio (ESR) was calculated
using the Equation (1), where Wi is the initial mass of dried gel and Wf is the constant
mass of swollen hydrogel at equilibrium. The temperature dependent equilibrium swelling
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ratio was investigated by conducting swelling experiments at temperatures of 295, 305 and
315 K.

Equilibrium Swelling Ratio (ESR) = Wf/Wi × 100% (1)

2.6. Dye Adsorption Studies

MB adsorption experiments applied water swollen super-adsorbent NaSS-DMA hy-
drogel as an adsorbent. MB stock solution of 100 ppm was prepared and further used
to prepare MB solutions of different desired concentrations. A linear calibration curve
of MB was constructed from absorbance measurements of 0.5, 1, 2, 3, 5, 8 and 10 ppm
MB solutions. The absorbance was measured at the MB lambda maximum wavelength of
664 nm using absorbance spectra acquired in an Agilent Cary 60 UV-visible spectrometer
(Agilent, Santa Clara, CA, USA) over the wavelength range of 400–800 nm.

The concentration of MB before and after adsorption were measured from absorp-
tion values further converted to concentration using linear calibration curve. The re-
moval ratio (R%) and the adsorption capacity (qe) for MB were calculated using the
Equations (2) and (3), where C0 (mg/L), Ct (mg/L) and Ce (mg/L) are MB concentrations
at initial time, time t, and equilibrium concentration respectively, V (L) is the volume of
MB dye solution used and m (g) is the weight of dried adsorbent. All the experiments were
carried out in triplicate and results represented here are the average of the three readings.

R% = (C0 − Ce)/C0 × 100% (2)

qe = (C0 − Ct) × V/m (3)

The effect of adsorbent dosage toward MB adsorption was investigated to set the
adsorbent dose for rest of the adsorption experiments. Different adsorbent doses were
added to 50 mL of MB solution of concentration 10 mg/L at 295 K and at a solution
pH of 7.0. Incubator shaker under a constant speed of 100 rpm was used to maintain
quality control of measurements. The final MB concentration was determined after 24 h of
contact time.

For the effect of pH of MB solution on adsorption and removal of MB, 1 g of swollen
hydrogel adsorbent was added into 50 mL of MB solution of concentration 50 mg/L at
295 K temperature. Initial pH of this solution was adjusted using 0.1 M HCl and 0.1 M
NaOH in the range of 1 to 13. The final MB concentration was determined after 24 h of
contact time.

For adsorption kinetics experiments, 1 g of swollen hydrogel adsorbent was added
into 50 mL of MB solution of concentration 50 mg/L at 295 K temperature. A pH of 7.0 was
found to provide optimum MB adsorption in early experiments of effect of solution pH.
Concentration of MB in the solution was determined after designated time intervals. For
adsorption isotherm and thermodynamic experiments, 1 g of swollen hydrogel adsorbent
was added into MB solutions of different initial MB concentration with a solution pH of 7.0
and experiments were conducted at different temperatures (295 K, 305 K and 315 K). The
final MB concentration was determined at 24 h of contact time.

2.7. Reusability

To investigate the reusability of the adsorbent, 1 g of swollen hydrogel adsorbent
was added into 50 mL of MB solution of concentration 25 mg/L at 295 K temperature
and pH of 7.0 to achieve saturated adsorption. Excess 0.1 M HCl was used to desorb
MB that had adsorbed on hydrogel adsorbent [43]. The gel was regenerated in excess
0.1 M NaOH to regenerate anionic binding sites and finally washed with excess deionized
water prior to use in the next adsorption cycle. An adsorption and desorption cycle was
repeated four additional times using 50 mL of MB solution of concentration 25 mg/L at
295 K temperature and pH of 7.0.
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3. Results and Discussion
3.1. Synthesis of Super-Adsorbent Hydrogel

In the present work, a super-adsorbent hydrogel was prepared via free radical poly-
merization of NaSS and DMA monomers employing GelMA as an organic crosslinker.
A general synthesis scheme for the super-adsorbent hydrogel preparation is shown in
Scheme 1. In the first step, GelMA was synthesized from gelatin, which is composed of
diverse amino acids with hydroxyl and amino functionalities that can be modified into
methacryloyl functionality by reacting with methacrylic anhydride in CB buffer [41]. In the
second step, a single pot free radical polymerization was performed using aqueous soluble,
VA-044 free radical initiator through a graft copolymerization technique.
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Figure 1a shows spectroscopic characterization of gelatin, GelMA and crosslinked
superadsorbent hydrogel. The peaks at 3289 cm−1 (NH stretching), 2938 cm−1 (CH stretch-
ing), 1538 cm−1 (amide II), and an amide III bond present at 1238 cm−1. These functional
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groups are from the gelatin moiety of the GelMA product [44,45]. The peak around
1640 cm−1 in the spectrum of GelMA corresponds to the C=C stretching from the methacry-
late functionalization, although amide I C=O stretching peak observed in the same region,
making it difficult to distinguish. This observation is consistent with the previously re-
ported literature [46]. The peaks near 1046 cm−1 are assigned as aliphatic ether C-O-C
stretching due to the addition of the methacrylic moiety to gelatin, which confirms the
functionalization [45]. A slight shift was observed of the broad band at 3300 cm−1, which
is characteristic of the N-H bond stretching vibration for N, N-substituted amides with ad-
dition of carboxylic hydroxyl [44]. The functionalization on gelatin was further confirmed
by 1H NMR spectroscopy as seen in Figure 1b.

In comparison between 1H NMR spectrum of gelatin and GelMA, new proton peaks
attributed to methacryloyl groups are detected between 5.1 to 5.7 ppm for vinyl protons
(CH2=C(CH3)CONH–) of methacrylamide groups (Figure 1c) and at 1.8 ppm for methyl
protons (CH2=C(CH3)CO–) of methacryloyl groups. As a result of functionalization, free
lysine signal (NH2CH2CH2CH2CH2–) of as such gelatin at 2.9 ppm was decreased signifi-
cantly. Calculations based on NMR integration values indicate about 30% functionalization
of free amino and hydroxyl groups. These results confirmed the successful functionaliza-
tion of gelatin to GelMA and agreed well with previously reported studies [41,44,47].

The presence of NaSS-DMA copolymer in the synthesized hydrogel was confirmed
with observed peaks corresponding to poly (NaSS) and poly (DMA) segments. Peak at
670 cm−1 for aromatic C–H out of plane bending vibration, 1010 and 1130 cm−1 for in-plane
bending and in-plane skeleton vibrations of benzene ring, respectively corresponds to
poly(NaSS) segment [48]. Additional absorptions at 1040 and 1180 cm−1 correspond to
symmetric and asymmetric vibration absorption of SO3

− groups, respectively [48]. Absorp-
tion at 1615 cm−1 confirmed carbonyl stretching absorption by amide functionality present
in the copolymer corresponding to the poly (DMA) segment [42,49]. The characteristic C–H
bond from poly(DMA) units at around 2920 cm−1 was observed for vibration due to CH3
groups along with the band around 1500–1570 cm−1 corresponds to C–N bending. The
OH stretching vibration in frequency range of 3000–3700 cm−1 corresponds to moisture
absorption by hydrogel [48].
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Figure 1. Spectroscopic characterization of gelatin, methacrylated gelatin (GelMA) and super-
adsorbent hydrogel: (a) FT-IR, (b) 1H NMR full spectra and (c) zoomed 1H NMR spectra from 5.0 to
7.5 ppm.

3.2. Swelling of Super-Adsorbent Hydrogels

The water absorption capacity of a super-adsorbent hydrogel has an important effect
on adsorption behavior for the removal of MB from aqueous solutions. A high swelling
capacity can increase the available surface area for MB adsorption to aid improved adsorp-
tion capacity and removal efficiency [50]. Ionic polymers tend to show higher swelling
capacities at the expense of weaker hydrogel integrity [51–53] causing them to fall apart
during their use and contribute to significant material loss. To avoid this, these super-
adsorbent hydrogels were synthesized as a copolymer of NaSS and DMA, which forms a
tough, strong, crosslinked polymer network with GelMA.

The higher swelling ratios were observed that can reach up to 27,500% and above,
which is higher than previously reported hydrogels synthesized using biopolymer based
crosslinkers [54–56]. Figure 2a shows a pictorial representation of dry and swollen hydrogel
that maintained structural integrity after complete swelling. As shown in Figure 2b, the
SEM image of the freeze-dried swollen super-adsorbent hydrogel demonstrates a highly
porous structure with average pore size of 0.91 ± 0.27 microns along with interconnected
channels within pores. This internal porous structure is conducive to higher adsorption
capacities. The extent of swelling ratio of super-adsorbent hydrogels at different tempera-
tures is shown in Figure 2c. The swelling ratio of up to 28,760%, 28,220% and 27,760% was
observed at 295 K, 305 K and 315 K respectively.
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Figure 2. Swelling studies for super-adsorbent hydrogel. (a) pictorial representation of extents of
swelling at 295 K in deionized water, (b) morphology and pore structure of the freeze-dried swollen
super-adsorbent hydrogel, (c) equilibrium swelling ratio at different temperatures (295 K, 305 K and
315 K) and (d) van’t Hoff analysis plot of ln Φ versus 1/T.

The thermodynamics of super-adsorbent hydrogel equilibrium swelling (EQSR) as a
function of temperature using van’t Hoff analysis was investigated. The change in enthalpy
(∆H) for super-adsorbent hydrogel can be calculated by the integrated van’t Hoff equation:

ln Φ = −(∆H/2.303 RT) + constant (4)

where R = 8.314 J/(mol.K), T is the temperature (K) and Φ = 1 − (1/EQSR) [57]. A linear
plot of ln Φ versus 1/T as shown in Figure 2d, gives a linear fit with a slope of 0.5854 which
is equal to −(∆H/2.303·R) from which the change in enthalpy (∆H) of swelling process
was calculated as−11.2087 kJ/mol. The negative change in enthalpy value suggests a fairly
strong non-covalent bound-hydration and relaxation of polymer are occurring during the
process of swelling and that a swollen state of the aqueous hydrogel is favored [58].

3.3. MB Dye Adsorption Studies
3.3.1. Effect of Adsorbent Dosage and pH

The dosage of adsorbent is an important parameter to adsorption behavior of hydrogel
in removal of dyes from their aqueous solutions. MB adsorption capacity, qe decreased with
increasing adsorbent dose as seen in Figure 3, whereas the percent removal ratio remained
nearly constant. A decrease in adsorption capacity can be attributed to the availability
of adsorptive sites as a function of osmotic pressure. At higher dosages of adsorbent,
adsorption will reach equilibrium quickly because of osmotic pressure and irrespective
of unused active sites in comparison with lower dosages of adsorbent, which results in
an efficient use of adsorption sites. The other extreme is at lower dosages of adsorbent,
when used in higher concentration MB solutions, the adsorbent readily collapses resulting
in poor adsorption removal capacity. Therefore, after comprehensive experimentation, a
median dose of 1 g was selected for the remainder of adsorption experiments.
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Figure 3. Effect of super-adsorbent gel dosage on adsorption capacity of MB and % removal ratio at
295 K, in MB solution with pH = 7.0, C0 = 10 mg/L, after 24 h of contact.

Effect of pH of MB dye solution on adsorption capacity was investigated in MB
solution of concentration 50 mg/L at 295 K as seen in Figure 4. The pH of dye solution
did not show a significant effect on MB adsorption by super-adsorbent hydrogel, where
>650 mg/g adsorption capacity was measured at pH = 7 with 99% removal ratio. A greater
than 98% of MB removal ratio from aqueous dye solution on super-adsorbent hydrogel
was measured at all pHs except at pH = 1, which showed a 87% removal ratio. The
lower removal ratio can be attributed to the pH approaching the pK of the sulfonate group
(pK~1.0) [54,59] that is responsible for the adsorption of MB via an ionic interaction between
the adsorbent and cationic dye molecules. In strongly acidic solution, a competition for
adsorption of dye moieties versus H+ ions exists in addition to the H-bonding and charge-
charge repulsion interactions between sulfonate groups from polymer and nitrogen units
of MB with water. The competition causes a reduced adsorption capacity of adsorbent
towards dye uptake in the strongly acidic solution.
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It was also observed that adsorption capacity increased slightly from pH 1 until
pH 9 and then decreased upon a further increase in pH from 9 to 13. The observation
indicates that the adsorption efficiency is also dependent on other physical adsorbant
interactions besides electrostatic and hydrogen bonding. Under strongly acidic conditions
of pH 1 and below, a decreased charge-charge attraction and thus a greater reliance on
hydrogen bonding between the hydrogel adsorbent and MB is expected. On the other
hand, in strongly alkaline conditions of pH > 10, a charge screening effect by excess Na+

ions can also elicit a breakdown of hydrogen bonding interactions and cause the observed
decrease in adsorption capacity. Overall, super-adsorbent hydrogel copolymers based
on NaSS exhibit better adsorption of MB over a wide pH range of 2 to 12 compared
to previously reported super-adsorbent hydrogels, which showed significant change in
adsorption capacity as a function of pH [25].

3.3.2. Adsorption Kinetics

Adsorption kinetics is another important parameter as it provides important informa-
tion about adsorption rate and adsorption mechanism. In general, the accepted mechanism
for adsorption of dye involves several steps, including the following: penetration of dye
molecules from solution into the adsorbent surface, diffusion of dye from the outer surface
to internal adsorption sites, the interaction between dye molecules and the reactive sites
present on polymer backbone through chemical bonding, electrostatic interactions, ion-
exchange, hydrogen bonds, hydrophobic attractions, and so on [56,60–62]. The hydrogels
discussed herein are based on NaSS, possessing aromatic side groups within the polymer
backbone that can establish short range π-π interactions with aromatic groups present
in MB. The NaSS structure thus presents not only sulfonate charge attraction but also
π-π interactions that can result in stronger binding and increased adsorption capacity, as
demonstrated in previous studies [16,63,64]. The effect of contact time on MB removal is
shown in Figure 5, a typical adsorption capacity pattern increasing rapidly initially fol-
lowed by an equilibrium as the adsorption sites are saturated. The adsorption equilibrium
was achieved within 5 h contact time at 295 K in MB solution with C0 = 50 mg/L, pH = 7.
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To evaluate adsorption kinetics mechanisms and potential rate controlling steps,
the experimental data were fitted to pseudo-first order (Equation (5)), pseudo-second
order (Equation (6)), Boyd liquid-film diffusion model (Equation (7)), and Elovich models
(Equation (8)) [65]

log (qe − qt) = log (qe) − k1 ∗ t/2.303 (5)

t/qt = t/qe + 1/(k2 ∗ qe
2) (6)

−ln (1 − F) = kfdt (7)

qt= ln(αβ)/β + lnt/β (8)

where qe (mg/g) and qt (mg/g) are the adsorption capacity at equilibrium time and time t
(min), respectively. k1 (/min), pseudo first order rate constant, k2 (g (mg/min)), pseudo sec-
ond order rate constant, kfd (/min) adsorption constant corresponding to Boyd liquid-film
diffusion model, α (mg/g/min), initial adsorption rate constant and β (g/mg), desorption
constant related to the adsorbent surface covering and the adsorption chemical energy. F is
a fractional attainment of equilibrium (F = qt/qe) at time t for liquid-film diffusion. Based
on the correlation coefficient (R2), a best fit and most probable adsorption kinetics model
for the adsorption was selected.

Each model was fitted with data obtained until time of equilibrium adsorption capacity
attained (5 h) to avoid methodological bias of using qt data at the equilibrium [66]. Plots
are shown in Figure 6 and constants obtained from the plots summarized in Table 1. A
pseudo-first-order model is based on the hypothesis that the rate of solute adsorption
with time is proportional to the saturated concentration and number of unoccupied sites,
whereas a pseudo-second-order model assumes that the adsorption rate is controlled by
chemical adsorption through sharing or exchange of electrons between the adsorbent and
adsorbate. The Elovich model, on the other hand, predicts multilayer adsorption where
the rate of adsorption of solute decreases exponentially with the increase in the amount of
adsorbed solute [67,68]. All three models are reaction-based models while the Boyd model
is diffusion-based, which assumes that the boundary layer surrounding the adsorbent has
the greatest effect on diffusion of solute and film diffusion is a rate limiting step during the
initial phase of adsorption, followed by intraparticle diffusion [67,69,70].

Table 1. Kinetic parameters for MB adsorption on super-adsorbent hydrogels.

Pseudo-First-Order Model

C0 (mg/L) qe (mg/g) k1 (/min) R2

50 1048.14 0.0273 0.9933

Pseudo-second-order model

C0 (mg/L) qe (mg/g) k2 × 10−5 (/min) R2

50 833.33 2.3598 0.9813

Elovich model

C0 (mg/L) α (mg/g/min) β (g/mg) R2

50 31.0951 0.005 0.9323

Liquid film diffusion model

C0 (mg/L) kfd (/min) R2

50 0.02733 0.9933
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Figure 6. Kinetic curves for (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich model and
(d) Liquid film diffusion model on super-adsorbent hydrogel using MB solution at 295 K, with
C0 = 50 mg/L, pH = 7, dosage of super-adsorbent hydrogel = 1 g.

Based on correlation coefficient, a pseudo-first-order model was found to best repre-
sent the experimental data for adsorption of MB; thus, the rate-controlling step is ascribed
to a number of unoccupied sites on super-adsorbent hydrogel. Moreover, according to an
Elovich model, which shows two distinct linear regions, the adsorption process is found to
be a multilayer and heterogeneous adsorption process. Where a liquid-film diffusion model
was considered, a correlation coefficient R2 of 0.9933 was observed that supports applica-
bility of the model. The plot of −(ln (1 − F)) versus time, however, did not pass through
origin, implying that a liquid-film diffusion process was not the only rate-limiting step.
The first linear portion of the plot −(ln (1 − F)) versus time would be ascribed to surface
diffusion, i.e., diffusion of MB from the bulk solution into the surface of super-adsorbent
hydrogel, while the second linear portion would represent the gradual adsorption stage.
In general, the whole process of adsorption of MB dye onto the super-adsorbent hydrogel
involves multiple mechanisms, where π-π interactions, ion-exchange, hydrogen bonding,
hydrophobic interactions, and liquid external diffusion are considered the main factors
responsible for the observed adsorption capacities.

The effect of π-π interactions, aromatic hydrophobic interactions can be verified
through proton NMR experiments (Figure S1, supplementary materials). Proton NMR
demonstrated the broadening of signals for the MB protons associated with aromatic
rings in the presence of aromatic polymer poly (NaSS), whereas no changes in proton
signal broadening were observed in presence of poly (DMA) polymer. This is consistent
with the previous reports focusing on aromatic π stackings interaction among aromatic
dyes and aromatic polymers, by delocalization of aromatic π clouds leading to enhanced
intermolecular electrostatic interactions [63,64,71].
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3.3.3. Adsorption Isotherm Study

Figure 7 presents adsorption capacities of the super-adsorbent hydrogels as a function
of temperature for MB adsorption at various initial concentrations of the MB solutions
maintained at pH of 7.0. The lower initial concentration does not affect adsorption capacity
significantly irrespective of temperature because of unsaturation of the adsorption sites.
On the other hand, at higher initial MB concentration a temperature dependent adsorption
phenomenon was observed where the active sites become saturated with dye molecules.
With increase in temperature, a slight decrease in swelling ratio was observed, which will
reduce bulk volume, pore volumes, and surface area available for adsorption [25,57,72].
As a result, adsorption capacity at 315 K was lower than at 295 K at highest initial MB
concentrations. The qe values thus depend on initial concentration of MB solution and
other factors that determine the overall efficiency of the adsorption process.
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The adsorption capacity of the super-adsorbent hydrogels for MB adsorption was
compared with other polymer systems reported in literature as shown in Table 2. This is
the first report of a NaSS monomer based copolymer hydrogel adsorbent system, without
expensive nanofiller, showing a greater than 1000 mg/g of adsorption capacities towards
MB with value of 1270 mg/g.

For a better comprehension of the thermodynamics of MB adsorption on these super-
adsorbent hydrogels, different adsorption isotherm equations of Langmuir, Freundlich
and Temkin were examined at different temperatures (295 K, 305 K and 315 K) as a
function of concentration. Adsorption isotherm study helps to describe the interaction of
a dye molecule with adsorbent by providing a relationship between the concentration of
dye in solution and an amount of dye adsorbed onto the hydrogel at equilibrium. The
Langmuir isotherm is often applicable to a homogeneous adsorption surface with all the
adsorption sites having equal adsorbate affinity, thus adsorbent-adsorbate intermolecular
forces decrease quickly over time. The Freundlich isotherm is an empirical relationship
for adsorption over heterogenous surfaces where adsorption occurs on a heterogeneous
surface via multilayer adsorption with non-uniform heat of adsorption. On the other hand,
the Temkin isotherm is based on the assumption that adsorption heat of all molecules
decreases linearly as a function of increased coverage of the adsorbent surface where
uniform distribution of binding energies can be expected.
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Table 2. Comparison of maximum adsorption capacities for MB dye using adsorbent with variable chemical signature.

Adsorbent Chemical Signature Adsorption Capacity (mg/g) Reference

Poly (AA-co-VPA) hydrogel cross-linked with N-maleyl chitosan 66.89 [54]
Chitosan-crosslinked κ-carrageenan bionanocomposites 130.4 [55]
Tannic Acid–Poly (vinyl alcohol)/Sodium Alginate 147.06 [73]
PVA/carboxymethyl cellulose hydrogel 165.73 [74]
κ-Carrageenan/poly (glycidyl methacrylate) hydrogel 166.62 [56]
Amine functionalized sodium alginate hydrogel 400 [75]
Poly (acrylic acid) (PAA), cassava starch (CS) and poly (vinyl alcohol) 417 [76]
Poly (gellan gum-co-acrylamide-co-acrylic acid) hydrogel 423.46 ± 13.60 [77]
Gg-cl-P(AAm-co-MAA) hydrogel polymer 694.44 [78]
Cellulose/MMT 782.9 [33]
Xanthan gum-cl-poly (acrylic acid) based-reduced GO hydrogel 793.65 [40]
Sulfonate chitosan microspheres 820.1 [39]
Poly (sodium styrenesulfonate-co-dimethylacrylamide) crosslinked
with gelatin methacryloyl 1270 [This work]

Poly (sodium styrene sulfonate) functionalized graphene (PSS-rGO) 1300 [29]

The equations used for Langmuir (Equation (9)), Freundlich (Equation (10)) and
Temkin (Equation (11)) isotherms [79] are as follows:

Ce/qe = Ce/qm + 1/(KLqm) (9)

ln qe = ln KF + ln Ce/n (10)

qe = BT ln KT + BT ln Ce (11)

where Ce (mg/L) is the equilibrium concentration of MB solution used; qe (mg/g) is the
adsorption capacity at equilibrium; qm (mg/g) maximum adsorption capacity; KL and KF
(L/mg) are the Langmuir and Freundlich adsorption equilibrium constants respectively;
KT (L/mg) is maximum binding energy constant; n is a heterogeneity factor indicating
how favorable the adsorption process is; BT = RT/β and β (J/mol) is the Temkin constant
related to the heat of adsorption, R is the universal gas constant (8.314 J/mol/); and T is
absolute temperature (K).

Linear plots for each isotherm model are shown in Figure 8. The adsorption constants
obtained from the plots associated with Langmuir, Freundlich and Temkin isotherm models
are provided in Table 3. It is readily observed that the Freundlich model was best suited
for MB adsorption to the hydrogel with R2 values >0.99, which supports multilayer and
heterogeneous adsorption process that was also supported by the Elovich kinetic modeling
of Figure 6. The favorability and surface affinity for the adsorbate was investigated using n
values which confirmed a transition of normal adsorption (n > 1) to cooperative adsorption
(n < 1) as a function of decreasing temperature [79].

Table 3. Adsorption Isotherm Parameters for MB Adsorption on NaSS-DMA Hydrogels.

Model Parameter Unit 295 K 305 K 315 K

Langmuir
Isotherm

qm mg/g 3861 3344.48 2439.02

KL L/mg 0.00392 0.00454 0.00702

R2 0.5617 0.6528 0.7572
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Table 3. Cont.

Model Parameter Unit 295 K 305 K 315 K

Freundlich
Isotherm

n 0.9843 1.0095 1.0572

KF L/mg 12.317 13.1713 15.9272

R2 0.9988 0.9989 0.994

Temkin
Isotherm

β J/mol 4.9755 5.2674 5.4859

KT L/mg 0.1016 0.1041 0.1107

R2 0.902 0.9063 0.9295
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3.3.4. Thermodynamics of the Adsorption Process

In an adsorption process, standard enthalpy change, ∆H0 (kJ/mol), standard entropy
change, ∆S0 (J/mol/K) and Gibbs free energy, ∆G0 (kJ/mol), can be calculated for the
adsorption isotherm to characterize the behavior of reaction and provide insight towards
the favorability of adsorption process. The following Equations (11) and (12) can be used
to calculate these thermodynamic parameters:

∆G0 = −RT lnKF (12)

lnKF = −(∆H0)/RT + ∆S0/R (13)

where R is the universal gas constant, 8.314 J/mol/K, T is absolute temperature (K), KF
is the Freundlich isotherm constant, which can be expressed as standard enthalpy and
entropy changes of adsorption as functions of temperature. A plot of ln KF versus 1/T can
be used to determine the values of ∆H0 and ∆S0 from the slope and intercept [79].
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Thermodynamic parameters were calculated for 295 K, 305 K and 315 K system
temperatures where initial MB concentration was varied, as shown in Table 4. Negative
values of Gibbs free energy interpret that the adsorption process was spontaneous at all
the temperatures. Furthermore, a positive value of entropy change confirms spontaneity
and a high level of (aqueous) disorder occurs in the adsorption process. A positive value of
enthalpy change suggests that the adsorption process is endothermic in nature and driven
by a strong entropy [80].

Table 4. Thermodynamic Parameters for Adsorption of MB onto NaSS-DMA Hydrogels.

Thermodynamic Parameters

∆G0 (kJ/mol)
∆H0 (kJ/mol) ∆S0 (J/mol/K)

295 K 305 K 315 K

−37.2 −38.6 −40.4 0.14 2.3

The thermodynamic parameters are attributed to the aromatic ring structures present
in NaSS hydrogel polymer backbone and MB dye, which cause improved aggregation of
aromatic groups and displacement of water of hydration from dye and polymer as a result
of a hydrophobic planar stacking geometry. Release of surface-solvating water molecules
would provide the favorable entropic and observed enthalpic contributions to the free
energy. In addition to aqueous solvent contributions, site-specific interactions, such as
short-range electrostatic interactions, hydrogen bond formation, π-π interaction other than
aromatic, or cation-π interactions may also contribute to the free energy [16].

3.4. Recycalbility/Reusability of NaSS-DMA Super-Adsorbent Hydrogels

A capability to regenerate and reuse an adsorbent is a crucially important issue for an
economic industrial application of adsorbent. The reusability of the NaSS-DMA copolymer
hydrogel adsorbent was investigated over four repeat (five total) cycles of the adsorption–
desorption-washing process, as shown in Figure 9. In the 4th repeat cycle, the adsorption
capacity was 286 mg/g with a >90% removal efficiency, which supports the reusability of
super-adsorbent hydrogels. A decrease in adsorption capacity in reuse is attributed to a
partial, irreversible occupation of hydrogel active sites by MB dye molecules and a minimal
mass loss of the hydrogel during the adsorption, desorption, and washing cyclic processing.
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Figure 9. Reusability results for NaSS-DMA copolymer hydrogel for MB adsorption capacity at 295 K
in MB solution at pH = 7.0, C0 = 25 mg/L, and adsorbent dosage = 1 g. A dashed line represents
original adsorption capacity before repeating adsorption-desorption cycles.
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4. Conclusions

A super-adsorbent copolymer hydrogel based on NaSS and DMA monomers was
synthesized using a single-step, bulk free radical polymerization using a lab synthesized
GelMA organic crosslinker. Incorporation of GelMA created a well-crosslinked, tough poly-
mer network that maintained hydrogel integrity even at very high equilibrium swelling
ratios of up to 27,500%, which is an important aspect for reusability of hydrogels as ad-
sorbent. Aromatic rings present in the polymer backbone structure enhance aromatic π-π
interactions with MB dye that result in an improved adsorption capacity. The adsorp-
tion of MB to NaSS-DMA hydrogel is a complex process involving several mechanisms,
where heterogenous and multilayer adsorption occurs as described by Elovich kinetics
and Freundlich isotherm with a high adsorption capacity for MB dye, reaching upwards
of 1270 mg/g. After 4 repeated cycles of desorption-adsorption, the hydrogel maintained
structural integrity along with good adsorption performance with more than >90% re-
moval efficiency that supports its use as a high-performance, recyclable adsorbent in
industrial remediation applications. As a first report, NaSS copolymer-based hydrogels of
high adsorption capacities towards cationic contaminants is a new approach toward high
performance, super-adsorbent hydrogel adsorbent wastewater treatments.
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