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Abstract

Poly (2-acrylamido-2-methyl-1-propane sulphonic acid) [PAMPS] hydrogel was synthesized via free radical polymerization
using 2-Acrylamido 2-methyl 1-propane sulphonic acid (AMPS) monomer, N, N-Methylenebisacrylamide (MBAA) cross-linker
and potassium per sulphate (KPS) as the initiator and evaluated as an efficient adsorbent for the removal of Brilliant Green (BG)
dye from aqueous solutions. Batch sorption experiments were conducted to investigate the influence of key operational
parameters, such as pH, temperature, initial concentration of dye and sorbent doses. Equilibrium data were analyzed using
common adsorption isotherm models and sorption isotherm data was found to fit best with the Dubinin-Radushkevich model
with the highest correlation (R2=0.9808) at the temperature of 37.5<C. Thermodynamic parameters such as Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°) were determined to elucidate the nature of the adsorption process. The positive Gibbs
free energy (AG°®) suggesting non-spontaneous process and a positive enthalpy change (AH°= 0.003 kJ/ mol), indicating an
endothermic process. The maximum sorption capacity was observed at 37.5<C with a removal efficiency up to 97.28% under
optimized conditions. In addition, desorption studies using different types of solvents revealed the impact of the nature of the
solvents on this sort of surface phenomenon. Overall, the findings demonstrate that PAMPS hydrogel is a promising and
thermally responsive adsorbent for the effective removal of Brilliant Green dye, highlighting its potential application in
wastewater treatment.
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1. Introduction

The discharge of synthetic dyes from textile and related dye [5] widely used in textile processing and biological
industries has proven as a critical environment concern ac-  staining; however, it is known for its toxicity and persistence
cording to their chemical stability, resistance to biodegrada- in aquatic environments. [6-8]. It is generally released into
tion and intense color. [1-4] Brilliant green dye is a cationic ~ natural water bodies not only degrades water quality but also
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harms public health and aquatic ecosystem [9, 10]. Therefore,
improving effective and sustainable methods for removing
such dyes from wastewater is prime significant. There are
various dye removal techniques such as membrane separation
[11, 12], reverse osmosis [13, 14], chemical flocculation [15,
16], adsorption [17, 18], microbial degradation [19, 20] and
bioaccumulation [21, 22]. Among these various techniques,
sorption has proven to be one of the most effective and eco-
nomically friendly methods for dye removal [23]. The main
advantages of this process is simplicity, low energy demand
and high efficiency across a wide range of pollutant concen-
trations [24]. However, the performance of sorption system
widely depends on the nature of the sorbent. Hydrogels par-
ticularly based on synthetic polymer have acquired increasing
attention as dye sorbent due to their tunable porosity, high
water retention and abundance of functional groups [25-28].

Poly (2-acrylamido-2- methyl -1- propane sulphonic acid)
hydrogel is a superabsorbent polymer containing sulphonic
acid (-SOsH) groups, which occurs electrostatic interactions
with cationic dye molecules such as brilliant green. Its ex-
cellent swelling properties and hydrophilic character make
PAMPS hydrogel a strong candidate for aqueous-phase dye
sorption [29]. In this study, PAMPS hydrogel was synthesized
by free radical polymerization and investigated as a sorbent
for brilliant green dye under various physicochemical condi-
tions [30]. Batch sorption experiment was performed to find
out the effects of pH, temperature, initial dye concentration,
sorbent doses and equilibrium time on sorption efficiency.
The hydrogel exhibited high removal efficiency under opti-
mized conditions, achieving a maximum removal percentage.
[31]. To acquire further insight into the nature and feasibility
of the sorption process, thermodynamic parameters such as
Gibbs free energy (AG9, enthalpy (AH<) and entropy (AS9
were calculated [32]. These parameters were used to assess
the spontaneity, heat nature (endothermic or exothermic) and
randomness changing during sorption. AG <indicates whether
the process is spontaneous or non-spontaneous [33]. A posi-
tive AG<® indicates that the sorption process is
non-spontaneous, need any external energy input. AH “reveals
the heat change involved [32].

Assorbents practical applicability in wastewater treatment is
widely determined by its reusability [34, 35], Initial efficiency
is determined by sorption performance but long term sus-
tainable and cost effectiveness are also defined by the mate-
rials capacity to be efficiently regenerated and reuse over
several cycles. To determine whether the structure and func-
tional integrity of the sorbent was maintained how effectively
sorbed pollutants can be extracted from the materials. Poor
desorption may point to a stronger binding mechanism, high
desorption efficiency usually indicates weak, reversible in-
teraction like physisorption or electrostatic interaction [36].

The aim of this study is to evaluate the thermodynamic
behavior of brilliant green dye removal through sorption and
desorption using PAMPS hydrogel as a sorbent. This included
investigating the spontaneity, heat exchange and reversibility

of the process as well as assessing the materials structure
stability and reusability. The study also aims to determine the
efficiency of dye removal under varying conditions and to
analyze the potential of PAMPS hydrogel for.

2. Materials and Methods

All chemical used were of reagent grade. The PAMPS hy-
drogel was synthesized through a polymerization reaction
involving the monomer, AMPS, source from Sigma Aldrich,
Germany (ACS-99%), and the crosslinker MBAA also ob-
tained from Sigma-Aldric, Germany. The initiator, KPS was
procured from Thermo Fisher scientific, USA, concentrated
HCI was sourced from Pathumwan, Thailand. NaOH was
collected from Merck, India. BG was obtained from Sigma
Aldrich, Germany. A stock solution of brilliant green at 500
mg/L was prepared by dissolving 0.5g of brilliant green in a
1000 mL volumetric flask. The solution was then completed
to the mark with deionized water. Ultimately the stock solu-
tion of BG was prepared.

Instruments such as pH meter (Model no: HI2211, Hanna
Instrument, Romania) equipped with a combination electrode,
accurate to £0.01 pH units, and a UV-visible spectrometer
(UV-1800, Double beam, Shimadzu corporation, Japan) were
utilized to determine the absorbance and concentration of the
solution.

2.1. Preparation of PAMPS Hydrogel

The second phase was involved the preparation of PAMPS
hydrogel and the investigation of BG dye sorption on the
hydrogel. The hydrogel, PAMPS, was synthesized through a
polymerization reaction involving the AMPS monomer,
MBAA as a crosslinker and KPS as initiator. To prepare the
stock solution (100 mL), the required concentration of the
monomer, initiator and crosslinker was measured and a spe-
cific amount of this solution was placed into a vial to achieve
final concentration 2M for AMPS, 16mM for MBAA, 1.6mM
for KPS. The polymerization was conducted in a water bath at
60T for 25 minutes. Once the gel has fully formed, it was
extracted from the vial. The prepared gel was submerged in a
beaker filled with a sustainable volume de-ionized water and
left for 48 hours to attain a state of equilibrium swelling. After
this period, the gel was kept for sorption studies.

2.2. Sorption Studies

Initially the sorption studies were carried out at different
physicochemical condition to investigate pH optimization,
equilibrium time of brilliant green on PAMPS hydrogel. For
performing batch sorption studies the optimum pH value (pH
6.00) and equilibrium time (180 min or 3 hours) were initially
found out at different conditions. BG solution of concentra-
tion 50 mg/L and volume of 40 mL was taken into 100 mL
reagent bottle thereafter shaking with 0.5 g dried PAMPS
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hydrogel for 5 hours at room temperature (27.5<C) to find out
the optimum pH and equilibrium time was carried out by
changing initial concentration, pH and temperature. Different
values of pH and different proportions of concentration,
sorbate amount, temperature was taken to find out some fac-
tors such as initial concentration, contact time, dose.

2.3. Sorption Isotherms

Brilliant green solution of different concentration 10, 20, 30,
40, 50, 60, 70, 80 mg/L was prepared in 50 mL volumetric
flask. The pH of the solution was adjusted at 6.00. After ad-
justing the pH of the solution 40mL of each solution was
poured into well stopper clean reagent bottle each. Then 3 g of
PAMPS hydrogel was discharge in each bottle. The bottles
were then mounted on shaking machine previously set at

3. Results and Discussions

3.1. Sorption Studies

3.1.1. Absorption Spectrum of Brilliant Green

temperature 27.5+0.5<C and 120 rpm. The shaking was con-
tinued for 3 hours. After three hours shaking pH of each so-
lution was adjusted at pH 6.00 and then analyzed. UV-visible
spectrum of each solution was taken where absorbance was
measured at 625 nm. The initial concentration was justified by
taking UV-visible spectrum with respect to standard curve
constructed at pH 6.00. The isotherm data were fitted with
different models to investigate the adsorption behavior of
brilliant green dyes solution onto PAMPS hydrogel.

2.4. Desorption Studies

The desorption studies of brilliant green dye on PAMPS
hydrogel were carried out by using several reagents with same
proportion of brilliant green solution to find out the percent-
age of desorption and regeneration of PAMPS hydrogel.

Absorbance
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Figure 1. (a) Absorption Spectra of BG Dye of 50 mg L at Different pH Values. Inset Figure Variation of Absorbance with pH at Amax 625

nm and (b) pH Dependent Chromaticity of BG dye.

The absorption spectrum of brilliant green (BG), was ob-
tained at 625 nm. The absorption spectrum of BG was inves-
tigated at different pH levels whether there is any shift of the

spectrum. Though there was no shift of the wavelength the
chromaticity was observed to be affected remarkably based
on the acidity or basicity of BG solution (Figure 1). Based on
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the pH level spectrum of BG can be segregated in three dif-
ferent zones- (1) higher intensity zone (HIZ); (2) lower in-
tensity zone (LIZ) and (3) mid intensity zone (MIZ). The
higher intensity zone (HIZ) (hyperchromic effect) in the
spectrum of BG was found at pH 4.00-6.00. Hypochromic
effect (lower intensity zone (LIZ)) was observed at highly
acidic (pH 1.00-2.00) and highly basic media (pH 10.00).
The third intensity zone which was found neither at HIZ nor
at LIZ rather it appeared for the BG solutions at pH 3.00 and
7.00-9.00.

3.1.2. Variable Factors for Thermodynamic Studies

The sorption of brilliant green (BG) onto PAMPS hydro-
gel was affected by the pH of the solution. The study was
examined this effect across a pH range of 2.00 to 9.00.
Maximum BG removal occurred at pH 6. As the pH was
increased beyond 6.00, the amount sorbed decreased. The
sorption of brilliant green (BG) onto PAMPS hydrogel was
analyzed by varying the initial dye concentration. Maximum
sorption capacity was achieved at 80 mg/L across all tested
temperatures. At a BG dye concentration of 50-60 mg/L, a
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slight retardation in uptake was observed at all temperatures
due to the mass transfer driving force between the solution
and the sorbent. This governs the optimum condition for the
dye uptake. The sorbent dose was reflected the capacity of
PAMPS hydrogel to remove dye at fixed initial concentration.
As the dose of the sorbent was gradually increased from 6.25
g/L to 62.5 g/L, the amount of brilliant green sorbed also
increased. The highest sorption was observed at 75 g/L. Be-
yond this dose, no significant improvement in sorption was
noted. Therefore 75 g/L was chosen as the optimal dose for
further experiment. Sorption isotherms of brilliant green on
PAMPS hydrogel showed the sorption increased as the tem-
perature was raised from 17.5°C to 37.5°C. However, at
higher temperature the sorption amount decreased. This re-
duction may be due to increased segmental motion in the
PAMPS polymer chains, leading to dispersion in the gel ma-
trix, which hinders proper dye sorption. The higher in entro-
py at higher temperatures further supports that elevated tem-
peratures are unfavorable for effective sorption, a common
trend on heterogeneous surfaces.
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Figure 2. Variable Factors Such as (a) pH, (b) Initial Concentration, (c) Dose, (d) Temperature That Can Affect on Thermodynamic Studies.

3.2. Sorption Isotherms

The temperature can affect the sorption of brilliant green

(BG) onto PAMPS hydrogel. Sorption increased while the
temperature was raised from 17.5°C to 37.5°C which indi-
cates that the higher temperature initially enhanced dye up-
take. However, at 47.5°C, the sorption decreased indicating
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that high thermal energy disrupts dye-polymer interaction.
This may be due to increased segmental motion of the hy-
drogel polymer chains, leading to reduced sorption efficien-

cy.

3.3. Model of Isotherms

In this study, the sorption behavior of brilliant green on
PAMPS hydrogel was analyzed using different four models
of isotherm: Langmuir, Freundlich, Temkin and Dubin-
in-Radushkevich. These models help understand the interac-
tion of BG on PAMPS hydrogel surface. The Langmuir iso-
therm assumes monolayer adsorption on a homogenous sur-
face with uniform energy level. Its show that once a dye
molecule occupies a site, no further adsorption can occur at
that site. The Langmuir model also help to calculate the
maximum adsorption capacity of the hydrogel. A good fit
with this model suggests uniform sorption sites in PAMPS
hydrogel [37].

qmax KLCe
=== 1
Qe 1+KLCe @
1 1 1 1
—= X —+ 2
qe qmax KL Ce qmax

Where, g. is the amount sorbed at equilibrium (mg/g), C. is
the equilibrium concentration of dye (mg/L), gma is the
maximum adsorption capacity (mg/g) and kr: Langmuir con-
stant related to adsorption energy (L/mg).

The Freundlich isotherm assumes that heterogeneous sur-
face with varying adsorption energies. It suggests multilayer
adsorption which indicate the BG dye can form layers on the
surface. The value of 1/n from the Freundlich model reflect
the favorability of adsorption. If 1/n <1, the process is con-

siderable favorable [38].
o 3
Ge = KpCI ®)
logq, = logKg + %logCe 4)

Where, Kk is the Freundlich constant (adsorption capacity),
N is the adsorption intensity (1/n<I—favorable adsorption).

The Temkin isotherm account for interaction between dye
molecule and hydrogel surface. It assumes that the heat of
adsorption decreases linearly as coverage increase. This
model provides insight into how adsorbent-adsorbate inter-
action affects the adsorption process [38].

de = BInA+ BInC, (5)

Where, B=¥, A is the Temkin equilibrium binding con-
stant (L/g), B: constant related to heat of adsorption (J/mol)
and B is the Temkin isotherm constant.

The Dubinin-Radushkevich isotherm is more theoretical
and used to differentiate between physical and chemical ad-
sorption. It does not assume a homogenous surface and in-
volves a Gaussian energy distribution. If E< 8kJ/mol, it sug-
gests physical adsorption while higher value indicate chemi-
cal adsorption [39].

de = qmexp(—Be?) (6)

where, € = RT In (1+Cl—e); gm 1s the theoretical saturated ca-

pacity (mg/g), B is the activity coefficient (mol?/J?), E is the
1/N2B: mean free energy (kJ/mol).

Table 1. Data for the Co-efficient of Different Models of Isotherm for the Sorption of Brilliant Green onto PAMPS Hydrogel.

Isotherm Models Coefficients
17.5
gm (Mg/g) -4.512
Langmuir KL (L/mg) -0.009
R? 0.000
Kr (mg/g) 0.0362
Freundlich N 0.8764
R? 0.5160
Kr 0.3705
Temkin Bt (kJ/mol) 0.5096
R? 0.7014
Dubinin-Radushkevich  gsmg/g) 1.6874

Temperature (°C)

275 37.5 475
4.4623 2.1413 -1.403
0.0868 0.2569 -0.112
0.1323 0.5556 0.0898
0.3490 0.4044 0.1657
1.0506 1.1679 07287
0.9180 0.8824 0.8560
3.3153 3.8660 1.3246
0.3606 0.3774 0.5630
0.9071 0.9596 0.7557
1.5370 1.692 2.515
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Temperature (°C)

Isotherm Models Coefficients
175 27.5 37.5 475
E (kJ/mol) 10.619 25.00 26.73 18.26
B (mol?/kJ?) 0.3069 0.0008 0.0007 0.0015
R? 0.8814 0.9587 0.9808 0.9221
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Figure 3. Fitting of Isotherm Data with (a) Langmuir Isotherm, (b) Freundlich Isotherm, (c) Temkin Isotherm and (d) Dubinin-Radushkevich
Isotherm Models for the Sorption of BG Dye onto PAMPS Hdyrogel at Different Temperatures.

3.4. Sorption Thermodynamic Parameters

Temperature plays a crucial role in the sorption behavior
of PAMPS hydrogel by influencing molecular kinetic energy.
In endothermic process, increasing temperature enhances
sorption capacity while in exothermic process, sorption de-
creases with the increment of temperature. Thermodynamic
feasibility and nature of the sorption can be evaluated using
Gibbs free energy AG, enthalpy AH, entropy AS. these are

determined by the following equations,

AG = RTInKp @)
where R (8.314 Jmol! K™') is universal gas constant, T is
temperature in Kevin scale and Kp (¢./C,) is the distribution
coefficient. AH and AS can be calculated from the linear of
InKp and 1/T obtained from the linear equation.
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Figure 4. A Plot of InKd vs 1/T for the Sorption of Brilliant Green onto PAMPS Hydrogel at pH 6.

Table 2. Thermodynamic Parameters for Brilliant Green Sorption on the PAMPS Hydrogel.

Temperature (K) K AG (kJmol-1) AH (kdmol-1) AS (JK-1mol-1) R? Reference
290.5 0.089136 5.839
300.5 0.267665 3.292
0.003 87.62 0.783 Current Research
310.5 0.47642 1912
3205 0.262553 3.458
288 6.7 -16.2 0.998
298 6.9 -17.1 0.997
20.1 29.9 [37]
313 7.1 -8.51 0.988
323 7.3 -19.6 0.989
298 8.0631 -6.413
308 13.153 -7.8514
36.439 143.8 - [38]
318 20.218 -9.2890
328 33.281 -10.584
298 11.3 6.05
308 13.3 6.63
27.92 113.1 - [39]
318 19 7.78
328 32.3 9.48

300.5, 310 and 320.5 K. Thermodynamic parameters, such as

AG = AH — TAS (9)  Gibb’s free energy (AG), entropy (AS), enthalpy (AH) was
calculated at the positive values of AG (5.839, 3.292, 1.912,
—RTInKp = AH — TAS (10)  3.458kJ/mol) indicates the sorption of brilliant green dye on

PAMPS hydrogel was non-spontaneous and more favorable

The thermodynamic studies for the sorption of brilliant  at higher temperature. The positive value of the enthalpy
green on PAMPS hydrogel was performed from experi- change, AH (0.003 kJ/mol) indicate that the sorption process
mental data carried out at different temperature such as 290.5,  was an endothermic in nature. The positive entropy changes,
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AS (87.62 J/K/mol) value indicates decreased order and in-

creased randomness in the system.

Table 3. Desorption Studies of Brilliant Green Dye By Adsorbed PAMPS Hydrogel at pH 6.

Reagents (%) Desorption (%) Regeneration

Transparency of Gel

Physical Structure Appearance of Gel

of Gel
Water 2 - Coloured Not deformed {
NaCl (0.1M) 8 Coloured Not deformed %
; .: £
HCI (0.1 M) Transparent but slightly e+ deformed &%
yellowish in colour o
NaOH (0.1M) - - Opaque

Acetone (0.1M) - -

Ethanol (0.1M) - -

3.5. Desorption Studies

The desorption studies of brilliant green dye on PAMPS
hydrogel were carried out using several reagents Table 3. But
within those reagents it was found that water is slightly ap-
propriate for desorption but NaCl salt is more appropriate to
use for desorption studies. We know PAMPS contains sul-
phonic acid group which is highly charged and can bonded
with brilliant green dye solution. When NaCl is introduced,
the sodium ion (Na") can compete with the positively
charged dye molecules for the negatively charged sulphonic
group and promote desorption. NaOH at pH 6.00 is not ef-
fective for desorption because the alkali is not strong enough
to disrupt the interaction between dye and hydrogel at that
pH. HCI protonates the PAMPS hydrogel and neutralizes the
sulphonic acid and reduces the interaction between cationic
brilliant green dye which facilitates desorption and the gel
structure is changed for this interaction and the adsorbed gel

Slightly transparent

Slightly transparent

Slightly deformed b ¢
ghtly R /

Not deformed e s

Not deformed

turns into transparent. In alkaline medium gel turns into
opaque but when acetone and ethanol are used the gel turns
into slightly transparent after desorption studies [40, 41].

3.6. Percent Removal

At this present work, it was found that the percent removal
of brilliant green from aqueous solution onto PAMPS hy-
drogel was influenced by pH of the adsorbate solution. The
percent removal of BG onto PAPMS hydrogel was found to
increase with pH. Though at the early stage (from equilibri-
um time experiment) the sorption was observed to rise with
pH the removal became similar at high pH values (pH 6 and
8) while the system reached the equilibrium Figure 5. Con-
sidering the facts such as contact time, pH and initial con-
centration of dye solution, dose of PAMPS and temperature
the overall percent removal of BG sorbed onto PAMPS hy-
drogel was calculated as 97.28%.
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Figure 5. Percent Removal of BG Onto PAMPS With Time at
Different pH Levels.

4. Conclusions

This study assures that PAMPS hydrogel is highly effec-
tive adsorbent for removing Brilliant green dye from water. It
achieved a removal efficiency of up to 97.28% under opti-
mized conditions. Sorption data best fitting the Dubin-
in-Radushkevich isotherm model. Thermodynamic analysis
expressed that was non-spontaneous and endothermic
process and indicate physisorption mechanism. These re-
sults show PAMPS hydrogel potential as a cost effective
and sustainable material for waste-water treatment appli-
cations.

Abbreviations

PAMPS Poly (2-Acrylamido-2-Methyl-1-Propane

Sulphonic Acid)

AMPS  2-Acrylamido 2-Methyl 1-Propane Sulphonic
Acid

MBAA N, N-Methylenebisacrylamide

KPS Potassium Persulphate
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