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ABSTRACT

Free-radical polymerization was used to create a nanocomposite hydrogel of graphene oxide,
polyvinylpyrrolidone, and acrylic acid (GO/P(PVP-AAc)) to adsorb Fuchsin Basic (FB) dye from aqueous
solutions. FTIR, XRD, and FESEM validated the nanocomposite's structural and morphological properties.
Batch adsorption experiments assessed the impact of various parameters, such as contact time, initial dye
concentration, solution pH (1-10), ionic strength (NaCl, KCl, and CaCO:s electrolytes), adsorbent dosage, and
temperature (288-308K). The kinetic behaviour of the adsorption process was analyzed by applying both
pseudo-first-order and pseudo-second-order models, and the results demonstrated that the process conformed
more closely to the pseudo-second-order model, with a correlation coefficient (R?) of 0.9985. Equilibrium data
were fitted to different isotherm models, among which the Freundlich model provided the best fit, thereby
suggesting a heterogeneous multilayer adsorption mechanism. Thermodynamic evaluation through the
calculation of AG®, AH®, and AS° indicated that the adsorption was both spontaneous and exothermic in nature.
Under optimum conditions—neutral pH and a temperature of 288K, the maximum adsorption capacity reached
172.41mg/g. Furthermore, the swelling behaviour, recyclability, and reusability of the hydrogel were assessed
and found satisfactory. Overall, the findings of this study point to the GO/P(PVP-AAc) nanocomposite

hydrogel as a viable and cost-effective candidate for the treatment of FB-contaminated wastewater.

Keywords: Fuchsin Basic;, Graphene oxide; Nanocomposite hydrogel; Adsorption kinetics;
Thermodynamics; Isotherm models.

Highlights

* GO/P(PVP-AAc) nanocomposite hydrogel synthesized by free-radical polymerization for FB dye removal.
* Adsorption kinetics well-described by pseudo-second-order model (R = 0.9985).

* Freundlich isotherm best fits equilibrium data, confirming heterogeneous multilayer adsorption.

» Thermodynamic analysis reveals spontaneous, exothermic adsorption with negative AG® and AH®.

* Excellent recyclability over five cycles with minimal loss in adsorption efficiency.
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1. INTRODUCTION

Water contamination by synthetic dyes represents
one of the most pressing environmental challenges
facing modern societies. Industrial effluents from
textile, paper, leather, and food-processing sectors
release enormous quantities of colored organic
pollutants into water bodies each year, and many of
these compounds are known to be toxic, mutagenic,
and resistant to biological degradation [1,2]. Fuchsin
Basic (FB), also known as Basic Fuchsin or Magenta
I, is a triphenylmethane cationic dye with a
molecular weight of 337.85 g/mol. It is widely used
in textile dyeing, biological staining, and paint
coloring [3]. Even at low quantities, FB turns water
light and inhibiting

photosynthesis. Long-term FB exposure causes skin

reddish-purple, blocking

irritation, cancer hazards, and organ damage in

humans and animals [4,5]. Photocatalytic
degradation, membrane filtration, coagulation-
flocculation, electrochemical oxidation, and

adsorption have been used to remove dyes from
aqueous solutions [6—8]. Adsorption is particularly
attractive due to its operational simplicity, low cost,
adaptability, and high effectiveness, especially at
low pollutant concentrations [9,10]. However, the

qualities of the adsorbent material determine the
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performance of any adsorption system. Recent
research has focused on building enhanced
nanocomposite hydrogels that combine polymeric
networks' swelling ability and functional group
density with nanoscale fillers' high surface area and
mechanical strength [11,12]. Graphene oxide (GO)
is a promising nanofiller due to its two-dimensional
layered structure, numerous oxygen-containing
functional groups (hydroxyl, carboxyl, epoxy), and
substantial specific surface area [13,14]. GO added
to hydrogel matrices, such as
polyvinylpyrrolidone/acrylic acid (PVP/AAc) cross-
linked

characteristics, thermal stability, and adsorption

networks, improves mechanical
[15,16]. PVP improves hydrophilicity and amide
functionality, while poly(acrylic acid) adds a high
density of carboxyl groups that bind cationic species
[17]. GO-based composite hydrogels have been
shown to remove heavy metals and dye pollutants,
few studies have examined FB adsorption onto

GO/P(PVP-AAc) composites [18,19].

The kinetics, equilibrium, and thermodynamics of
FB dye adsorption onto a GO/P(PVP-AAc)
nanocomposite hydrogel prepared by free-radical
polymerization with potassium persulfate as the

initiator and N, N’-methylenebisacrylamide as the
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cross-linker are studied in this study to fill this gap.
Uptake capacity was affected by solution pH, ionic
strength, contact time, starting dye concentration,
and temperature. To determine its practicality, the
adsorbent's swelling ratio and reusability were
studied. Nano-scale characterization was performed
using FTIR, XRD, and FESEM techniques to
elucidate the structural and morphological features

of the synthesized material.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

Acrylic acid (AAc,99.0%), polyvinylpyrrolidone
(PVP, K-30, 99%), N, N’-methylenebisacrylamide
(MBA, 99.9%), and potassium persulfate (KPS,
99.9%) were purchased from Himedia, Sigma-
Aldrich, and Fluka, respectively. Graphite powder
(Spum, 99.5%, BDH), sodium nitrate (NaNOs,
99.5%, Merck), concentrated sulfuric acid (H2SOs,
99.5%, BDH), potassium permanganate (KMnOs,
99.5%, Merck), and hydrogen peroxide (H202, 30%,
Scharlau) were used for GO synthesis. Fuchsin Basic
dye (C20H1sN3-HCl, MW = 337.85 g/mol, Amax =
544 nm) was obtained from BDH. Sodium chloride,
potassium chloride, and calcium carbonate were of
analytical grade. All solutions were prepared using
double-distilled water.

2.2. Synthesis of Graphene Oxide (GO)

GO was synthesized by a modified Hummers
method [20]. Briefly, graphite powder (1g) and
NaNOs (1g) were added to 46mL of concentrated
H2SOs in an ice bath with continuous stirring for 3 h.
KMnOs (6g) was then slowly introduced, and the
mixture was stirred for 2h at room temperature.
Subsequently, the suspension was heated to 98°C in
a water bath, and 100 mL of deionized water was
added under vigorous stirring, causing a color
change from green to brown. H.O: (60mL) was
added dropwise, followed by 200mL of deionized
water, whereupon the color turned bright yellow,
confirming GO formation. The product was

separated by centrifugation, washed repeatedly with
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distilled water and ethanol until a neutral pH was
obtained, and dried at 60°C [21].

2.3. Preparation of GO/P(PVP-AAc)
Nanocomposite Hydrogel

The PVP/AAc hydrogel was prepared by dissolving
8% (w/v) PVP and 32% (w/v) AAc separately in
distilled water, then mixing them at a 20:80 (PVP:
AAc) volume ratio. MBA (1 mL) was added as
cross-linker followed by KPS (1 mL) as the free-
radical initiator. The solution was purged with
nitrogen gas for 15-20 min and then placed in a
water bath where the temperature was raised
stepwise from 45 °C (1 h) to 55 °C (2 h) and then to
65 °C (2 h). For the nanocomposite, a 0.8% (w/v)
GO dispersion was prepared by ultrasonication (60
min) and mixed with the hydrogel precursors at a
1:10 (GO

polymerization,

solution: hydrogel) ratio prior to

following the same thermal
protocol. The resulting gel was cut into ~6 mm
pieces, washed with ethanol and distilled water for
one week to remove unreacted monomers, and dried
in an oven at 50—-60 °C to constant weight. The dried
composite was ground and sieved to a 125 pm
particle size for all

subsequent adsorption

experiments [22,23].

2.4. Characterization

FTIR spectra were recorded on a Shimadzu 8500
spectrophotometer over 4004000 cm™ using KBr
pellets. XRD patterns were obtained using a
Shimadzu XRD-6000 diffractometer with Cu-Ka
radiation (A = 1.5418 A) in the 20 range of 5-80°.
Surface morphology was examined by FESEM
(TESCAN MIRA3). Thermal stability was assessed
by TGA (Perkin Elmer TGA4000) under nitrogen
atmosphere from 40 to 900 °C at a heating rate of 10
°C/min [24].

2.5. Batch Adsorption Experiments

Stock solutions of FB (1000mg/L) were prepared,
and working solutions of desired concentrations
(10-1000mg/L) were obtained by serial dilution. In



Pharaonic Journal of Science, 2026, Vol. 2, No. 2, P.23-36

a typical experiment, 0.05g of the nanocomposite
was added to 10mL of dye solution in a centrifuge
tube, and the mixture was agitated in a shaking
incubator at 150rpm. After shaking, the solid was
separated by centrifugation, and the residual dye
concentration was measured spectrophotometrically
at 544nm using a UV-Vis. spectrophotometer
(Shimadzu 1650 double-beam). The amount of dye
adsorbed at equilibrium, q. (mg/g), was calculated
from Eq. (1):

q@e=(Co—Co)xV/m (1)

where Co and C. (mg/L) are the initial and

equilibrium dye concentrations, V (L) is the solution

volume, and m (g) is the adsorbent mass.

2.6. Effect of pH

The influence of pH on FB adsorption was
investigated over the range pH 1-10 using a 500
mg/L dye solution, 0.05 g adsorbent, and 10 mL
volume at 25 °C. The pH was adjusted using 1 mol/L
HCl and 1 mol/L NaOH solutions and measured with
a digital pH meter (Intertek pH-3110) [25].

2.7. Effect of lonic Strength

Different weights (0.001-0.2 g) of NaCl, KCl, and
CaCOs were individually added to 10 mL of 500
mg/L FB solution containing 0.05 g of the
nanocomposite. The mixtures were shaken for 120
min at 25 °C, separated, and analyzed as described
above [26].

2.8. Kinetic Studies

Kinetic experiments were conducted by contacting
0.05 g of adsorbent with 10 mL of 500 mg/L FB
solution at 25 °C. Samples were withdrawn at
predetermined intervals (1-180 min) and analyzed.
The experimental data were fitted to pseudo-first-
order (Eq. 2) and pseudo-second-order (Eq. 3)
kinetic models [27]:

In(ge—q)=Ing.—kit (2)
t/qc = 1/(k2qe?) + t/qe 3)

2.9. Isotherm Studies
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Adsorption isotherms were determined at 25 °C
using initial concentrations ranging from 10 to 1000
mg/L. Equilibrium data were analyzed using the
linearized forms of the Langmuir, Freundlich, and
Temkin models [28,29].

2.10. Thermodynamic Studies

The temperature dependence of adsorption was
examined at 288, 298, 303, and 308 K.
Thermodynamic parameters AG°, AH®, and AS°
were evaluated from the van’t Hoff equation and the
relationship AG® = AH® — TAS® [30].

2.11. Swelling Studies

Dried nanocomposite samples (0.1g) were immersed
in distilled water and buffer solutions of various pH
levels at 25°C until a constant weight was reached to
measure the equilibrium swelling ratio. The swelling
ratio (SR) was computed using the formula:

Ws—-Wd

% SR= wd

%100

where W, and Wy represent the swollen and dry
weights[31].

2.12. Reusability and Regeneration

Five adsorption—desorption cycles assessed the
adsorbent's recyclability. After each adsorption run,
the spent adsorbent was regenerated by soaking in
0.1mol/L NaOH for 2h, rinsing with distilled water
until neutral pH, then drying before reuse. The
percentage removal efficiency was recorded for each
cycle [32].

3. RESULTS AND DISCUSSION

3.1. Characterization of the Nanocomposite

The FTIR spectrum of GO exhibited a broad
absorption band around 3406 cm™ corresponding to
O-H stretching vibrations, and a strong peak at 1732
cm! attributable to C=0 stretching of carboxyl and
carbonyl groups, confirming successful oxidation of
graphite. Bands at 1624, 1339, 1227, and 1080 cm™
were assigned to C=C skeletal vibrations, C-O

stretching of carboxyl, C-O of epoxy, and C—O-C
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of alkoxy groups, respectively [33]. The hydrogel
spectrum showed overlapping O-H and N-H
stretching bands in the 3200-3500 cm™ region, C-H
stretching near 2932 cm™, and two C=0O peaks at
1736 cm™ (carboxylic acid) and 1651 cm™ (amide).
In the nanocomposite spectrum, these carbonyl
peaks shifted to lower frequencies (1712 and 1635
cm™'), indicating hydrogen bonding between GO
sheets and the polymer matrix. Meanwhile, the C=O
peak of GO increased from 1731 to 1743 cm™,
signaling a disruption of the original hydrogen
bonding network within GO as new intermolecular
interactions formed with the hydrogel [34]. After FB
adsorption, new bands appeared in the 1500-500
cm™' region characteristic of the aromatic ring
vibrations and C—N stretching of the dye molecule,

confirming successful uptake [35].

Graphene oxide (GO) XRD examination confirmed
its layered structure with a strong peak at 260 = 10.81°
8.17 A). The

nanocomposite showed low-intensity peaks at 20 =

(d-spacing = hydrogel and
19-22°, indicating the amorphous texture of the
cross-linked polymer network. In the nanocomposite
pattern, the GO diffraction peak was gone,
indicating that GO nanosheets were well-dispersed
and partially exfoliated in the hydrogel matrix
[36,37].

FESEM

nanocomposite had a highly porous, layered surface

micrographs  showed  that the
with interconnected pore networks, which aid dye
diffusion and adsorption. The surface was covered
with aggregated dye particles of varied sizes after
contact with the FB solution, indicating adsorption
[38].
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3.2. Adsorption Kinetics

Predicting pollutant removal and constructing
realistic treatment systems need understanding dye
adsorption kinetics. Figure 2 shows how contact
time affects FB adsorption onto GO/P(PVP-AAc)
nanocomposite. Due to the number of unoccupied
active sites on the adsorbent surface, FB adsorption
increased fast in the first 30 min. The rate of uptake
reduced as the available sites got occupied, and the
system established a plateau after 120 min, which
was the equilibrium time for all future tests. The
experimental kinetic data were fitted to pseudo-first-
models  to

order and pseudo-second-order

understand the adsorption mechanism. The
linearised pseudo-first-order model (Lagergren
model) showed a significant deviation from the
measured equilibrium capacity of 166.8 mg/g, with
a R? value of 0.9412 and an estimated q. of 84.27
mg/g. This significant discrepancy indicates that the
pseudo-first-order model does not adequately
represent the kinetics of FB adsorption in this system
[39]. On the other hand, the pseudo-second-order
model gave an excellent linear fit with R? = 0.9985,
and the calculated q. (168.92 mg/g) was in close
agreement with the experimental value. The rate
constant k> was determined to be 3.16 x 1073
g'mg''min’!, and the initial adsorption rate h (=
kog:?) was 90.17 mg-g'min'. These findings
strongly suggest that chemisorption, involving
electron sharing or exchange between the functional
groups on the adsorbent surface and the cationic FB
molecules, is the rate-limiting step [40,41]. Similar
pseudo-second-order behavior has been reported for
the adsorption of various cationic dyes onto GO-

based hydrogel composites [42,43].
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Figure 1. Combined characterization panel: (a) FTIR spectra of GO, PVP/AAc, and GO/P(PVP-
AAc) before and after FB adsorption, (b) XRD patterns of GO, PVP/AAc, and GO/P(PVP-AAc);
(c—e) FESEM images of GO/P(PVP-AAc) at different magnifications before and after FB
adsorption.

Table 1. Kinetic parameters for FB dye adsorption onto GO/P(PVP-AAc) nanocomposite at 25 °C.

k2
a1 2 2
Model qe,cale (mg/g) ki (min™) R qe,cale (mg/g) (g/mg-min)
Pseudo-first-order Pseudo-second-order
FB on igg)(PVP' 84.27 0.0876 0.9412 168.92 3.16x1073  0.9985
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Figure 2. Combined kinetics panel: (a) Effect of contact time on FB adsorption capacity; (b)
Pseudo-first-order kinetic plot; (c) Pseudo-second-order kinetic plot for FB adsorption onto
GO/P(PVP-AAc) at 25 °C.
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3.3. Adsorption Isotherms

The equilibrium relationship between the amount of
FB adsorbed and its residual concentration in
solution was investigated at 25 °C across a wide
initial concentration range (10-1000 mg/L). The
resulting isotherm curve exhibited an L-type shape
according to the Giles classification, indicating that
FB molecules adsorb preferentially in a flat
orientation on the surface, and that competition for
active sites intensifies at higher loadings [44].
According to the Langmuir model, monolayer
adsorption on a homogeneous surface results in a R?
value of 0.9523 and a maximum monolayer capacity
(qm) of 19231 mg/g. Although the fit was
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satisfactory, the Freundlich model better described
the data (R?=0.9891), with K;=18.73 (mg/g)(L/mg)
and 1/n = 0.387. 1/n between 0 and 1 indicates good
adsorption and surface heterogeneity [45]. An
intermediate fit (R>=0.9714) with a binding energy
constant b=72.6J/mol in the Temkin model indicates
a linear reduction in heat of adsorption with
coverage (46). Due to the Freundlich model's
superior agreement, the GO/P(PVP-AAc) surface is
energetically heterogeneous, indicating that the
cationic dye can interact with numerous functional
groups (carboxyl, hydroxyl, amide, epoxy). Broad
XRD peaks of the nanocomposite indicate an
amorphous, disordered structure, supporting this

observation.

Table 2. Isotherm parameters for FB dye adsorption onto GO/P(PVP-AAc) at 25 °C.

Langmuir Freundlich Temkin
qm =192.31 mg/g R?=0.9523 Kf=18.73 R?=0.9891 = 72.6 J/mol
Ki=0.0284 L/mg R;1=0.034-0.78 1/n=0.387 n=2.584 R*=0.9714

3.4. Effect of Temperature and Thermodynamic

Parameters

Table3 shows the effects of temperature on FB
adsorption at 288, 298, 303, and 308 K. With
increasing temperature, maximum adsorption
capacity decreased from 172.41 mg/g at 288 K to
148.52 mg/g at 308 K. This inverse relationship
proves that FB adsorption onto nanocomposite is
exothermic. At higher temperatures, thermal
agitation lowers the attractive interactions between
dye molecules and the adsorbent surface, and dye
solubility in the aqueous phase limits its migration

toward the solid-liquid interface [47,48]. The van't

Hoff plot of InXw vs 1/T was used to calculate
thermodynamic parameters. The enthalpy shift AH®
of -7.89kJ/mol validated the exothermic activity.
The low AH° value (below 40kJ/mol) supports
electrostatic interactions rather than chemical bonds
in physisorption [49]. The adsorption process was
spontaneous and thermodynamically advantageous,
as the Gibbs free energy shift AG° was negative
(-8.24 to -—7.91kJ/mol) at all
examined. At the solid-liquid interface, the negative
(—-1.14J/mol-K)

reduced degrees of freedom as dye molecules

temperatures
entropy change AS°

suggests

become more ordered upon surface attachment [50].

Table 3. Thermodynamic parameters for FB adsorption onto GO/P(PVP-AAc).

T (K) Xum (mg/g) AG® (kJ/mol) AH® (kJ/mol) AS® (J/mol'K)
288 172.41 -8.24 ~7.89 ~1.14
298 161.73 -8.12
303 155.20 ~8.04
308 148.52 -7.91




Pharaonic Journal of Science, 2026, Vol. 2, No. 2, P.23-36

T
175

150
125

100 |

qe (mg/g)

75F

50

25

Il I

! ! !
9 30

1
40
Ce (mg/L)

50 60

In X,

elSSN:3062-6021, pISSN:3062-6013 30

5.175 r : : r -
®)
5.150 -0 E
51250 i .
5.100} S .
o,
5.075f s e
//’
5.050 7 )
o y = 0.6539x + 2.8840
,,/ R? = 0.9895
5.025 ot g
// 3
s.000F .70
1 1 1 1 1 1
3.25 3.30 3.35 3.40 345 3.50
1000/T (K1)

Figure 3. (a) Effect of temperature on the adsorption isotherm of FB onto GO/P(PVP-AAc); (b)
van't Hoff plot (In X, vs. 1/T) for determination of thermodynamic parameters.

3.5. Effect of Solution pH

The adsorbent's surface charge and dye speciation
depend on solution pH, making it a crucial
adsorption characteristic. Figure 4 shows pH-
dependent FB uptake. Adsorption capacity was 112—
140 mg/g at pH 1-3. Adsorption rose progressively
toward neutral and alkaline pH, peaking at 171.5
mg/g at pH 10. This pH-dependent behaviour is
explained by electrostatic interactions. FB is a
positively charged cationic dye in water. The
carboxyl (~COOH) and hydroxyl (~OH) groups take
protons at low pH, giving the GO/P(PVP-AAc)
adsorbent a positive surface charge. Adsorption is
hindered by

positively charged dye cations and the surface.

electrostatic repulsion between
Moreover, H' ions in solution compete with FB
cations for the few negatively charged binding sites
[51,52]. As pH rises above zero, carboxyl groups
deprotonate to generate -COO~ species, resulting in
anegative charge on the surface. The anionic surface
and cationic FB molecules form a strong
electrostatic interaction, increasing absorption. PVP
and GO's epoxy/hydroxyl functionalities and amide
groups contribute to dye binding through hydrogen
bonding and dipole interactions that are less
inhibited under basic circumstances [53,54]. These
results are consistent with cationic dye adsorption on

carboxyl-rich surfaces and closely match the original

investigation for Malachite Green, a cationic

triphenylmethane dye.

3.6. Effect of Ionic Strength

Dissolved salts in wastewater can increase or impede
dye adsorption depending on the electrolyte and
adsorbate—adsorbent system charge. Figure 4 shows
ionic strength research results for NaCl, KCI, and
CaCO:; at 0 to 0.2 mol/L. FB adsorption capacity
rose marginally with CaCOs, from 165.7 mg/g (no
salt) to 166.5 mg/g at 0.2 mol/L. The divalent
carbonate anion strongly interacts with water
molecules, salting out FB dye solubility and driving
more onto the adsorbent surface. Salt anions may
partially neutralize the positive charge on the
adsorbent surface, lowering dye molecule
electrostatic repulsion and allowing denser packing
[55]. Increasing NaCl and KCI concentrations
reduced FB absorption from 165.3 mg/g in salt-free
fluid to 160.1 and 156.2 mg/g at 0.2 mol/L. Na* and
K* cations compete with positively charged FB
molecules for negatively charged nanocomposite
surface binding locations. The competitive impact
increases with salt concentration, lowering
adsorption. The somewhat greater suppression
observed with KCI compared to NaCl may be related
to the larger ionic radius of K*, which can more

effectively shield the surface charges [56,57].
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Figure 4. Combined panel: (a) Effect of solution pH on FB adsorption capacity, (b) Effect of ionic
strength (NaCl, KCI, CaCOs) on FB adsorption, (c) Swelling ratio of GO/P(PVP-AAc) at different
pH values.

3.7. Swelling Behavior

The swelling characteristics of the nanocomposite
hydrogel play a pivotal role in its adsorption
performance, since the degree of swelling controls
the diffusion of dye molecules into the three-
dimensional polymer network. The equilibrium
GO/P(PVP-AAc)

nanocomposite was found to be pH-dependent. In

swelling  ratio of the

acidic conditions (pH 2—4), the swelling ratio was
relatively low (approximately 350-420%), because
the carboxyl groups remain largely protonated and
the polymer chains are more compact due to
intramolecular hydrogen bonding. As the pH
increased toward neutral and basic conditions (pH
7-10), the swelling ratio rose substantially to 750—
850%, driven by the ionization of —COOH groups to
—COO, which increases the osmotic pressure within

the gel and causes the network to expand [58,59].

This swelling behavior has direct implications for
adsorption: at higher pH, the expanded gel network
permits greater access of dye molecules to internal
binding sites, complementing the electrostatic
described in Section 3.5. The

incorporation of GO sheets within the hydrogel

enhancement

matrix provided additional mechanical stability,

ensuring that the nanocomposite maintained its
structural integrity even at high swelling ratios,
which is a critical requirement for practical

applications involving repeated use [60].

3.8. Regeneration and Reusability

The ability to regenerate and reuse an adsorbent is
crucial for its economic and environmental viability.
Five FB dye adsorption—desorption cycles were
performed on the GO/P(PVP-AAc) nanocomposite.
Figure 5 shows that removal effectiveness declined
slightly from 98.2% in the first cycle to 91.7% in the
fifth. Due to the irreversible occupation of a tiny
fraction of high-energy binding sites and slight
structural changes in the hydrogel network during
repeated swelling and deswelling, this slow drop
occurs [61]. However, over 91% efficiency after five
durability and
mol/L
NaOH) broke the electrostatic and hydrogen-

bonding connections between adsorbed FB and the

cycles shows the material's

practicality. Alkaline regeneration (0.1

surface, releasing dye into solution. These findings
imply that the GO/P(PVP-AAc) nanocomposite
could be a cost-effective, reusable wastewater
treatment adsorbent [62,63].
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Figure 5. Regeneration and reusability of GO/P(PVP-AAc) nanocomposite over five adsorption—
desorption cycles for FB dye removal.

3.9. Comparison with Other Adsorbents

Table 4. Comparison of the FB adsorption capacity of GO/P(PVP-AAc) with reported adsorbents.

Adsorbent qm (Mg/g) Kinetic Model Ref.

Activated carbon from rice husk 72.5 PSO [64]

Montmorillonite clay 89.3 PSO [65]

Chitosan/GO composite 142.7 PSO [66]

Fe304/SiO: nanoparticles 98.1 PSO [67]
GO/P(PVP-AAc) nanocomposite 192.31 PSO Present study

(this work)

As indicated in Table 4, the GO/P(PVP-AAc)
nanocomposite synthesized in the present study
exhibits a higher maximum adsorption capacity for
FB compared to several other adsorbents reported in
the literature. This superior performance can be
attributed to the synergistic combination of the high
surface area and functional group density of GO with
the swellable, porous three-dimensional polymer
network of PVP/AAc, which together provide a
large number of accessible and diverse binding sites

for the cationic dye molecules.

4. CONCLUSION

In this
oxide/polyvinylpyrrolidone/acrylic

study, a graphene

acid

(GO/P(PVP-AAc)) nanocomposite hydrogel was
successfully prepared and systematically evaluated
as an adsorbent for the removal of Fuchsin Basic dye
from aqueous solutions. FTIR, XRD, and FESEM
investigations confirmed GO nanosheet absorption
into the hydrogel matrix and showed a porous,
amorphous structure for adsorption. The equilibrium
FB adsorption duration was 120 min. Kinetic study
shows chemisorption as the primary rate-controlling
mechanism, with a pseudo-second-order model (R?
= 0.9985). The Freundlich equation fit equilibrium
data best of the three isotherm models, indicating
heterogeneous, multilayer adsorption on a non-
surface. evaluation

uniform Thermodynamic

showed that FB adsorption onto the nanocomposite
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is spontaneous (AG® < 0) and exothermic (AH® =
—7.89 kJ/mol), with a decrease in entropy (AS° < 0)
reflecting increased ordering at the interface. Due to
the electrostatic interaction between the cationic dye
and the deprotonated anionic surface, solution pH
greatly affected adsorption capacity, with the
greatest absorption under alkaline circumstances.
Ionic strength studies show that NaCl and KCI
decrease adsorption through competition, while
CaCOs marginally increases it through salting-out.
Excellent swelling behaviour, especially at
increasing pH, allowed dye diffusion into the gel
After five

regeneration cycles, the adsorbent preserved over

interior of the nanocomposite.
91% removal effectiveness, indicating its potential
for recurring wastewater treatment. These findings
establish the GO/P(PVP-AAc)
nanocomposite hydrogel as a highly efficient,

collectively

reusable, and economically viable material for the

remediation of FB-contaminated water.
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