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Synthetic dyes are toxic, cancer-causing, and mutagenic, which makes 
water pollution a big environmental problem. This study synthesised 
a novel xanthan gum-grafted-poly(polyvinylpyrrolidone-co-acrylic 
acid-acrylamide) [XG-g-poly(PVP-co-AA-AAm)] nanohydrogel for 
the removal of Brilliant Green (BG) cationic dye using free radical graft 
copolymerisation. The XRD study showed an amorphous structure with 
semi-crystalline peaks at 19.18°, 20.68°, and 23.38°. These peaks were 
linked to xanthan gum, PVP, and polyacrylamide. FTIR confirmed that the 
grafting worked and found the functional groups (–OH, –CONH₂, –COO⁻) 
that were responsible for binding the dye. The post-adsorption bands at 
1514, 1712, and 1165 cm⁻¹ show that BG was absorbed by electrostatic 
attraction and hydrogen bonding. Decomposition started at 234.3°C, and 
TGA/DTA was thermally stable at Tg = 79°C. FESEM indicated that the 
surfaces changed shape following adsorption, going from smooth (d = 75.4 
nm) to spherical dye nanoparticle-covered surfaces (d=29.7–162.7 nm). 
The nanohydrogel could hold 37.33 mg/g and remove 93.34% of what it 
was supposed to in 90 minutes when the conditions were just right (C₀ 
= 200 mg/L, dose = 0.005 g, natural pH, T=30°C). The pseudo-second-
order model (R²=1.000) in kinetics proved that chemisorption was real. 
Weber-Morris forecasted the influence of boundary layer diffusion (C = 
36.34 mg/g). The best fit equilibrium data using the Freundlich isotherm 
indicated heterogeneous multilayer adsorption. Thermodynamic studies 
showed that adsorption was spontaneous (ΔG° < 0), endothermic (ΔH° 
> 0), and unexpected (ΔS° > 0). When we used NaCl, KCl, and CaCO₃ 
to test ionic strength, they all worked well even though there were other 
electrolytes. These studies indicate that nanohydrogel is an environmentally 
favourable adsorbent for cationic dye-contaminated wastewater.
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INTRODUCTION
Globally, synthetic dyes from textile, paper, 

leather, and pharmaceutical sectors pollute 
water [1,2]. These dyes reduce light penetration, 
impede photosynthesis, and are harmful to 
aquatic creatures and humans even at low 
concentrations [3]. An estimated 10,000 dyes and 
pigments are used in industry, and 7×105 tonnes 
of synthetic dyes are generated annually, with a 
significant amount entering waterways through 
faulty effluent treatment [4]. Industrial discharges 
often contain Brilliant Green (BG), a cationic 
triphenylmethane dye used in silk and wool dyeing 
as a biological stain, antibacterial, and colourant 
[5]. BG can cause skin irritation, respiratory 
discomfort, and carcinogenicity with extended 
exposure [6]. The pressing need for effective and 
cost-effective BG removal from contaminated 
water bodies exists. Dye removal from wastewater 
has been studied using coagulation-flocculation, 
membrane filtering, electrochemical oxidation, 
photocatalytic degradation, and biological 
treatment [7,8]. These methods have drawbacks 
such high operational costs, secondary sludge, 
insufficient dye removal, and lack of scalability 
[9]. In contrast, adsorption has been popular as 
a versatile and cost-effective approach due to 
its simplicity, ease of operation, high efficiency, 
and adsorbent renewal [10,11]. Choosing the 
right adsorbent material is crucial to adsorption 
success. Researchers have developed low-cost, 
sustainable alternatives to activated carbon, which 
is effective but too expensive for large-scale use 
[12,13]. Due to its three-dimensional polymeric 
network, high water absorption capacity, variable 
functionality, and numerous surface-active 
sites, hydrogel-based adsorbents have garnered 
research attention [14,15]. Selecting monomers, 
crosslinkers, and natural polymer backbones 
can customise hydrogel adsorption [16]. We 
like natural polysaccharide-based hydrogels 
because they combine biodegradability and 
biocompatibility with synthetic polymer strength 
and swelling [17,18]. Anionic exopolysaccharide 
Xanthomonas campestris produces xanthan gum 
(XG) with a cellulose backbone and trisaccharide 
side chains with carboxylate and pyruvate groups 
[19]. Hydrogels benefit from its polyanionic nature, 
large molecular weight, and water solubility [20]. 
Grafting acrylic acid (AA), acrylamide (AAm), and 
polyvinylpyrrolidone (PVP) onto the XG backbone 
adds carboxyl, amide, and carbonyl moieties 

that increase hydrogel swelling and dye binding 
[21,22]. Past investigations have shown that 
polysaccharide-grafted hydrogels may remove 
heavy metals, anionic dyes, and cationic dyes 
[23–25]. Numerous research have examined dye 
adsorption using various adsorbents, but few have 
examined XG-based multicomponent hydrogels 
for Brilliant Green dye removal. To fill this gap, 
this study synthesises a new XG-g-poly(PVP-
co-AA-AAm) nanohydrogel via free radical 
copolymerisation using potassium persulfate (KPS) 
as initiator and N,N′-methylenebisacrylamide 
(MBA) as crosslinker TGA/DTA, FESEM, XRD, and 
FTIR were used to characterise the nanohydrogel. 
Batch adsorption tests examined the effects of 
contact time, pH, adsorbent dosage, initial BG 
concentration, ionic strength, and temperature. 
To understand the adsorption mechanism and 
feasibility, pseudo-first-order [26] and pseudo-
second-order [27] kinetic models, Langmuir [28], 
Freundlich [29], and Temkin [30] isotherm models, 
and thermodynamic parameters were used to 
analyse the experimental data.

MATERIALS AND METHODS
Materials

Xanthan gum (XG, molecular weight ~2 × 
106 g/mol) was procured from Sigma-Aldrich. 
Polyvinylpyrrolidone (PVP, K-30 grade), acrylic 
acid (AA, 99%), acrylamide (AAm, ≥99%), 
potassium persulfate (KPS, ≥98%), N,N′-
methylenebisacrylamide (MBA, 99%), and 
N,N,N′,N′-tetramethylethylenediamine (TEMED) 
were obtained from Merck. Brilliant Green dye 
(BG, C.I. 42040, MW = 482.64 g/mol, λmax = 625 
nm) was purchased from BDH Chemicals [5]. 
Sodium chloride (NaCl), potassium chloride (KCl), 
and calcium carbonate (CaCO3) were of analytical 
grade. All solutions were prepared using double-
distilled water.

Preparation of nanoHydrogel XG-g-poly(PVP-co-
AA-AAm)

Following the literature, free radical graft 
copolymerisation was used to synthesise the 
nanohydrogel [14,21]. By stirring at 60°C for 30 
min, 0.1–1.0 g of xanthan gum was dissolved in 
20 mL of distilled water. KPS initiator (0.01–0.1 g 
dissolved in 2 mL water) was added to produce 
free radicals. Next, PVP (0.1–1.0 g in 15 mL water), 
AAm (0.5–2.5 g in 2 mL water), and AA (1–10 mL) 
were added successively with continual stirring. 
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First, two drops of TEMED accelerator were added, 
then MBA (0.01–0.1 g in 2 mL water). For 15 min, 
nitrogen gas (N2) purged the mixture to eliminate 
dissolved oxygen. The reaction mixture was then 
placed in sealed glass tubes in a 70°C water bath 
for 2 h to polymerise [16]. After gelation, the 
nanohydrogel was cut into discs, washed eight 
times with distilled water at 30 min intervals to 
remove unreacted components, and dried in a 
70°C oven. For adsorption investigations, dry discs 
were ground into fine, homogeneous particles.

Characterization
The crystalline structure of the nanohydrogel 

was analysed using a PANalytical X’Pert 
diffractometer with Cu Kα radiation (λ=1.5406 Å) 
at 40 kV and 30 mA [31]. The Shimadzu IR-Prestige 
spectrophotometer acquired FTIR spectra from 
400 to 4000 cm⁻¹ to confirm grafting and identify 
functional groups [32]. An SDT Q600 equipment 
was used to investigate thermal stability by 
TGA/DTA at 20°C/min in argon [33]. For surface 
morphology, a TESCAN MIRA3 LMU FESEM was 
used [34].

Batch Adsorption Experiments
Batch adsorption tests were done in 250 mL 

Erlenmeyer flasks with 50 mL BG dye solution 
at prescribed concentrations [10]. Add a known 
mass of nanohydrogel adsorbent and shake flasks 
in a temperature-controlled shaker. Contact time 

(0–220 min), pH (1.2–10), adsorbent dosage 
(0.0005–0.1 g), initial BG content (1–500 mg/L), 
ionic strength (0–0.2 mol/L NaCl, KCl, CaCO3), and 
temperature (5–30°C) were assessed Periodically, 
aliquots were centrifuged and residual dye 
concentration determined at λmax = 625 nm using 
a UV-Vis spectrophotometer [5]. The calibration 
curve (Fig. 1) was established with excellent 
linearity (R² = 0.9983) for concentrations 0-50 
mg/L. The adsorption capacity qe (mg/g) and 
removal efficiency RE (%) were calculated using 
the following equations [10,11]:

qe =  V (C0 − Ce)
m        

                                                            
 (1)

RE (%) = (C0 − Ce) 
C0  × 100    

                                            (2)

where C0 and Ce are the initial and equilibrium 
dye concentrations (mg/L), V is the volume of 
solution (L), and m is the mass of adsorbent (g) 
[10].

RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Analysis

The XRD pattern of the XG-g-poly(PVP-co-
AA-AAm) nanohydrogel was obtained using a 
PANalytical X’Pert diffractometer at 40 kV, 30 mA, 
and Cu Kα radiation (λ = 1.5406 Å) (step size Fig. 
2 shows a diffuse halo in the 2θ range of 15-30°, 

 

 
Fig. 1. Calibration curve of Brilliant Green dye at λmax = 625 nm (R² = 0.9983).
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typical of amorphous polymeric materials [35] 
. MBA crosslinks disturb long-range crystalline 
periodicity, resulting in short-range order and 
random chain topologies in crosslinked hydrogel 
networks [36] . Semi-crystalline nature is shown 
by three diffraction peaks at 2θ = 19.18°, 20.68°, 
and 23.38° on the amorphous halo. The organised 
helical shape of the polysaccharide backbone and 
intermolecular hydrogen bonding create semi-
crystalline domains of xanthan gum, which peak 
around 19.18° [37] . XRD evidence for native XG 
and its derivatives supports this position [38]. 
PVP’s crystalline phase, showing a broad maximum 
near 2θ = 21° due to short-range molecular 
order in its pyrrolidone ring arrangement, is 
successfully incorporated into the copolymer, as 
indicated by the peak at 20.68°. Polyacrylamide 
segments display diffraction characteristics in the 
22–24° region from hydrogen bonding between 
neighbouring amide groups, giving them the third 
peak at 23.38°. The amorphous halo dominates 
the crystalline peaks, indicating that grafting and 
crosslinking have drastically altered xanthan gum’s 
inherent crystallinity. This primarily amorphous 
structure has better chain mobility, swelling 
capacity, and binding sites than highly crystalline 
polymers. The maintained semi-crystalline peaks 
provide structural integrity for adsorption-
desorption [39]. 

Fourier-Transform Infrared Spectroscopy (FTIR) 
Analysis

FTIR identified functional groups and confirmed 
dye-adsorbent interactions. In Fig. 3, the virgin 
nanohydrogel (blue) and the nanohydrogel 
following BG adsorption (red) spectra are shown in 
the 400-4000 cm⁻¹ range. The broad band at 3439 
cm⁻¹ in the pristine nanohydrogel spectra is caused 
by overlapping O–H and N–H stretching vibrations 
from xanthan gum hydroxyl, polyacrylamide 
amide, and PVP pyrrolidone ring [40]. The 2360 
cm⁻¹ band is due to asymmetric C-H stretching of 
methylene groups in the polymer backbone. The 
amide I C=O stretching exhibits a peak at 1647 
cm⁻¹, with contributions from polyacrylamide, 
PVP carbonyl, and deprotonated acrylic acid’s 
asymmetric carboxylate (–COO⁻) stretching. The 
1452 cm⁻¹ band is caused by C–H scissoring of –
CH2 groups and symmetric carboxylate stretching, 
whereas the 561 cm⁻¹ absorption is due to 
polysaccharide backbone skeletal C–C vibrations 
[41]. After BG adsorption, various modifications 
occurred. The change in the O–H/N–H band from 
3439 to 3434 cm⁻¹ suggests hydrogen interaction 
between dye molecules and the nanohydrogel 
surface. Unionised –COOH groups caused a new 
band at 1712 cm⁻¹, indicating electrostatic charge 
neutralisation during dye uptake [42]. BG dye 
inclusion was confirmed by a 1514 cm⁻¹ band, 

 

 
Fig. 2. XRD pattern of XG-g-poly(PVP-co-AA-AAm) nanohydrogel showing diffraction 

peaks at 2θ = 19.18°, 20.68°, and 23.38°.
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indicating aromatic C=C ring stretching of the 
triphenylmethane structure. New bands at 1165 
cm⁻¹ (diethylamino group C–N stretching), 795 
cm⁻¹ (aromatic C–H out-of-plane bending), and 
612 cm⁻¹ (aromatic ring deformation) confirm 
BG adsorption [43]. Spectral shifts show that 
adsorption involves electrostatic interaction 
between the cationic dye and anionic carboxylate 
groups and hydrogen bonding with amide and 
hydroxyl functionalities [44].

 
Thermogravimetric and Differential Thermal 
Analysis (TGA/DTA)

Thermal stability was measured with an SDT 
Q600 under argon at 20°C/min over 30–700°C. 
In Fig. 4, the TGA/DTA data are shown in four 
panels. The TGA thermogram (Fig. 4a) shows 
three breakdown stages. Stage I (30–150°C) 
evaporation of physically adsorbed moisture in the 
nanohydrogel network causes 3.6% weight loss. 
Stage II (150–400°C) is the primary decomposition 
with 52.5% weight loss, involving glycosidic bond 
cleavage (250–350°C), NH3 elimination (>250°C), 
decarboxylation of poly(acrylic acid) chains (200–
300°C), and PVP ring opening and chain scission 
(300–450°C) [45]. In Stage III (400–550°C), residual 
organic material carbonisation causes C–C bond 
rupture and volatile removal (CO, CO2, H2O) 
and 25.2% loss. Inorganic ash and carbonaceous 
char made up 14.8% of the residual at 700°C 

(85.2% loss [46]). In Fig. 4b, the DTA curve shows 
a glass transition temperature (Tg) of ~79°C, 
indicating the transition from glassy to rubbery 
state in amorphous polymer chains. The deepest 
endothermic peak is 279°C (–2.49 W/g), the 
primary decomposition event. Tangent analysis 
(Fig. 4c) showed onset = 234.3°C, peak = 279.2°C, 
and endset = 339.1°C, with a broad spread (ΔT 
= 104.8°C) indicating degradation of various 
polymeric components. TGA-DTA overlay (Fig. 4d) 
demonstrates wastewater treatment applications 
below 100°C are thermally stable. The multi-stage 
breakdown profile confirms several synthetic 
monomers grafting onto the polysaccharide 
backbone [47].

Field-Emission Scanning Electron Microscopy 
(FESEM) Analysis

Before and after BG dye adsorption, a TESCAN 
MIRA3 LMU FESEM with an InBeam detector 
evaluated surface morphology at different 
magnifications. The virgin nanohydrogel at 50.0 kx 
(Fig. 5a, 1 μm scale) has a rough, irregular surface 
with layered, folded characteristics and visible 
cracks, resembling crosslinked hydrogel networks 
[48]. Dye molecules diffuse into hydrogels through 
these pores. Particle size analysis showed d̄ = 75.4 
± 50.9 nm (N = 451, median = 62.7 nm). At 200 kx 
(Fig. 5b, 200 nm scale), the surface is smooth and 
compact with rounded globular features (d̄ = 91.9 

 

 
Fig. 3. FTIR spectra of XG-g-poly(PVP-co-AA-AAm) nanohydrogel before (blue) and after BG dye adsorption (red).
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± 103.4 nm, N = 18), indicating nanoscale surface 
roughness and increased specific surface area. The 
shape changes drastically after BG adsorption. At 
25.0 kx (Fig. 5c, 2 μm scale), the surface shows 
abundant spherical nanoparticles, unlike the pure 
nanohydrogel, indicating dye accumulation. The 
particle diameter grew significantly to 162.7 ± 
135.6 nm (N = 488, median = 129.6 nm), indicating 
dye aggregation development. Individual spherical 
nanoparticles are clearly visible at 200 kx (Fig. 
5d, 200 nm scale) with d̄ = 29.7 ± 26.4 nm (N = 
350, median = 17.1 nm These are electrostatic 
and hydrogen bonding-formed BG dye-polymer 
complex nodules. Wide size distributions match 
the Freundlich isotherm model’s heterogeneous 
surface energy. Visually, the transition from 
smooth layered to nanoparticle-covered surfaces 
supports the high adsorption capacity (~37.3 
mg/g) and >93% removal effectiveness [49].

Effect of Adsorbent Dosage
Fig. 6 shows how adsorbent dosage affected 

BG removal from 0.0005 to 0.1 g. As adsorbent 

mass grew, surface area and active sites increased, 
increasing adsorption capacity from 2.66 mg/g at 
0.0005 g to 34.75 mg/g at 0.05 g. Qe decreased 
at dosages 0.08 and 0.1 g after the optimum 0.05 
g. At high doses, adsorbent particles aggregate 
and overlap, reducing dye molecules’ effective 
surface area and incompletely using binding sites 
[50]. The ratio of dye molecules to accessible sites 
falls at high adsorbent loadings, lowering per-unit-
mass absorption. Mittal et al. and Sahiner et al. 
found similar optimum dose behaviour for dye 
adsorption onto waste materials and PDMAEMA 
hydrogels [51]. Trends show the necessity of 
optimising.

Effect of Contact Time
At 200 mg/L and 30°C, the effect of contact 

time on BG dye adsorption onto XG-g-poly(PVP-
co-AA-AAm) nanohydrogel was examined from 
0 to 220 min. Fig. 7 shows that the adsorption 
capacity grew fast within the first 15 min, reaching 
37.15 mg/g and 92.86% removal efficiency. The 
nanohydrogel surface’s many unoccupied active 

 

 
Fig. 4. TGA/DTA analysis: (a) TGA weight loss stages; (b) DTA thermal regions with Tg ≈ 79°C; (c) tangent method (onset 

234.3°C, peak 279.2°C, endset 339.1°C); (d) TGA-DTA overlay.
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sites and steep concentration gradient drive dye 
molecule mass transfer from the bulk solution 
to the adsorbent surface, resulting in rapid 
initial absorption [52]. Both methylene blue 
and malachite green have shown quick initial 
adsorption followed by gradual equilibration on 
carboxymethyl cellulose-based hydrogels and 
guar gum-grafted hydrogels [53]. After 60 min, 
adsorption slowed and reached equilibrium at 
37.33 mg/g (93.34% removal) at 90 min. The minor 
rise up to 220 min was negligible, demonstrating 
that 90 min is a reasonable equilibrium time 

[54]. With equilibrium approaching, active 
site occupation and concentration gradient 
decrease explain progressive saturation. With 
fast adsorption kinetics, the XG-g-poly(PVP-co-
AA-AAm) nanohydrogel is useful for wastewater 
treatment.

Effect of Solution pH
Adsorbent surface charge and dye molecule 

ionisation depend on solution pH. It was examined 
how pH affected BG adsorption from 1.2 to 10.0 
(Fig. 8). From 37.05 mg/g at pH 1.2 to 38.03 mg/g at 

 

 
 

Fig. 5. FESEM of pristine nanohydrogel: (a) 50.0 kx (1 μm), d̄ = 75.4 nm; (b) 200 kx (200 nm), d̄ = 91.9 nm. FESEM after BG 
adsorption: (c) 25.0 kx (2 μm), d̄ = 162.7 nm; (d) 200 kx (200 nm), d̄ = 29.7 nm.
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pH 10.0, adsorption capacity increased. At low pH, 
the nanohydrogel surface’s carboxyl (–COOH) and 
amide (–CONH2) groups protonate, creating a net 
positive charge that repels cationic BG molecules 
and reduces adsorption. Increased pH above the 
pKa of acrylic acid (~4.25) [55] leads to carboxyl 
groups deprotonating to create carboxylate anions 
(–COO⁻), enhancing electrostatic interaction 

between negatively charged nanohydrogel surface 
and positively charged BG cations. Reduced H+ ion 
competition for binding sites at high pH increases 
dye uptake. The monotonic increase in adsorption 
with pH emphasises the electrostatic character of 
the BG-hydrogel interaction and suggests pH 10 
for maximal removal. This corresponds to cationic 
dye adsorption onto poly(acrylic acid)-based 

 

 

 

 

 
Fig. 7. Effect of contact time on BG dye adsorption capacity (qe) and removal 
efficiency (%RE) onto XG-g-poly(PVP-co-AA-AAm) nanohydrogel (C₀ = 200 mg/L, T 

= 30°C).

Fig. 6. Effect of adsorbent dosage on BG dye adsorption capacity.
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adsorbents [56].

Adsorption Isotherms
Adsorption isotherms, which depict the 

balance between the adsorbate on the adsorbent 
and the remaining concentration in solution, are 
very important for understanding adsorption 
and making treatment systems. Isotherms 
were made at 15, 20, 30, and 40°C with BG 
concentrations from 1 to 500 mg/L (Fig. 9). The 
Giles classification [57] says that the isotherms 

were L-shaped, which means that they showed 
good adsorption and surface saturation at higher 
equilibrium concentrations. At all temperatures, 
the ability to adsorb increased with the original 
dye concentration. This is because mass transfer 
driving force is stronger at higher concentrations. 
Higher temperatures raised qe values at the same 
Ce, which supports the idea that adsorption is an 
endothermic process [58].

Fig. 10 shows three linearised classical isotherm 
models fitted to equilibrium data at 30°C. The 

 

 

 

 

Fig. 8. Effect of solution pH on the adsorption capacity of BG dye onto XG-
g-poly(PVP-co-AA-AAm) nanohydrogel.

Fig. 9. Adsorption isotherms of BG dye on XG-g-poly(PVP-co-AA-AAm) 
nanohydrogel at different temperatures (15, 20, 30, and 40°C).
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Langmuir model, which assumes monolayer 
coverage on a homogeneous surface, is expressed 
as:

Ce/qe = 1/(KLqm) + Ce/qm                                               (3)

The Freundlich model, which accounts for 
heterogeneous surface energies and multilayer 
adsorption, is given by:

log qe = log KF + (1/n) log Ce                                        (4)

The Temkin model, which considers the effect 
of indirect adsorbent-adsorbate interactions on 
the adsorption process, is expressed as:

qe = B ln KT + B ln Ce                                                        (5)

A low correlation coefficient (R² = 0.2616) in the 
Langmuir model ((Ce/qe) vs.(Ce)) suggests that 
adsorption does not behave as a monolayer on 
a homogenous surface Freundlich model (log(qe) 
vs. log(Ce)) provides a better fit (R²=0.8209) with 
1/n = 1.0026 and KF = 2.5483. 1/n around unity 
indicates a linear solution-adsorbent surface 
partition. Significant adsorption heat is shown by 
the intermediate correlation (R²=0.4666) in the 

Temkin model (qe vs. lnCe) with B = 19.37 J/ XG-
g-poly(PVP-co-AA-AAm) nanohydrogel surface is 
energetically heterogeneous because Freundlich 
model fits better, showing that numerous 
functional groups (carboxyl, amide, carbonyl, 
and hydroxyl) bind dye. Different polysaccharide-
based hydrogels absorb cationic dyes Freundlich-
like [59].

Adsorption Kinetics
The kinetic data were analyzed using pseudo-

first-order (PFO) and pseudo-second-order 
(PSO) models to elucidate the rate-controlling 
mechanism of BG adsorption (Fig. 11 and Table 
2). The PFO model, proposed by Lagergren [60], is 
expressed as:

ln(qe – qt) = ln qe – k1t                                                (6)

The PSO model, developed by Ho and McKay 
[61], is given by:

t/qt = 1/(k2qe²) + t/qe                                                   (7)

The PFO model displays low linearity (R² = 
0.7015) and predicts qe of 1.89 mg/g, notably 
different from the experimental value of 37.35 

 

 

  

 Model Parameter Value R² 
Langmuir qm (mg/g) 57.86 0.2616 

 KL (L/mg) –0.0297  
Freundlich 1/n 1.0026 0.8209 

 KF 2.5483  
Temkin B (J/mol) 19.37 0.4666 

 KT 0.7437  
 
  

Table 1. Isotherm model parameters for BG dye adsorption onto XG-g-poly(PVP-co-AA-AAm) nanohydrogel at 30°C.

Fig. 10. Linear fits of (a) Langmuir, (b) Freundlich, and (c) Temkin isotherm models for BG adsorption at 30°C.
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mg/g. This contradiction proves the PFO model 
cannot explain this system’s adsorption behaviour. 
In comparison, the PSO model exhibited a linear 
fit with R²=1.000. Experimental and calculated 
equilibrium adsorption capacities (qe,calc = 37.31 
mg/g) matched. The rate constant k2=0.2687 g/
mg·min and initial adsorption rate h = k2qe² = 
375.19 mg/g·min indicate rapid absorption in trials. 
The more applicable PSO model demonstrates 
that chemisorption, involving valence forces 
through electron sharing or exchange between 
dye molecules and nanohydrogel functional 
groups, is the rate-limiting phase [62]. This 
matches polysaccharide-based hydrogel cationic 
dye adsorption.

Intraparticle Diffusion Model (Weber-Morris)
The intraparticle diffusion model proposed by 

Weber and Morris was applied [63] to further 
investigate the diffusion mechanism governing the 
adsorption of Brilliant Green dye onto the XG-g-

poly(PVP-co-AA-AAm) nanohydrogel. This model is 
expressed as:

qt = kid t
0.5 + C                                                              (8)

where qt (mg/g) is the amount of dye adsorbed 
at time t (min), kid (mg/g·min0.5) is the intraparticle 
diffusion rate constant obtained from the slope 
of the linear plot of qt versus t0.5, and C (mg/g) is 
the intercept, which provides an indication of the 
thickness of the boundary layer. If intraparticle 
diffusion is the sole rate-controlling step, the 
plot of qt versus t0.5 should yield a straight line 
passing through the origin (C = 0). Deviation of the 
intercept from zero indicates that the adsorption 
process is governed by multiple mechanisms, with 
boundary layer diffusion also playing a significant 
role.

The linear regression of qt against t0.5 revealed 
an intraparticle diffusion rate constant (kid) of 
0.0936 mg/g·min0.5, an intercept (C) of 36.3445 

 

 

Model Parameter Value R² 
PFO k₁ (min⁻¹) 0.0163 0.7015 

 qe,calc (mg/g) 1.89  
PSO k₂ (g/mg·min) 0.2687 1.0000 

 qe,calc (mg/g) 37.31  
 h (mg/g·min) 375.19  

Experimental qe,exp (mg/g) 37.35 — 
 
  

Table 2. Kinetic parameters for BG dye adsorption onto XG-g-poly(PVP-co-AA-AAm) nanohydrogel.

Fig. 11. Kinetic model plots: (a) pseudo-first-order and (b) pseudo-second-order for BG adsorption on XG-g-poly(PVP-co-AA-
AAm) nanohydrogel.
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mg/g, and a correlation coefficient (R²) of 0.5906 
(Table 3, Fig. 12). The low R² value shows that 
the way BG dye gets into the nanohydrogel is 
not through a single-step intraparticle diffusion 
mechanism, but rather through many mass 
transfer stages. The most relevant result of this 
study is the intercept C (36.3445 mg/g). Weber 
and Morris say that the figure should go through 
the origin if intraparticle diffusion is the only step 
that slows down the process. The strong positive 
intercept indicates that boundary layer diffusion 
(external film diffusion) has an impact on the 
rate of adsorption, particularly in the first stages. 
The boundary layer effect has a direct impact on 
C; the broader the intercept, the more surface 
adsorption occurs in the step that controls the 
rate. C = 36.3445 mg/g is 97.3% of the equilibrium 
adsorption capacity (qe,exp = 37.35 mg/g). This 
means that most of the dye is taken up by the 
exterior boundary layer quickly before it diffuses 

into the particles. The pseudo-second-order 
kinetic data, which are quite similar (R² = 1.000), 
confirm chemisorption as the main mechanism. 
The contact time experiments demonstrated 
swift initial absorption (92.86% elimination within 
15 minutes), corroborating surface-mediated 
interactions such as electrostatic attraction 
between the cationic BG dye and the anionic 
carboxylate groups, as well as hydrogen bonding 
with the nanohydrogel’s amide and hydroxyl 
functionalities. Intraparticle diffusion aids the 
system in achieving equilibrium; however, it is not 
the primary rate-limiting process. Because there 
are functional groups on the surface, boundary 
layer effects are the main reason cationic dyes 
stick to polysaccharide-based hydrogels.

Thermodynamic Studies
The energetics and spontaneity of adsorption 

are revealed by thermodynamic parameters. 

Parameter Value Unit 
kid 0.0936 mg/g·min¹ᵠ² 

C (intercept) 36.3445 mg/g 
R² 0.5906 — 

qe,exp 37.35 mg/g 
 
  

 

 
Fig. 12. Intraparticle diffusion plot (qt vs. t¹ᵠ²) for BG dye adsorption onto XG-g-poly(PVP-co-

AA-AAm) nanohydrogel.

Table 3. Intraparticle diffusion model parameters.
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Adsorption isotherms were obtained at 5, 10, 20, 
and 30°C (Fig. 13), and thermodynamic values 
were calculated using the Van’t Hoff plot of ln Kd 
versus 1000/T (Fig. 14). The distribution coefficient 
Kd was qe/Ce at each temperature. The standard 
Gibbs free energy change (ΔG°), enthalpy change 
(ΔH°), and entropy change (ΔS°) were evaluated 
using the following thermodynamic equations:

ΔG° = –RT ln Kd                                                             (9)

ln Kd = ΔS°/R – ΔH°/RT                                              (10)

The linear Van’t Hoff plot showed ΔH° = 
4.99 kJ/mol and ΔS° = 54.20 J/mol·K as the 
slope and intercept. Increased absorption at 
higher temperatures supports the endothermic 

 

 

 Fig. 14. Van’t Hoff plot (ln Kd vs. 1000/T) for BG dye adsorption onto XG-g-poly(PVP-
co-AA-AAm) nanohydrogel.

Fig. 13. Adsorption isotherms of BG dye at different temperatures (5, 10, 
20, and 30°C).
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character of the adsorption process, as indicated 
by the positive ΔH° value. The high ΔH° (< 40 kJ/
mol) indicates a physical adsorption mechanism 
with added weak chemical forces. The positive 
ΔS° reflects increased randomness at the solid-
solution interface during adsorption, possibly 
due to the release of structured water molecules 
from the nanohydrogel matrix as dye molecules 
penetrate the swollen network. The process is 
spontaneous and thermodynamically favourable 
(Table 4), as evidenced by the negative ΔG° values 
at all temperatures (ΔG° = –10.89 kJ/mol at 278 K) 
Lower ΔG° results (–10.89 to –12.24 kJ/mol from 
5 to 30°C) suggest increased spontaneity at higher 
temperatures, supporting endothermic behaviour. 
The thermodynamic behaviour of Rhodamine B on 
Raphia hookeri fruit epicarp and crystal violet on 
alginate-based hydrogels is similar [64].

CONCLUSION
A new XG-g-poly(PVP-co-AA-AAm) 

nanohydrogel was synthesised and tested for 
Brilliant Green dye removal from water. XRD 
showed a mostly amorphous structure with semi-
crystalline peaks at 19.18°, 20.68°, and 23.38°. FTIR 
confirmed effective grafting and dye adsorption via 
new bands at 1514, 1712, and 1165 cm⁻¹. Thermal 
stability was good for TGA/DTA, with breakdown 
at 234.3°C and Tg = 79°C. FESEM showed dye 
deposition through spherical nanoparticles on the 
nanohydrogel surface following adsorption. With 
optimum circumstances (C₀ = 200 mg/L, dosage 
= 0.005 g, natural pH, 30°C), the nanohydrogel 
achieved 37.33 mg/g adsorption capacity and 
93.34% removal efficiency in 90 minutes. Kinetics 
confirmed chemisorption as the primary process, 
following the pseudo-second-order model (R² = 
1.000). The Weber-Morris model showed boundary 
layer and intraparticle diffusion. Freundlich 
isotherm best fit equilibrium data, indicating 
heterogeneous multilayer adsorption. Sudden, 
endothermic adsorption with increased solid-
liquid interface unpredictability was confirmed by 

thermodynamic parameters. The nanohydrogel 
performed well with competing electrolytes. 
This shows that the XG-g-poly(PVP-co-AA-AAm) 
nanohydrogel is a potential, eco-friendly cationic 
dye-contaminated wastewater adsorbent.
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