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Abstract  Industrial dye contamination represents a 
major environmental concern, necessitating efficient 
and sustainable remediation strategies. In this study, a 
CuO@pectin/Arabic gum-g-diethylaminoethyl meth-
acrylate (CuO@pectin/Arabic gum-g-DEAEMA) 
nanocomposite hydrogel was developed via gamma 
irradiation–induced copolymerization, providing a 
clean and initiator-free synthesis route. Successful 
incorporation of CuO nanoparticles was confirmed by 
DLS, EDX, and XRD analyses, while TGA demon-
strated enhanced thermal stability. SEM observations 
revealed a rough and wrinkled surface morphology 
favorable for dye adsorption. BET analysis further 
showed that CuO incorporation increased the surface 
area from 14.05 to 28.22 m2  g⁻1 and the total pore 
volume from 0.08685 to 0.2201 cm3  g⁻1, confirm-
ing improved porosity and accessibility of adsorption 
sites. Adsorption studies showed that methylene blue 
(MB) removal follows a pseudo-second-order kinetic 
model, indicating chemisorption, while the Freundlich 

isotherm suggests heterogeneous multilayer adsorp-
tion. The CuO-containing hydrogel exhibited signifi-
cantly improved adsorption performance compared 
with the pristine system. In addition, the nanocompos-
ite demonstrated antibacterial activity against Gram-
positive bacteria, indicating potential resistance to 
biofouling. The developed hydrogel combines green 
synthesis, enhanced porosity, improved adsorption 
efficiency, and multifunctional performance, making 
it a promising candidate for sustainable wastewater 
treatment applications.
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1  Introduction

Water is essential for the survival of all living organ-
isms; however, its contamination by various pollutants 
has become a critical environmental challenge world-
wide (Ali et al., 2026). Industrialization and urbanizati 
on have significantly increased the discharge of haz-
ardous substances into water bodies, arising from both 
point and non-point sources, thereby threatening eco-
systems and human health (Raza et al., 2026). Among 
these pollutants, organic dyes represent a particu-
larly problematic class due to their complex aromatic 
structures, high stability, and resistance to biodeg-
radation (Sayed et  al., 2025a). Dyes are extensively 
used in textile, paper, cosmetic, and pharmaceutical 
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industries, leading to the release of large volumes of 
colored effluents into aquatic systems (Mahmoud 
et al., 2023). These compounds not only reduce light 
penetration and inhibit photosynthesis but also exhibit 
toxic, mutagenic, and carcinogenic effects (Al-Mur 
& Jamal, 2026). Methylene blue (MB), a widely used 
cationic dye, is commonly applied in dyeing processes 
and medical treatments; however, its excessive accu-
mulation in wastewater can cause severe health issues, 
including respiratory problems, eye irritation, and gas-
trointestinal disturbances. Therefore, the development 
of efficient and sustainable strategies for dye removal 
is of paramount importance (Fakry et al., 2026).

Various treatment technologies have been explored 
for dye removal, including physical, chemical, and bio-
logical methods. Among these, adsorption has emerged 
as one of the most effective and economically feasible 
approaches due to its simplicity, high efficiency, and 
operational flexibility. The performance of adsorption 
systems is largely governed by the properties of the 
adsorbent material, particularly surface area, porosity, 
and the presence of functional groups.

Hydrogels have gained significant attention as ver-
satile adsorbents due to their high swelling capacity, 
porosity, and ability to host functional groups that 
interact with pollutants (Abdel-Raouf et  al., 2023). 
Among various hydrogel-forming materials, Ara-
bic gum and pectin are widely used biopolymers 
known for their biodegradability, renewability, and 
eco-friendliness (Sabry et  al., 2025). Arabic gum, 
a natural polysaccharide, has excellent water reten-
tion properties, film-forming ability, and biocompat-
ibility, making it an ideal component for hydrogel-
based adsorbents. Additionally, Arabic gum contains 
hydroxyl and carboxyl groups, which facilitate 
electrostatic interactions with pollutants, enhanc-
ing adsorption efficiency(Verma et  al., 2026b). In 
addition, emerging research has focused on tailor-
ing hydrogel networks through advanced synthesis 
techniques to improve performance and sustain-
ability. Functionalized polymeric systems and hybrid 
materials have shown promising results in enhanc-
ing adsorption kinetics, selectivity, and regeneration 
capability (Zhao et al., 2025).

Moreover, recent developments in coordination pol-
ymers and hybrid frameworks highlight the importance 
of designing multifunctional materials with controlled 
architecture and improved physicochemical properties 
for environmental remediation (Huang et al., 2026).

Pectin, another natural polysaccharide, is abundant 
in plant cell walls and is commonly used in hydrogel 
synthesis due to its high gel-forming ability, hydro-
philicity, and functional groups that enhance dye 
adsorption (Biswal, 2024; Koshy et al., 2026). Pectin-
based hydrogels exhibit excellent adsorption capac-
ity, swelling behavior, and chemical stability, mak-
ing them promising materials for water purification 
(Koshy et  al., 2026; Martínez-Sabando et  al., 2023; 
Mashhadi et  al., 2026). By combining Arabic gum 
and pectin, a biopolymer-based hydrogel network 
can be designed with enhanced mechanical strength, 
water absorption, and adsorption efficiency for waste-
water treatment (Al-Gethami et al., 2024).

Furthermore, the incorporation of metal oxide 
nanoparticles into hydrogel matrices has been demon-
strated to significantly enhance adsorption capacity, 
surface reactivity, and multifunctional properties such 
as antimicrobial activity (Sayed et al., 2025c). Recent 
studies have reported the development of advanced 
nanocomposite hydrogels with improved adsorption 
efficiency and structural stability for water purifica-
tion applications (Yang et  al., 2025; Zhang et  al., 
2025a). Metal-oxide adsorbents have been set using 
various techniques that give large yields, high photo-
catalytic action, an enviable dynamic surface area, lit-
tle toxicity, and little economical charge. Taking into 
consideration that metal-oxides acquire double assets: 
they are used in biotic wastewater treatment for dis-
infection and chemical waste-water treatment for 
adsorption (Eldondaity et al., 2026). 

Crosslinked hydrogels exhibit high adsorption effi-
ciency due to their remarkable water uptake capac-
ity without dissolution, which enhances the avail-
able surface area and facilitates multiple adsorption 
mechanisms, including ion exchange, chemisorp-
tion, hydrogen bonding, complexation, and electro-
static interactions (Alkhaldi et al., 2026). Hydrogels 
based on grafted polysaccharides such as starch, 
cellulose, and natural gums with Diethylaminoethyl 
Methacrylate (DEAEMA) have gained attention for 
dye wastewater treatment due to their low cost, bio-
degradability, reusability, and operational simplic-
ity (Taktak & Şimşek, 2022). DEAEMA, an ester of 
methacrylic acid, is a hydrophobic monofunctional 
monomer with a low glass transition temperature, 
making it suitable as a flexible and plasticizing com-
ponent in polymer networks (Othman et al., 2020). It 
readily forms homo- and copolymers and undergoes 
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addition reactions with various compounds, enhanc-
ing its versatility in functional material design 
(Zhang et al., 2025a). Despite recent advancements, 
several challenges persist, including reliance on toxic 
chemical initiators, limited control over crosslink-
ing architecture, and inadequate mechanical stability 
and reusability of adsorbents (Verma et al., 2026b). 
In addition, many reported systems do not fully 
achieve a green synthesis route or effectively inte-
grate biopolymer sustainability with nanocomposite 
functionality (Zhang et al., 2025b).

In this context, gamma irradiation–induced polym-
erization has emerged as an eco-friendly and effi-
cient alternative, enabling simultaneous grafting and 
crosslinking without the need for chemical initiators 
(Mahmoud et al., 2019). This approach provides bet-
ter control over network formation, enhances material 
purity, and improves mechanical strength and swell-
ing behavior (Khozemy et  al., 2018). Moreover, the 
in  situ generation of free radicals ensures uniform 
crosslinking while minimizing environmental and 
health risks associated with conventional methods 
(Metwally et al., 2026).

In this study, pectin/Arabic gum-g-DEAEMA 
hydrogels and CuO-incorporated nanocompos-
ite hydrogels are synthesized via gamma irradia-
tion–induced copolymerization and crosslinking, 
offering a clean, initiator-free route that ensures 
uniform network formation, enhanced structural 
integrity, and improved material purity. The incor-
poration of CuO nanoparticles further enhances 
adsorption efficiency, thermal stability, and antimi-
crobial functionality.

The novelty of this work lies in the integration of a 
fully green irradiation driven synthesis with a biopol-
ymer, based hydrogel system and CuO nanostruc-
tures within a single platform, enabling simultaneous 
improvement in adsorption performance and multi-
functional properties.

Compared to conventional approaches, the devel-
oped hydrogels exhibit a synergistic combination of 
green synthesis, controlled crosslinking, and high 
adsorption efficiency, making them promising can-
didates for sustainable methylene blue removal from 
wastewater. Comprehensive characterization estab-
lishes clear structure–property–performance relation-
ships, highlighting their potential for advanced envi-
ronmental remediation applications.

2 � Materials and Methods

2.1 � Materials

Sigma-Aldrich (China) supplied apple peel-isolated 
pectin powder (PC) with 50–75% esterification. Ger-
man Aldrich supplied 99.9% pure 2(Dimethylamino)
ethyl methacrylate (DMAEMA), while Sigma-
Aldrich USA sourced-Arabic gum. Other chemicals 
were sourced from El-Nasr Co. and used without fur-
ther purification.

2.2 � Preparation of Pectin/Arabic Gum/DMAEMA 
Hydrogel

The Pectin/Arabic gum/DMAEMA solution dis-
solved 2 g of pectin and 2 g of Arabic gum in 70 mL 
distilled water at 80 °C for 30 min. After an hour of 
mixing and stirring at room temperature, 30 mL of 
DMAEMA was added and mixed for another hour 
to create a homogenous solution mixture of a total 
polymer/monomer concentration of 34 wt%. The 
solution was placed in a glass tube and subjected 
to γ-ray irradiation from a Co-60 source at a dose 
of 20  kGy. The necessary irradiation dosage was 
achieved in the cobalt-60 gamma cell (Canada) at 
a dose rate of 0.98  kGy/h in air. This source was 
deployed for study at the NCRRT at Egypt’s Atomic 
Energy Authority. Hydrogels were obtained as rods, 
which were then sliced into smaller pieces. After 
drying in air to a constant weight, all samples were 
submerged in distilled water for 24  h at 70  °C to 
remove the unreacted component.

2.3 � Preparation of CuO@ Pectin/Arabic Gum/
DMAEMA Hydrogel Nanocomposite

A known dry weight of Pectin/Arabic gum/
DMAEMA hydrogel was put in 1.0  mol/L CuSO4 
solution for 12  h. Loaded samples were immersed 
in distilled water for 24  h to remove unbound and 
physically bonded metal ions. After that, they were 
shaken overnight in 0.5  mol/L NaOH in a water 
shaker bath at room temperature. To ensure reduc-
tion, three drops of glycerol were added. The CuO@ 
Pectin/Arabic gum/DMAEMA nanocomposites were 
submerged in distilled water for 12 h and then dried 
in a 40 °C oven (Scheme 1).
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2.4 � Instrumentation and Characterization

2.4.1 � Particle Size and Zeta Potential Measurements

The particle size and  zeta potential  CuO nanoparti-
cles are determined using a dynamic light scattering 
instrument (ZetaSizer Nano Series (HT), Nano ZS, 
Malvern Instruments London, England) at 25 °C.

2.4.2 � X‑Ray Diffraction Analysis

A Shimadzu XDDI Series device equipped with a 
copper target (wavelength (λ) = 1.542 Å) was used for 
X-ray diffraction (XRD) analysis. The device oper-
ated at an electric current of 30 mA and a voltage of 
40 kV. The scanning angle (2θ) ranged from 4° to 90° 
at a scanning speed of 8°/min.

2.4.3 � Energy Dispersive X‑Ray Analysis (EDX)

The elemental composition of the CuO nanoparticles 
was determined using an energy-dispersive X-ray 
(EDX) unit (EDX; Zeiss-LEO-438VP, Oxford Instru-
mentations with INCA software) applied to investi-
gate the chemical composition at a 20 kV acceleration 
voltage and a 21 mm operational distance.

2.4.4 � Fourier Transform Infrared Spectroscopy 
(FT‑IR)

The infrared spectra of the prepared hydrogels were 
obtained using an FT-IR model Bruker, Unicom 
infrared spectrophotometer, Germany, and were 
recorded at a wavelength range of 400–4000 cm−1.

Scheme 1   Preparation steps of Pectin/Arabic gum/DMAEMA hydrogel and CuO@ Pectin/Arabic gum/PDMAEMA nanocomposites
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2.4.5 � Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed at 
a heating rate of 10 °C/min in a nitrogen atmosphere 
using a Shimadzu TGA-30 (Japan).

2.4.6 � Scanning Electron Microscopy (SEM) Analysis

The surface morphology of the prepared nanocom-
posite was analyzed using a high-resolution scanning 
electron microscope (SEM) equipped with a ZEISS 
LEO 1530 Gemini Optics Lens. The microscope 
operated at an accelerated voltage of 30 kV, allowing 
for detailed imaging of the nanoparticle surfaces.

2.4.7 � Brunauer–Emmett–Teller (BET)

BET surface area analysis was performed using a BEL-
SORP-MAX instrument based on nitrogen adsorp-
tion–desorption isotherms measured at 77.35 K. Prior 
to analysis, the samples were degassed at 120  °C for 
24 h under vacuum up to 10⁻2 bar to remove physically 
adsorbed moisture and activate the surface. The total 
pore volume was estimated from the adsorption iso-
therm at a relative pressure of P/P₀ = 0.995, assuming 
complete pore saturation.

2.5 � Swelling Properties

A known weight of sample Wd was submerged in 
50 mL of distilled water until equilibrium was estab-
lished. The swollen sample was reweighed Ws after 
filter paper dried the surface water. The swelling 
process was tested at different pH levels. Calculating 
swelling % utilized this equation:

2.6 � Adsorption Study

A 50 mL known starting concentration of MB solu-
tion at pH 3 was added to 0.1 g of dry adsorbent and 
stirred for a defined time. This equation calculated 
MB dye removal.

(1)Equilibrium swelling (%) =
W

s
−W

d

W
d

× 100

C0 and Ce are the initial and final concentrations 
in mg/L. The MB dye concentration was measured 
using a Jasco model V-530 UV/VIS spectrometer 
with a 1.0 cm quartz cell at wavelength nm.

2.7 � Antimicrobial Analysis 

The antimicrobial properties of both pectin/Ara-
bic gum-g-PDMAEMA hydrogel and CuO@pectin/
Arabic gum-g-PDMAEMA nanocomposite hydrogel 
were investigated against two fungal strains, Candida 
albicans (ATCC 10231) (CA) and Aspergillusniger 
(ATCC) (ASP), as well as four bacterial species: the 
Gram-positive bacteria Staphylococcus aureus (ATCC 
29213) (SA) and Bacillus subtilis (ATCC 6051) (BS), 
and the Gram-negative bacteria Klebsiella pneu‑
moniae (ATCC 700603) (KP) and Escherichia coli 
(ATCC 25922) (EC). The disc diffusion method was 
used to evaluate the antimicrobial activity, and the 
inhibition zones around the discs were measured.

3 � Results and Discussions

The present study aims to prepare a green construc-
tion composed of pectin, Arabic gum, and DEAEMA 
(diethylaminoethyl methacrylate) via gamma irra-
diation as a green method. CuO nanoparticles were 
incorporated in  situ in the matrix to form a CuO@
pectin/Arabic gum/DEAEMA nanocomposite hydro-
gel to be used as an adsorbent to remove methylene 
blue (MB) dye. Initially, the CuO nanoparticles will 
be characterized using Dynamic Light Scattering 
(DLS) and Energy Dispersive X-ray (EDX) analysis. 
The pectin/Arabic gum/DEAEMA hydrogel and the 
CuO@pectin/Arabic gum/DEAEMA nanocomposite 
hydrogel were characterized through Fourier Trans-
form Infrared Spectroscopy (FTIR), Thermogravi-
metric Analysis (TGA), and X-ray Diffraction (XRD). 
The hydrogel’s and the nanocomposite hydrogel’s 
swelling properties and antibacterial activity were 
evaluated. A morphological study was also conducted 
using Field Emission Scanning Electron Microscopy 
(FESEM) before and after MB dye loading. Finally, 

(2)MBdyeRemoval (%) =
(Co − C

e
)

C
o

× 100
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the adsorption of MB dye was studied as a function 
of the dye solution pH, adsorbent weight (g), contact 
time, and MB dye concentration.

3.1 � Characterization of CuO Nanoparticles

The successful synthesis of copper oxide (CuO) nan-
oparticles was confirmed through a series of charac-
terization techniques, each providing critical insights 
into the nanoparticles’ structural, compositional, and 
physical properties (Fig. 1).

The Dynamic Light Scattering (DLS) analysis 
revealed that the synthesized CuO nanoparticles pos-
sess an average particle size of approximately 47 nm 
(Fig.  1a). This nanoscale dimension is particularly 
advantageous for applications in hydrogel matrices, as 
it offers a higher surface area-to-volume ratio. Such a 
ratio enhances the interactions between the nanoparti-
cles and the hydrogel components, thereby improving 
the efficiency of methylene blue (MB) dye adsorption. 

As indicated by the narrow peak in the DLS data, the 
uniformity in particle size distribution suggests a con-
sistent and reproducible synthesis process, which is 
essential for achieving reliable performance in prac-
tical applications. Precise control over nanoparticle 
size distribution is crucial, as it directly influences the 
kinetics and capacity of dye removal when integrated 
into the hydrogel network.

The X-ray Diffraction (XRD) analysis further 
confirmed the successful synthesis of CuO 
nanoparticles by identifying distinct diffraction peaks 
corresponding to CuO’s monoclinic crystal phase 
(Fig. 1b). The prominent peaks observed at 2θ values 
of 32.5°, 35.5°, 38.7°, 48.7°, and 58.4° are attributed 
to the (110), (002), (111), (200), and (202) crystal 
planes, respectively. These diffraction patterns 
align closely with the standard JCPDS card number 
45–0937, indicating the purity of the synthesized 
CuO nanoparticles. The sharpness and intensity of 
these peaks reflect a high degree of crystallinity, 

Fig. 1   DLS (a), XRD (b), 
and EDX (c) analyses of 
CuO nanoparticles
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which is often associated with enhanced stability and 
activity of nanoparticles. Using the Debye–Scherrer 
equation, the crystallite sizes were estimated to 
range from 36 to 61 nm, with specific measurements 
showing 45.4 nm at 32.5°, 36.3 nm at 35.5°, and 
60.7 nm at 38.7°. These sizes agree with the average 
particle size determined by DLS, reinforcing the 
reliability of the synthesis method and confirming 
that the nanoparticles are free from significant 
agglomeration. The slight variations in crystallite 
size across different planes suggest anisotropic 
growth, which can be beneficial in tailoring specific 
properties for targeted applications.

The elemental composition of the CuO nanoparti-
cles was examined through Energy Dispersive X-ray 
(EDX) analysis, providing a quantitative confirmation 
of their chemical purity (Fig. 1c). The EDX spectrum 
revealed prominent peaks corresponding to copper 
(Cu) and oxygen (O), with weight percentages of 
26.22% and 73.78%, respectively. The atomic per-
centages were calculated as 8.21% for Cu and 91.79% 
for O, supporting the stoichiometric formation of 
CuO with minimal impurities. This elemental analy-
sis confirms a successful synthesis of CuO nanopar-
ticles, ensuring they possess the desired composition 
for effective integration into the hydrogel matrix. The 
presence of minimal impurities is crucial, as it guar-
antees the consistency and effectiveness of the nano-
particles in enhancing the properties of the CuO@
pectin/Arabic gum/DEAEMA nanocomposite hydro-
gel. This purity is particularly significant for the nan-
oparticles’ role in dye adsorption, as any impurities 
could interfere with the hydrogel’s interaction with 
methylene blue dye molecules.

The consistent particle size observed in DLS and 
the crystallite size from XRD confirms a high control 
over the synthesis process, resulting in well-defined 
and uniform nanoparticles. This uniformity is criti-
cal for the reproducibility and scalability of the nano-
composite hydrogel in real world wastewater treat-
ment scenarios. Furthermore, the elemental purity 
demonstrated by EDX analysis underscores the relia-
bility of the synthesis method, ensuring that the CuO 
nanoparticles are performed optimally in the hydro-
gel matrix to remove methylene blue dye. Collec-
tively, these analyses validate the CuO nanoparticles’ 
potential to enhance the adsorptive properties of the 
hydrogel, providing a promising, sustainable solution 
for mitigating water pollution from textile dyes.

3.2 � Characterization of CuO@Pectin/Arabic 
Gum‑g‑DEAEMA Nanocomposite Hydrogel

CuO@pectin/Arabic gum-g-DEAEMA nanocompos-
ite hydrogel was characterized compared with pec-
tin/Arabic gum-g-DEAEMA hydrogel to elucidate 
their structural, thermal, and functional properties. 
This analysis employed several advanced techniques, 
including FTIR, XRD, and TGA, and provided 
valuable insights into the interactions between the 
components.

3.2.1 � Fourier Transform Infrared FTIR Analysis

Figure  2a illustrates the FTIR spectra of the pectin/
Arabic gum-g-DEAEMA and the CuO@pectin/
Arabic gum-g-DEAEMA nanocomposite hydro-
gel. The FTIR spectrum of the pristine biohydrogel 

(c)

Element Weight % Atomic %
O K 73.78 91.79

CuK 26.22 8.21

Fig. 1   (continued)
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reveals characteristic absorption bands, with a broad 
peak around 3410 cm⁻1, corresponding to the O–H 
stretching vibrations of hydroxyl groups (Nezhad-
Mokhtari et  al., 2024)present in pectin and Arabic 

gum. Peaks at 2920 cm⁻1 and 2850 cm⁻1 indicate 
C-H stretching vibrations, while the band at 1725 
cm⁻1 is attributed to the C = O stretching of the car-
bonyl group (Mohamed et al., 2023; Yadav & Yadav, 

Fig. 2   FTIR analysis (a), 
XRD (b), TGA (c), DTG 
(d), and swelling (%) as 
a function of time (e) of 
pectin/Arabic gum-g-
DEAEMA and CuO@
pectin/Arabic gum-g-
DEAEMA nanocomposite 
hydrogels
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2005). A prominent band at 1450 cm⁻1 reflects C-N 
stretching vibrations, confirming the incorporation of 
DEAEMA into the hydrogel network (Hamze et  al., 
2024; Levien et  al., 2023). In the CuO@pectin/Ara-
bic gum-g-DEAEMA nanocomposite hydrogel, the 

FTIR spectrum retains these key features, suggesting 
that the structural framework of the polymer matrix 
remains intact (Ellis & Martin, 2016). However, addi-
tional peaks at 530 cm⁻1 and 610 cm⁻1 are observed, 
corresponding to Cu–O stretching vibrations(Sahai 

Fig. 2   (continued)
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et  al., 2018). These bands confirm the successful 
integration of CuO nanoparticles into the hydrogel 
matrix, indicating potential interaction sites for pol-
lutant adsorption and providing structural reinforce-
ment to the polymer network.

3.2.2 � X‑Ray Diffraction XRD Analysis

Figure  2b presents the pectin/Arabic gum-g-
DEAEMA XRD patterns and the CuO@pectin/Ara-
bic gum-g-DEAEMA nanocomposite hydrogel. The 
XRD pattern of the pectin/Arabic gum-g-DEAEMA 
biohydrogel reveals a broad diffraction peak around 
2θ 21ο, indicative of its amorphous nature. This 
amorphous structure is characteristic of hydrogels, 
providing flexibility and swelling capability benefi-
cial for adsorption applications (Sayed et al., 2022a). 
The XRD pattern of the CuO@pectin/Arabic gum-
g-DEAEMA nanocomposite hydrogel shows distinct 
diffraction peaks at 2θ value of 32.4ocorresponding 
to the crystalline plane (110) of CuO nanoparticles. 
The presence of this peak confirms the successful 
incorporation and crystallinity of CuO within the 
hydrogel matrix. The CuO nanoparticles enhance 

the hydrogel’s mechanical properties(Krishna et  al., 
2024; Mallakpour et al., 2020), increasing its robust-
ness (Deo et  al., 2019)and making it suitable for 
various environmental applications where structural 
integrity is essential(Shang et al., 2021).

3.2.3 � Thermogravimetric Analysis TGA Analysis

TGA and derivative thermogravimetric (DTG) ther-
mograms of the pectin/Arabic gum-g-DEAEMA 
hydrogel (Fig.  2c) and the CuO@pectin/Arabic 
gum-g-DEAEMA nanocomposite hydrogel (Fig. 2d) 
illustrate their thermal stability and decomposition 
profiles. The TGA curve of the pectin/Arabic gum-
g-DEAEMA biohydrogel exhibits multiple deg-
radation steps, with the first weight loss at around  
111 °C attributed to moisture evaporation and the 
removal of loosely bound water. The second major 
degradation step occurs at approximately  234 °C, 
corresponding to the breakdown of polysaccha-
ride structures. Further decomposition peaks are 
observed at  403 °C and  572 °C, indicating the ther-
mal degradation of the grafted polymer chains and 
residual char oxidation. The CuO@pectin/Arabic 

Fig. 2   (continued)
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gum-g-DEAEMA nanocomposite hydrogel demon-
strates a shift in thermal stability due to the incorpo-
ration of CuO nanoparticles. The initial weight loss 
occurs at a lower temperature (~  66 °C), suggesting 
increased water retention within the nanocompos-
ite. The primary degradation peaks are recorded at  
178 °C,  369 °C, and  427 °C, with a notable resi-
due of 21% at  600 °C, which is significantly higher 
than the pristine hydrogel. This residual mass is 
attributed to the presence of CuO nanoparticles, 
which enhance thermal stability by acting as a bar-
rier against thermal decomposition. The compara-
tive analysis of these thermograms indicates that 
the CuO-modified biohydrogel exhibits improved 
thermal resistance and structural integrity, making it 
potentially more suitable for applications requiring 
enhanced stability under elevated temperatures.

Conversely, the CuO-enhanced nanocomposite 
hydrogel exhibits improved thermal stability, with 
a delayed onset of major decomposition at around 
300°C. This enhancement is attributed to CuO nano-
particles, which act as a reinforcing agent within the 
hydrogel matrix. The CuO particles not only bol-
ster the structural integrity of the hydrogel but also 
offer a barrier effect, slowing the thermal degrada-
tion of organic components(Oun & Rhim, 2017). 
Such improved thermal resistance is advantageous 
for applications requiring durability under thermal 
stress (Wu et al., 2022).

3.3 � Swelling Studies

The swelling percentage of hydrogels is a critical 
parameter, indicating their capacity to absorb water, 
which directly influences their adsorption efficiency 
for pollutants (Sayed et  al., 2022b). The swelling 
behavior of the pectin/Arabic gum-g-DEAEMA 
biohydrogel and the CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel over time is illus-
trated in Fig. 2e. The swelling (%) gradually increased 
with a high swelling rate for pristine biohydrogel and 
its nanocomposite. The swelling study reveals that the 
pristine biohydrogel exhibits a swelling percentage 
of approximately 437% after three hours of immer-
sion in water, demonstrating good water absorption 
due to the hydrophilic nature of pectin and Arabic 
gum. However, the CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel exhibits a signifi-
cantly higher swelling percentage of 737%, indicating 

enhanced water uptake capacity. This increase in 
swelling is attributed to the CuO nanoparticles, which 
improve the surface area (Abdollahi et al., 2021) and 
hydrophilicity (Yadollahi et al., 2015) of the hydrogel. 
The enhanced swelling capability facilitates greater 
interaction between the hydrogel matrix and pollut-
ant molecules, such as methylene blue dye, leading 
to improving the adsorption performance (Gao et al., 
2021; Sun et  al., 2023). The ability to swell more 
extensively makes the CuO-loaded hydrogel particu-
larly suitable for applications in dye removal from 
wastewater, where efficient pollutant interaction is 
required (Rahman & Rimu, 2022).

3.4 � BET Surface Area and Porosity Analysis

Nitrogen adsorption–desorption analysis was per-
formed to evaluate the surface area and porous struc-
ture of the pectin/Arabic gum-g-DEAEMA biohydro-
gel and the CuO@pectin/Arabic gum-g-DEAEMA 
nanocomposite hydrogel, as shown in Fig. 3a and b. 
The obtained BET and porosity parameters are sum-
marized in Table 1.

The pectin/Arabic gum-g-DEAEMA biohydrogel 
exhibited a BET surface area of 14.05 m2 g⁻1, a total 
pore volume of 0.08685 cm3 g⁻1, and a mean pore 
diameter of 24.728 nm. These values indicate that the 
pectin/Arabic gum-g-DEAEMA biohydrogel possesses 
a mesoporous structure, which is favorable for methyl-
ene blue adsorption because it facilitates dye diffusion 
into the hydrogel network and improves the accessibil-
ity of active functional groups such as hydroxyl, car-
boxyl, and amine groups (Sayed et al., 2025b).

After CuO incorporation, the BET surface area 
increased to 28.22 m2 g⁻1, while the total pore volume 
increased to 0.2201 cm3 g⁻1 and the mean pore diam-
eter reached 31.203 nm. This enhancement confirms 
that CuO nanoparticles contributed to the develop-
ment of a more open and accessible porous structure. 
The improvement may be attributed to the dispersion 
of CuO nanoparticles within the hydrogel matrix, 
which increases surface roughness, creates additional 
adsorption-active sites, and improves mass transfer 
pathways (Sayed et al., 2026).

The adsorption–desorption isotherms of both sam-
ples exhibit features typical of mesoporous materi-
als, with increased nitrogen uptake at higher relative 
pressure, indicating capillary condensation within 
mesopores. The NLDFT pore-size distribution curves 
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in Fig. 3c further confirmed the mesoporous nature of 
both materials. The pectin/Arabic gum-g-DEAEMA 
biohydrogel showed a narrow pore-size distribution 
centered at approximately 15.6 nm, while the CuO@
pectin/Arabic gum-g-DEAEMA nanocomposite 
hydrogel displayed a distribution centered at approxi-
mately 22.8 nm. This shift toward larger pores after 
CuO incorporation supports the formation of a more 
developed mesoporous network.

So, the increase in surface area, pore volume, 
and pore size after CuO incorporation plays an 
important role in enhancing methylene blue adsorp-
tion by improving dye diffusion and increasing the 

accessibility of active adsorption sites. These findings 
confirm that the CuO-loaded nanocomposite hydro-
gel has more favorable textural properties for efficient 
wastewater remediation applications.

3.5 � Antimicrobial Activity

Figure  4 highlights the antimicrobial activity of the 
pectin/Arabic gum-g-DEAEMA biohydrogel and the 
CuO@pectin/Arabic gum-g-DEAEMA nanocom-
posite hydrogel, emphasizing their potential role in 
wastewater treatment applications. The presence of 
microbial contaminants in wastewater significantly 
affects water quality and the efficiency of dye removal 
processes. The results demonstrate that incorporat-
ing CuO nanoparticles into the biohydrogel enhances 
its antimicrobial efficacy, which prevents biofouling 
and microbial proliferation in wastewater treatment 
systems (Joshi Navare et  al., 2020; Uneputty et  al., 
2022). Among the tested microorganisms, Bacil-
lus subtilis, a common bacterium found in wastewa-
ter, exhibited the highest inhibition zone (26 mm) 
with the CuO@pectin/Arabic gum-g-DEAEMA 
hydrogel, compared to 16 mm with the pectin/Ara-
bic gum-g-DEAEMA hydrogel and 19 mm with the 
control antibiotic. Similarly, Candida albicans, a 
pathogenic fungus frequently present in industrial 
effluents, showed a larger inhibition zone (27 mm) 
with the CuO-modified hydrogel than the control 
antibiotic (25 mm) and the unmodified hydrogel (18 
mm), highlighting its strong antifungal properties. 
These results suggest that the CuO-modified hydro-
gel can effectively reduce microbial contamination 
in wastewater treatment systems. For Staphylococ-
cus aureus, a biofilm-forming bacterium that can 
clog filtration membranes, the pectin/Arabic gum-
g-DEAEMA biohydrogel exhibited a weaker inhi-
bition (12 mm). In contrast, the CuO-loaded hydro-
gel improved antibacterial activity (15 mm), though 
slightly lower than the control antibiotic (20 mm). 
Escherichia coli and Klebsiella pneumoniae, both 
indicators of fecal contamination in wastewater, fol-
lowed a similar trend, with inhibition zones of 16 mm 
and 15 mm, respectively, for the pectin/Arabic gum-
g-DEAEMA hydrogel, increasing to 18 mm and 19 
mm with CuO incorporation. This enhancement sug-
gests that CuO nanoparticles mitigate microbial risks 
associated with wastewater treatment. The increased 

Fig. 3   Nitrogen adsorption–desorption isotherms of (a) pec-
tin/Arabic gum-g-DEAEMA biohydrogel and (b) CuO@pec-
tin/Arabic gum-g-DEAEMA nanocomposite hydrogel, and (c) 
NLDFT pore-size distribution curves



Water Air Soil Pollut        (2026) 237:1060 	 Page 13 of 27   1060 

Vol.: (0123456789)

antimicrobial efficiency of the CuO@pectin/Ara-
bic gum-g-DEAEMA hydrogel can be attributed to 
the ability of CuO nanoparticles to generate reac-
tive oxygen species (ROS), which disrupt microbial 
cell membranes and inhibit their growth (Guan et al., 
2021). The hydrogel’s strong antibacterial and anti-
fungal effects suggest its potential as a dual-function 
material for wastewater treatment, both as an adsor-
bent for dye removal and as an antimicrobial agent to 
prevent bacterial-induced biofouling (Thapliyal et al., 
2025). The results confirm that while the pectin/Ara-
bic gum-g-DEAEMA hydrogel exhibits moderate 

antimicrobial activity, its effectiveness is significantly 
enhanced upon CuO nanoparticle incorporation, mak-
ing it a promising material for sustainable wastewater 
treatment applications.

3.6 � Methylene Blue Removal

3.6.1 � Effect of pH

The effect of pH on methylene blue (MB) dye adsorp-
tion was investigated for pectin/Arabic gum-g-DEAEMA  

Fig. 3   (continued)

Table 1   BET surface area and porosity parameters of pectin/Arabic gum-g-DEAEMA biohydrogel and CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel

Sample (Vm)
(cm3 STP g⁻1)

BET constant, (C) BET surface 
area (m2 g⁻1)

Total pore 
volume (cm3 
g⁻1)

Mean pore 
diameter 
(nm)

NLDFT 
pore size 
(nm)

Pectin/Arabic gum-g-DEAEMA 
biohydrogel

3.2279 4.4795 14.05 0.08685 24.728 15.6

CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel

6.4836 7.1105 28.22 0.2201 31.203 22.8
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hydrogel and CuO @pectin/Arabic gum-g-DEAEMA 
nanocomposite. Figure (5a) shows that the highest MB 
removal was observed at pH 3, with efficiencies reach-
ing approximately 75% for the hydrogel and over 85% 
for the nanocomposite. Interestingly, a ΔpH versus 
pHinitial plot revealed two zero points of charge (ZPCs) 
at pH 1.8 and 8.0, indicating amphoteric behaviour of 
the adsorbent surface due to the coexistence of acidic 
(e.g., carboxyl from pectin/Arabic gum) and basic (e.g., 
amine from DEAEMA) functional groups Fig.  (5b). 
Below pH 1.8, the surface is positively charged; above 
pH 8.0, it becomes negatively charged; between these 
values, the surface exhibits a near-neutral or mixed 
charge character. Despite the cationic nature of MB, 
high removal at pH 3—where the electrostatic attrac-
tion is minimal—suggests that non-electrostatic 
mechanisms govern adsorption. These include hydro-
phobic interactions between the aromatic dye and the 
polymer backbone, π–π stacking with electron-rich 
regions, coordination with CuO nanoparticles, and 
physical entrapment within the hydrogel matrix, which 
is enhanced under acidic conditions due to tighter net-
work conformations. This multi-mechanistic adsorp-
tion agrees with previous reports emphasizing the role 
of π–π and hydrophobic interactions in MB uptake 
onto functionalized polymers and nanocomposites (El-
Kousy et  al., 2020; Elwakeel, 2009).Thus, the dual-
ZPC behaviour and diverse interaction pathways make 
the CuO@pectin/Arabic gum-g-DEAEMA nanocom-
posite a promising candidate for effective MB removal, 
particularly under mildly acidic conditions.

3.6.2 � Effect of Bioadsorbent Weight

Figure 5c illustrates the effect of adsorbent weight (g) 
on the removal percentage of MB dye onto both the 
pectin/Arabic gum-g-DEAEMA hydrogel and the 
CuO@pectin/Arabic gum-g-DEAEMA nanocomposite 
hydrogel at pH 3, with an initial MB dye concentration 
of 50 mg/L. The results indicate that as the adsorbent 
weight increases, the removal percentage of MB dye 

also increases up to 0.75 g. However, no significant 
increase in removal percentage is observed beyond this 
weight. This indicates that the system has reached equi-
librium, likely due to the saturation of internal adsorp-
tion sites and mass transfer limitations that restrict addi-
tional MB molecules from accessing unoccupied sites.

3.6.3 � Effect of Contact Time

Figure  5d depicts the effect of contact time (min) 
on the removal percentage of MB dye onto both the 
pectin/Arabic gum-g-DEAEMA hydrogel and the 
CuO@pectin/Arabic gum-g-DEAEMAnanocompos-
ite hydrogel at pH 3, with an initial MB dye concen-
tration of 50 mg/L and an adsorbent weight of 0.75 
g. The results show that the removal percentage of 
MB dye increases with contact duration, indicating 
that adsorption happens quickly in the early phases 
due to the abundance of active binding sites on the 
hydrogel surface. As contact time increases, more 
MB dye molecules diffuse into the hydrogel network 
and bind to accessible functional groups, gradually 
increasing removal efficiency. However, after 60 
min, the adsorption process reaches equilibrium, 
and no valuable change in the removal percentage 
is noted. This equilibrium state may be attributed to 
the saturation of adsorption sites, where most bind-
ing sites are occupied, or mass transfer limitations 
that restrict additional MB molecules from access-
ing unoccupied sites. Furthermore, the adsorption 
and desorption rates may become balanced at equi-
librium, avoiding further dye uptake.

3.6.4 � Effect of MB Dye Initial Concentration

Figure  5e illustrates the effect of methylene blue 
(MB) dye initial concentration (mg/L) on the 
removal percentage of both the pectin/Arabic gum-
g-DEAEMA hydrogel and the CuO@pectin/Arabic 
gum-g-DEAEMA nanocomposite hydrogel at pH 3, 
with a contact time of 60 min and an adsorbent weight 
of 0.75 g. The results reveal distinct trends for the 
two materials: for the CuO@pectin/Arabic gum-g-
DEAEMAnanocomposite hydrogel, the removal per-
centage remains at 100% until an initial dye concen-
tration of 20 mg/L gradually decreases. This decline 
happens significantly slower than in the pectin/Arabic 

Fig. 4   Antimicrobial activity of pectin/Arabic gum-g-
DEAEMA hydrogel (a) and CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel (b). Control (c): gentamy-
cin was used for bacteria and fluconazole was used for fungi at 
a concentration of 1.0 mg/mL

◂
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gum-g-DEAEMA hydrogel. The CuO@pectin/Ara-
bic gum-g-DEAEMA nanocomposite hydrogel has a 
higher sustained adsorption capability.

The observed trends highlight the different adsorp-
tion behaviors of the two biohydrogels in response to 
varying initial dye concentrations. The pectin/Ara-
bic gum-g-DEAEMA hydrogel exhibits a decrease in 
removal percentage with increasing initial dye con-
centration, indicating saturation of available adsorp-
tion sites at higher dye concentrations. In contrast, the 
CuO@pectin/Arabic gum-g-DEAEMA nanocomposite 

hydrogel maintains a removal percentage of 100% 
up to an initial dye concentration of 20 mg/L before 
gradually decreasing, suggesting a higher adsorption 
capacity and resilience to higher dye concentrations. 
The superior performance of the CuO@pectin/Ara-
bic gum-g-DEAEMA nanocomposite hydrogel can be 
attributed to the presence of CuO nanoparticles, which 
enhance the adsorption capacity and provide additional 
active sites for dye molecules. The gradual decrease 
in removal percentage at higher dye concentrations 
indicates the eventual saturation of these active sites, 
albeit at a much slower rate compared to the pectin/
Arabic gum-g-DEAEMA hydrogel. These findings 
underscore the importance of considering initial dye 
concentrations when designing adsorption processes 
using hydrogel materials. The CuO@pectin/Arabic 

Fig. 5   Effect of pH (a), zero point of charge (b), bioadsor-
bent weight (c), contact time (d), and initial MB dye concen-
tration (e) on the removal (%) of MB dye using pectin/Arabic 
gum-g-DEAEMA hydrogel and CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel, and (f) pictorial illustra-
tion of the MB dye adsorption process

Fig. 5   (continued)
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gum-g-DEAEMA nanocomposite hydrogel shows 
promise for efficient removal of MB dye across a wide 
range of concentrations, making it a valuable candidate 
for various water treatment applications.

3.7 � Morphological Study

The Morphological study of pectin/Arabic gum-g-
DEAEMA hydrogel and CuO@pectin/Arabic gum-
g-DEAEMA nanocomposite hydrogel before and 
after MB dye loaded was investigated by the SEM 
and presented in Fig. 6.

The SEM image of pectin/Arabic gum-g-
DEAEMA hydrogel (Fig.  6a) reveals a highly 
fibrous and rough surface morphology. For CuO@
pectin/Arabic gum-g-DEAEMA nanocomposite 
hydrogel (Fig.  6b) shows a significantly different 
surface morphology characterized by compact and 
crumpled surface morphology. The incorporation 

of CuO nanoparticles results in a granular appear-
ance, which can enhance the mechanical properties 
of the hydrogel(Miralaei et al., 2023). The wrinkled 
surface and distribution of CuO nanoparticles could 
enhance the available for interactions with exter-
nal molecules, potentially improving the hydrogel’s 
adsorption capabilities(Qumar et al., 2022).

After MB loading, pectin/Arabic gum-g-
DEAEMA hydrogel (Fig.  6c) with a noticeably 
altered surface. The dye molecules appear to coat 
the surface uniformly, leading to a smoother 
appearance. This uniform coating suggests effi-
cient adsorption of MB dye, facilitated by the 
hydrogel’s surface properties rather than pore 
availability(Wang et  al., 2020). The presence of 
cracks and aggregated structures suggests poten-
tial interactions between the dye molecules and 
the material’s surface. For MB dye-loaded CuO@
pectin/Arabic gum-g-DEAEMA nanocomposite 
hydrogel (Fig.  6d), the presence of CuO nanopar-
ticles, which was prominent in the unloaded nano-
composite, is less visible due to the dye coating. 
The smoother surface indicates that the dye mol-
ecules have effectively interacted with and adhered 
to the hydrogel’s surface (Mahmoud et  al., 2020). 
This surface appears more textured, with noticeable 
deposits and surface irregularities. The increased 
roughness could indicate dye adsorption onto the 
composite, potentially through electrostatic inter-
actions or chemical bonding with active sites. This 
suggests that the nanocomposite’s structure allows 
for substantial dye uptake, which is beneficial for 
applications requiring effective dye removal.

3.8 � Kinetic Study

The adsorption kinetics of methylene blue (MB) 
dye onto the pectin/Arabic gum-g-DEAEMA and 
CuO@pectin/Arabic gum-g-DEAEMA nanocom-
posite hydrogel were evaluated using the pseudo-
first-order (PFO) and pseudo-second-order (PSO) 
kinetic models, as presented in Fig. 7a. The kinetic 
parameters obtained from fitting the experimental 
data to these models are summarized in Table  2. 
The results indicate that both systems follow a PSO 
kinetic model more closely than the PFO model, as 
evidenced by the higher R2 values for PSO in both 
cases. For pectin/Arabic gum-g-DEAEMA, the PSO 

Fig. 5   (continued)
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model yielded an equilibrium adsorption capac-
ity (qe) of 240.56 mg/g, with a rate constant (k₂) of 
1.26515 × 10⁻4 g/mg·min, achieving a strong corre-
lation coefficient (R2 = 0.98912). In comparison, the 
PFO model resulted in a lower qe of 207.58 mg/g 
and a reduced correlation (R2 = 0.94752), suggest-
ing that the chemisorption-based PSO model better 
describes the adsorption process (Al‐Hazmi et  al., 
2022). Similarly, for CuO@pectin/Arabic gum-g-
DEAEMA, the PSO model exhibited a superior fit 
with an equilibrium adsorption capacity of 256.56 
mg/g and a k₂ value of 3.2024 × 10⁻4 g/mg·min 

(R2 = 0.98529). The PFO model for the CuO-mod-
ified hydrogel resulted in a lower qe of 230.18 
mg/g with an improved but still inferior R2 value of 
0.99453, confirming that the PSO model better rep-
resents the adsorption process.

The enhancement in qe for the CuO-incorpo-
rated hydrogel compared to pectin/Arabic gum-g-
DEAEMA hydrogel suggests that CuO nanoparti-
cles contribute to an increased adsorption capacity, 
likely due to additional active sites and enhanced 
surface interactions. The faster adsorption kinetics 
observed in the CuO-modified hydrogel (higher k₂ 

((cc)) ((dd))

CCuuOO

((bb))
((aa))

Fig. 6   SEM images of pectin/Arabic gum-g-DEAEMA hydro-
gel (a), CuO@pectin/Arabic gum-g-DEAEMA nanocomposite 
hydrogel (b), MB dye-loaded pectin/Arabic gum-g-DEAEMA 

hydrogel (c), and MB dye-loaded CuO@pectin/Arabic gum-g-
DEAEMA nanocomposite hydrogel (d)
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Fig. 7   (a) Adsorption 
kinetics of MB dye onto 
pectin/Arabic gum-g-
DEAEMA and CuO@
pectin/Arabic gum-g-
DEAEMA hydrogels; 
Langmuir, Freundlich, and 
Redlich–Peterson isotherm 
models for the adsorption 
of MB dye onto (b) pectin/
Arabic gum-g-DEAEMA 
hydrogel and (c) CuO@
pectin/Arabic gum-g-
DEAEMA nanocomposite 
hydrogel
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value) also indicate that the introduction of CuO 
nanoparticles improves the hydrogel’s ability to 
remove MB dye efficiently.

The findings confirm that the adsorption of MB 
dye onto both hydrogels is best described by the 

pseudo-second-order kinetic model, suggesting 
that the process is mainly controlled by chemisorp-
tion mechanisms involving electrostatic interactions 
and surface complexation (Yousry et al., 2025). The 
CuO@pectin/Arabic gum-g-DEAEMA hydrogel 
exhibits superior adsorption capacity and faster kinet-
ics, demonstrating its potential as an efficient adsor-
bent for wastewater treatment applications.

3.9 � Isotherm Study

The adsorption isotherms for adsorption of MB dye 
onto pectin/Arabic gum-g-DEAEMA biohydrogel 
and CuO@pectin/Arabic gum-g-DEAEMA nano-
composite hydrogel were studied using the Langmuir, 
Freundlich, and Redlich-Peterson models, as shown 
in Fig.  7b and c. The model parameters and fitting 
accuracy for each system are summarized in Table 3.

For the pectin/Arabic gum-g-DEAEMA biohydro-
gel, the isotherm parameters suggest the following 
observations:

•	 Langmuir Model: The maximum adsorption capac-
ity (qmax) was 275.81 mg/g, with an adsorption 
affinity constant (kL) of 0.12008 L/mg. However, 

Fig. 7   (continued)

Table 2   Kinetic parameters for MB dye adsorption

Model Parameter pectin/Arabic 
gum-g-DEAEMA

CuO@pectin/
Arabic gum-g-
DEAEMA

qe exp. (mg/g) 187.5 225
PFO Equation qt = qe

(

1 − e−k1 t
)

qe(mg/g) 207.58 ± 13.05 230.18 ± 3.30
k
1
(min⁻1) 0.02203 ± 0.0029 0.04968 ± 0.0045

Reduced Chi-
Sqr

200.11 31.21

R2 0.94752 0.99453
PSO Equation qt =

k
2
q2
e
t

1+k
2
qet

qe(mg/g) 240.56 ± 14.86 256.56 ± 10.54
k
2
(g/mg·min) 1.26515 × 10⁻4 3.2024 × 10⁻4

Reduced Chi-
Sqr

61.38 83.96

R2 0.98912 0.98529
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the R2 value of 0.78088 indicates a moderate fit, 
and the high reduced Chi-square (χ2 = 1236.14) 
suggests some deviation from monolayer adsorp-
tion behavior (Al-Gorair et al., 2022).

•	 Freundlich Model: The adsorption intensity fac-
tor (nf) was 2.68, indicating favorable adsorption. 
The Freundlich constant (kf) was 61.76 mg/g. The 
higher R2 value of 0.84682 compared to Lang-
muir suggests that adsorption follows a multilayer 
mechanism with heterogeneous surface adsorption 
(Hussain et al., 2025).

•	 Redlich-Peterson Model: This model, which 
combines features of both Langmuir and Fre-
undlich, yielded an R2 value of 0.93615, indi-
cating the best fit among the three models. The 
model parameter g = 0.45065 suggests a devia-
tion from ideal Langmuir behavior, reinforcing 
the presence of heterogeneous adsorption sites 
(Mahmoud et al., 2023).

For the CuO@pectin/Arabic gum-g-DEAEMA 
nanocomposite hydrogel, significant differences in 
adsorption behavior were observed:

•	 Langmuir Model: The maximum adsorption 
capacity (qmax) was 219.82 mg/g, but the adsorp-
tion affinity constant (KL) showed an unrealis-

tic negative value, indicating poor model fitting 
(R2 = 0.47837). This suggests that the Langmuir 
model is not suitable for describing the adsorption 
process for the CuO-modified hydrogel.

•	 Freundlich Model: The model provided an excel-
lent fit, with an R2 value of 0.99989, indicating a 
strong multilayer adsorption behavior. The adsorp-
tion intensity factor (nf = 3.66) suggests stronger 
adsorption compared to the unmodified hydro-
gel. The Freundlich constant (Kf = 145.96 mg/g) 
was significantly higher than that for the unmodi-
fied hydrogel, showing that the CuO modification 
enhances adsorption efficiency.

•	 Redlich-Peterson Model: This model also pro-
vided a good fit (R2 = 0.8031), but with a higher 
reduced Chi-square (χ2 = 2436.04), indicating 
deviations at higher concentrations. The value of 
g = 0.89511 suggests that the model approaches 
Langmuir-like behavior at higher concentrations.

The CuO@pectin/Arabic gum-g-DEAEMA hydro-
gel exhibited superior adsorption capacity and affin-
ity compared to the pectin/Arabic gum-g-DEAEMA 
hydrogel. The Freundlich model provided the best 
fit for the CuO-modified hydrogel, confirming that 
adsorption occurs through multilayer interactions on 
a heterogeneous surface. The Redlich-Peterson model 

Table 3   Isotherm model 
parameters for MB Dye 
adsorption

Model Parameter Pectin/Arabic Gum-g-
DEAEMA

CuO@Pectin/
Arabic Gum-g-
DEAEMA

Langmuir Equation qe =
qmaxKLCe

1+KLCe

qmax (mg/g) 275.81 219.82
KL (L/mg) 0.12008 −5.09E45 (poor fit)
R2 0.78088 0.47837
χ2 5736 1236

Freundlich Equation qe = KFC
1∕nf
e

Kf (mg/g) 61.76 145.96
nf 2.68 3.66 ± 0.46
R2 0.84682 0.99989 (Best fit)
χ2 1.25 864

Redlich-Peterson Equation qe =
KRCe

1+aRC
g
e

aR 372147.61 194.96
KR 10009.20 0.76476
g 0.45065 0.89511
R2 0.93615 (Best fit) 0.8031
χ2 2436 415



	 Water Air Soil Pollut        (2026) 237:1060  1060   Page 22 of 27

Vol:. (1234567890)

best described the adsorption behavior of the pec-
tin/Arabic gum-g-DEAEMA hydrogel, suggesting a 
combination of monolayer and multilayer adsorption 
mechanisms.

The CuO incorporation enhanced the adsorp-
tion performance of the biohydrogel, increasing the 
adsorption capacity and improving surface interac-
tions. The adsorption followed a heterogeneous, mul-
tilayer mechanism, as indicated by the strong agree-
ment with the Freundlich isotherm. These results 
suggest that CuO@pectin/Arabic gum-g-DEAEMA 
hydrogels can be effectively used for MB dye removal 
in wastewater treatment applications.

3.10 � Adsorption Mechanism of Methylene Blue

The adsorption mechanism of methylene blue (MB) 
onto pectin/Arabic gum-g-DEAEMA biohydrogel and 
CuO@pectin/Arabic gum-g-DEAEMA nanocompos-
ite hydrogel was interpreted based on the kinetic, iso-
therm, and structural analyses, as illustrated schemati-
cally in Fig.  8. The obtained kinetic results revealed 
that the adsorption process follows the pseudo-sec-
ond-order (PSO) model, indicating that chemisorp-
tion is the dominant adsorption mechanism involving 

electron sharing or exchange between the adsorbent 
surface and MB molecules (Verma et al., 2026a).

The Freundlich isotherm model provided the best 
fit for the CuO-loaded nanocomposite hydrogel, 
suggesting heterogeneous multilayer adsorption on 
energetically non-uniform surfaces. In contrast, the 
pristine pectin/Arabic gum-g-DEAEMA hydrogel 
exhibited mixed adsorption characteristics, indicat-
ing the coexistence of monolayer and multilayer 
adsorption processes. These findings indicate that 
the incorporation of CuO nanoparticles generated 
additional adsorption-active sites and increased sur-
face heterogeneity.

The adsorption of MB onto the developed hydrogel 
systems mainly occurs through multiple synergistic 
interactions. Electrostatic attraction plays an impor-
tant role due to the interaction between the cationic 
MB dye molecules and negatively charged functional 
groups such as carboxylate groups ((–COO−)) present 
in pectin and Arabic gum chains. Hydrogen bonding 
may also occur between MB molecules and hydroxyl 
((–OH)), carboxyl ((–COOH)), and amine-containing 
groups within the hydrogel network.

Additionally, π–π stacking interactions can occur 
between the aromatic rings of methylene blue and 

Fig. 8   Proposed adsorption mechanism of methylene blue (MB) onto CuO@pectin/Arabic gum-g-DEAEMA nanocomposite hydrogel
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the polymeric chains of the hydrogel matrix, contrib-
uting to stronger adsorption affinity. The incorpora-
tion of CuO nanoparticles further enhanced adsorp-
tion through surface coordination interactions and by 
increasing the available surface area and pore acces-
sibility. The BET and NLDFT analyses confirmed the 
mesoporous structure of the nanocomposite hydrogel, 
which facilitates dye diffusion and improves mass 
transfer within the porous network.

The enhanced adsorption performance of the 
CuO@pectin/Arabic gum-g-DEAEMA nanocom-
posite hydrogel compared with the pristine hydrogel 
can therefore be attributed to the synergistic effect of 
improved porosity, increased adsorption-active sites, 
and the coexistence of electrostatic attraction, hydro-
gen bonding, π–π stacking, and CuO-assisted surface 
interactions. Similar adsorption behavior and multi-
functional interaction mechanisms have recently been 
reported for hydrogel-based adsorbents in wastewater 
remediation applications (Sharma et al., 2026).

A comparison between the adsorption perfor-
mance of the developed CuO@pectin/Arabic gum-
g-DEAEMA nanocomposite hydrogel and previously 
reported adsorbents for methylene blue (MB) removal 
is presented in Table 4. The developed nanocompos-
ite hydrogel exhibited a maximum adsorption capac-
ity 

(

q
m

)

 of 275.81 mg g⁻1, which is significantly 
higher than many recently reported adsorbent sys-
tems, including CuO NCs/CMC (100 mg g⁻1), pectin-
modified @CuO (132.27 mg g⁻1), XGmMAN-3@
CuO nanocomposite (144.5 mg g⁻1), and AgTiO₂@
AG-g-P(AM-co-AN) hydrogel (104.5 mg g⁻1).

The superior adsorption performance of the devel-
oped hydrogel can be attributed to the synergistic 
combination of the mesoporous hydrogel network, 
the abundance of functional groups originating from 

pectin, Arabic gum, and DEAEMA, as well as the 
incorporation of CuO nanoparticles, which provide 
additional adsorption-active sites and improve sur-
face heterogeneity. Moreover, the gamma irradia-
tion–induced synthesis route contributed to the forma-
tion of a uniform crosslinked structure with enhanced 
porosity and structural stability, facilitating efficient 
dye diffusion and adsorption.

4 � Conclusion

In this study, pectin/Arabic gum-g-DEAEMA hydro-
gels and CuO@pectin/Arabic gum-g-DEAEMA nano-
composite hydrogels were successfully synthesized 
via gamma irradiation-induced copolymerization as a 
clean, initiator-free alternative to conventional chemi-
cal synthesis methods. Structural and physicochemi-
cal characterizations confirmed the successful grafting 
of DEAEMA and the effective incorporation of CuO 
nanoparticles into the hydrogel matrix. The incorpora-
tion of CuO nanoparticles improved the thermal stabil-
ity, surface morphology, and porous structure of the 
hydrogel. BET analysis showed an increase in surface 
area from 14.05 to 28.22 m2 g⁻1, while the total pore 
volume increased from 0.08685 to 0.2201 cm3  g⁻1, 
confirming enhanced porosity and greater accessibil-
ity of adsorption sites. These textural improvements 
contributed to the enhanced methylene blue adsorption 
performance of the nanocomposite hydrogel. Adsorp-
tion kinetic studies showed that the adsorption process 
followed the pseudo-second-order model, indicating 
chemisorption as the dominant mechanism. Isotherm 
analysis revealed that the CuO-loaded nanocomposite 
hydrogel followed the Freundlich model, suggesting 

Table 4   Comparison of 
the maximum adsorption 
capacity (qm mg/g) of 
CuO@pectin/Arabic 
gum-g-DEAEMA 
nanocomposite hydrogel 
with previously reported 
adsorbents for methylene 
blue dye removal from 
aqueous solutions

Adsorbent (qm mg/g) Ref. no

CuO NCs/CMC 100 (Albokheet and Alfaiyz, 2021)
pectin-modified @CuO 132.27 (Kumar et al., 2024)
XGmMAN-3@CuO NCs 144.5 (Yadav et al., 2025)
CL-GA/Fe3O4 209.8 (Farsijani & Nojavan, 2024)
CA/GA/ES 29.71 (Sandikci & Isik, 2025)
AgTiO2@AG-g-P(AM-co-AN) 104.5 (Taha et al., 2021)
CuO@pectin/Arabic gum-g-DEAEMA 275.81 Present study
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heterogeneous multilayer adsorption, whereas the pris-
tine hydrogel showed mixed adsorption behavior. The 
CuO@pectin/Arabic gum-g-DEAEMA nanocompos-
ite hydrogel achieved a maximum adsorption capac-
ity of 275.81  mg  g⁻1, exceeding several previously 
reported adsorbents. In addition to its adsorption per-
formance, the CuO-loaded hydrogel exhibited notable 
antimicrobial activity, suggesting its potential to reduce 
biofouling in water treatment applications. Overall, 
the findings demonstrate that gamma irradiation is 
an effective strategy for developing multifunctional, 
biopolymer-based nanocomposite hydrogels with 
improved adsorption efficiency, porosity, thermal sta-
bility, and antimicrobial functionality. These properties 
make the developed material a promising candidate for 
sustainable wastewater remediation.
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