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A B S T R A C T

The increasing discharge of toxic and non-biodegradable dyes from textile wastewater poses a significant environmental challenge,

necessitating the development of efficient and sustainable treatment technologies. This study investigates the adsorption performance

of a CuO–ZnO nanocomposite supported on banana stalk-derived activated carbon (BSAC) for the removal of Cresol Red (CR) dye

from aqueous solution. The composite was synthesized via co-precipitation and characterized using X-ray diffraction (XRD), Raman

spectroscopy, scanning electron microscopy (SEM), and thermogravimetric/differential thermal analysis (TGA/DTA), confirming

the formation of a porous, thermally stable, and structurally integrated material. Batch adsorption experiments were conducted

to evaluate the effects of pH (2–10), contact time (5–180 min), adsorbent dosage (0.01–0.10 g), and initial dye concentration.

Maximum adsorption was achieved at an equilibrium concentration of 100 mg L−1, pH 6, 0.01 g dosage, and 30 min contact

time, with an adsorption capacity of 178.8 mg g−1. Kinetic analysis revealed that the adsorption followed the pseudo-second-order

model (R2
= 0.9932), indicating chemisorption as the dominant mechanism. Equilibrium data were best described by the Temkin

isotherm, while the Freundlich model further suggested multilayer adsorption on a heterogeneous surface. The results demonstrate

that the CuO–ZnO/BSAC composite is a low-cost, sustainable, and efficient adsorbent with strong potential for application in

dye-contaminated wastewater treatment.
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1. INTRODUCTION

The rapid growth of the textile industry has significantly con-

tributed to global economic development; however, it has also

emerged as one of the most critical sources of environmental

pollution because of the large-scale discharge of untreated dye-
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laden wastewater [1]. Textile effluents are complex and highly

contaminated, containing a wide range of synthetic dyes, auxil-

iary chemicals, and heavy metals that resist natural degradation

processes. The persistence and recalcitrant nature of these pol-

lutants have raised serious environmental concerns, particularly

in developing and industrialized regions where wastewater treat-

ment infrastructure is often inadequate [2].

It is estimated that more than 70 million tonnes of synthetic
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dyes are produced annually worldwide, with a considerable frac-

tion released into aquatic environments during textile process-

ing because of inefficient dye-fixation mechanisms [3]. These

dyes, including azo, reactive, acid, and disperse dyes, possess

complex aromatic molecular structures that confer high stabil-

ity against light, heat, and microbial attack. Consequently, they

persist in water bodies for extended periods, leading to severe

ecological and health-related consequences [4]. The discharge

of dye-containing effluents reduces light penetration, disrupts

photosynthetic activity in aquatic systems, and contributes to in-

creased biochemical oxygen demand (BOD) and chemical oxy-

gen demand (COD), ultimately resulting in oxygen depletion and

ecosystem imbalance [5].

In addition to dyes, textile wastewater often contains toxic

heavymetals such as chromium, cadmium, mercury, lead, and ar-

senic, as well as various organic additives used during processing

operations such as sizing, bleaching, and finishing. These con-

taminants can bioaccumulate in living organisms and biomagnify

through the food chain, posing long-term risks including muta-

genicity, carcinogenicity, and organ toxicity [6, 7]. The com-

plex composition and high variability of textile effluents make

their treatment particularly challenging, necessitating the devel-

opment of efficient and sustainable remediation strategies.

Conventional wastewater treatment methods, including

coagulation–flocculation, advanced oxidation processes, mem-

brane filtration, and biological treatments, have been widely

applied for dye removal. However, these techniques often have

important limitations, such as high operating costs, energy

requirements, incomplete removal of recalcitrant compounds,

and generation of secondary pollutants [6, 8]. As a result,

adsorption has gained considerable attention as a promising

alternative because of its operational simplicity, high efficiency,

and economic feasibility.

In recent years, adsorption research has shifted toward the de-

velopment of low-cost, eco-friendly, and high-performance ad-

sorbents derived from renewable resources. Agricultural wastes,

particularly lignocellulosic biomass, have emerged as attrac-

tive precursors for activated carbon production because of their

abundance, low cost, and favorable physicochemical properties.

Among these materials, banana stalk is a readily available and

underutilized biomass with high carbon content and inherent

porosity, making it a suitable candidate for sustainable adsorbent

synthesis [9, 10].

To further enhance adsorption performance, surface modifica-

tion and composite formation with metal oxides have been ex-

tensively explored. Metal oxides such as copper oxide (CuO)

and zinc oxide (ZnO) exhibit unique physicochemical proper-

ties, including high surface reactivity, photocatalytic activity, and

strong affinity for organic pollutants. The integration of these

metal oxides with biomass-derived activated carbon can create

synergistic effects, resulting in improved adsorption capacity, en-

hanced surface functionality, and increased availability of active

sites [11, 12]. Despite these advantages, studies on CuO–ZnO-

supported biomass-derived activated carbon composites, partic-

ularly from banana stalk, remain relatively limited, highlighting

a significant research gap.

Furthermore, understanding the adsorption mechanism is cru-

cial for optimizing adsorbent performance and scaling up for

practical applications. This requires comprehensive evaluation

using adsorption isotherm and kinetic models to elucidate the in-

teraction between adsorbate and adsorbent, as well as the rate-

controlling steps governing the process [13, 14].

Therefore, the present study aims to synthesize a novel CuO–

ZnO nanocomposite supported on banana stalk-derived activated

carbon and evaluate its efficiency for removing Cresol Red dye

from aqueous solutions. The study also investigates adsorption

behavior through equilibrium isotherm and kinetic modeling,

thereby providing valuable insight into the adsorption mecha-

nism and the potential application of the developed material in

sustainable wastewater treatment.

2. MATERIALS AND METHODS

2.1. MATERIALS

All reagents used were of analytical grade and were purchased

from Sigma-Aldrich (USA) and BDH (UK). Cresol Red dye, hy-

drochloric acid (HCl), and sodium hydroxide (NaOH) were used

without further purification. Banana stalks were collected lo-

cally, washed, and dried.

2.2. PREPARATION OF ACTIVATED CARBON

The dried banana stalks were carbonized at 500 ◦C for 2 h under

limited oxygen conditions. The resulting carbon was activated

using 2 M HNO3 for 24 h and was washed to neutral pH and

dried at 110 ◦C to obtain banana stalk activated carbon (BSAC)

[15].

2.3. SYNTHESIS OF CUO–ZNO COMPOSITE

The CuO–ZnO nanocomposite was synthesized via a co-

precipitation technique using zinc nitrate and copper nitrate at

a 2:1 molar ratio, with a slight modification of the method re-

ported in Ref. [16]. The mixture was precipitated at pH 10,

aged, filtered, dried, and calcined at 400–500 ◦C to obtain the

final composite.

2.4. CHARACTERIZATION OF THE CUO–ZNO COMPOSITE

The synthesized CuO–ZnO composite was characterized to de-

termine its structural, morphological, and thermal properties. X-

ray diffraction (XRD) analysis was performed to identify the

crystalline phases present in the material. Raman spectroscopy

was used to investigate the molecular structure and bonding

characteristics of the composite. Surface morphology and par-

ticle distribution were examined using scanning electron mi-

croscopy (SEM). Thermogravimetric and differential thermal

analyses (TGA/DTA)were conducted to evaluate the thermal sta-

bility and decomposition behavior of the material. These char-

acterization techniques provided comprehensive information on

the physicochemical properties of the synthesized adsorbent.

2.5. ADSORPTION EXPERIMENTS

Batch adsorption experiments were conducted in 250 mL Erlen-

meyer flasks by contacting 0.01–0.10 g of CZ–BSAC composite

with 30 mL of Cresol Red solution at an initial concentration of

100 mg L−1. The effect of contact time was investigated over

5–180 min (5, 10, 20, 30, 60, 120, and 180 min), while the solu-

tion pH was adjusted between 2 and 10 using 2 M HCl and 2 M
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(a) Raman spectrum. (b) SEM micrograph.

Figure 1. Characterization of the CuO–ZnO composite: (a) Raman spectrum and (b) SEM micrograph.

Table 1. Summary of isotherm study on the adsorption of Cresol Red dye onto the CuO–ZnO composite.

Isotherm model Parameter Value Unit

Freundlich R2 0.7194 —

Kf 0.5678 (mg g−1)(L mg−1)1/n

n 2.2016 —

Langmuir R2 0.4883 —

qmax 67.02 mg g−1

KL 0.3325 L mg−1

RL 0.015–0.231 —

Temkin R2 0.9754 —

A 5.0968 L g−1

B 0.0133 J mol−1

Table 2. Summary of kinetic study on the adsorption of Cresol Red dye onto the CuO–ZnO composite.

Kinetic model R2 Rate constant Calculated parameter Unit

Pseudo-first-order 0.6072 k1 = 0.00712 qe (cal.) = 39.001 min−1

Pseudo-second-order 0.9932 k2 = 7.17 × 10−7 qe (cal.) = 178.810; qe (exp.) = 183.512 g mg−1 min−1

Intraparticle diffusion 0.5102 kid = 0.0602 C = −1.514 mg g−1

NaOH where applicable. The influence of adsorbent dosage was

evaluated using 0.01, 0.02, 0.04, 0.06, and 0.10 g per flask.

At the end of each adsorption period, the suspensions were

separated by vacuum filtration using Whatman No. 42 filter pa-

per. The residual concentration of Cresol Red (Ce) in the filtrate

was determined by measuring absorbance at 433 nm using a UV–

Vis spectrophotometer (Model AVI-721). All experiments were

performed in triplicate, and the results are presented as mean val-

ues ± standard deviation.

The percentage of Cresol Red adsorbed and the quantity ad-

sorbed were calculated using Eqs. (1) and (2), respectively:

Percentage adsorbed (%) =
C0 − Ce

C0

× 100, (1)

qe =
(C0 − Ce)V

m
, (2)

where C0 and Ce are the Cresol Red concentrations (mg L−1)

before and after adsorption, respectively; V is the Cresol Red

solution volume; and m is the adsorbent mass.

2.6. ADSORPTION MODELING

2.6.1. Isotherm model study

Adsorption equilibrium data were analyzed using the Langmuir,

Freundlich, and Temkin isotherm models to describe the interac-

tion between Cresol Red molecules and the CZ–BSAC compos-

ite surface.

The Langmuir isotherm assumes monolayer adsorption on a

homogeneous surface with a finite number of identical sites and
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(a) X-ray diffractogram.

(b) TGA/DTA curve.

Figure 2. Characterization of the CuO–ZnO composite: (a) X-ray diffractogram and (b) TGA/DTA graph.

is expressed as

Ce

qe
=

1

qoKL
+

1

qo
Ce, (3)

RL =
1

1 + KLCo
, (4)

where Ce is the equilibrium concentration (mg L−1), qe is the

quantity adsorbed at equilibrium (mg g−1), qo is the optimal

monolayer coverage of the quantity adsorbed on the adsorbent

surface (mg g−1), and KL is the Langmuir constant (L mg−1).
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(a) Initial concentration. (b) Solution pH.

Figure 3. Effects of (a) initial Cresol Red dye concentration and (b) solution pH on the adsorption of Cresol Red dye onto the CuO–ZnO composite.

(a) Adsorbent dosage. (b) Contact time.

Figure 4. Effects of (a) adsorbent dosage and (b) contact time on the adsorption of Cresol Red dye onto the CuO–ZnO composite.

The Freundlich isotherm is represented as

log qe =
1

n
logCe + logKf , (5)

where Kf is the Freundlich adsorption exponent and 1/n is the

Freundlich distribution coefficient of the average adsorption ca-

pacity of the solid.

The Temkin isotherm considers adsorbent–adsorbate interac-

tions and assumes that the heat of adsorption decreases linearly

with surface coverage:

qe =
RT

bT
lnAT +

RT

bT
lnCe, (6)

where AT is the equilibrium binding constant (L g−1), bT is the

Temkin isotherm constant, R is the universal gas constant (8.314

J mol−1 K−1), and T is the temperature (298 K).

2.6.2. Kinetic model study

The adsorption kinetics were evaluated using pseudo-first-order,

pseudo-second-order, and intraparticle diffusion models to deter-
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(a) Langmuir. (b) Freundlich. (c) Temkin.

Figure 5. Isotherm study plots for the adsorption of Cresol Red dye onto the CuO–ZnO composite: (a) Langmuir, (b) Freundlich, and (c) Temkin.

(a) Pseudo-first-order. (b) Pseudo-second-order. (c) Intraparticle diffusion.

Figure 6. Kinetic study plots for the adsorption of Cresol Red dye onto the CuO–ZnO composite: (a) pseudo-first-order, (b) pseudo-second-order, and (c)

intraparticle diffusion.

mine the adsorption rate and mechanism.

The pseudo-first-order model is expressed as

ln(qe − qt ) = ln qe − k1t , (7)

where qt is the quantity adsorbed at time t (mg g−1), t is the con-

tact time of adsorption (min), and k1 is the adsorption constant

for the pseudo-first-order model.

The pseudo-second-order kinetic model is given as

t

qt
=

1

k2q2
e

+

t

qe
, (8)

where k2 is the adsorption constant for the pseudo-second-order

model.

The intraparticle diffusion equation is expressed as

qt = kid t
1/2
+ Cid , (9)

where kid is the adsorption constant for the intraparticle diffusion

model and Cid is the boundary-layer constant.

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATION OF THE CUO–ZNO COMPOSITE

As shown in Figure 1(a), the Raman spectrum of the CuO–ZnO

composite confirms the successful formation of the metal ox-

ide system. The characteristic vibrational bands observed in the

spectrum correspond to the intrinsic phonon modes of CuO and

ZnO phases, consistent with Ref. [17]. The presence of distinct

peaks associated with Cu–O and Zn–O lattice vibrations indi-

cates that both oxides are successfully incorporated within the

composite structure without significant phase distortion. The ab-

sence of additional impurity bands suggests high phase purity

and effective synthesis of the CuO–ZnO composite. Further-

more, the slight peak broadening may be attributed to reduced

crystallite size and increased lattice strain resulting from strong

interfacial interactions between CuO and ZnO particles [12].

Figure 1(b) presents the SEM micrograph analysis of the

CuO–ZnO composite. The SEM image reveals an irregular and

heterogeneous surface morphology with agglomerated nanopar-

ticles distributed across the surface. This rough and porous tex-

ture is beneficial for adsorption applications because it provides

more active sites for dye molecule interaction. The uniform

distribution of these elements suggests successful integration of

CuO and ZnO phases within the composite matrix, which is es-

sential for synergistic adsorption performance [18].

The X-ray diffractogram presented in Figure 2(a) further val-

idates the crystalline nature of the CuO–ZnO composite. The

diffraction peaks correspond well to the monoclinic and hexag-

onal phases of CuO (JCPDS-48-1548) and ZnO (JCPDS-36-

1451), respectively [19], indicating successful formation of a

heterostructured composite without formation of undesired sec-
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ondary phases. The sharp and well-defined peaks confirm the

crystalline nature of the material, while slight peak broadening

suggests nanocrystalline behavior. The characteristic peaks at

31.7◦, 34.4◦, and 36.2◦ (2θ) correspond to the (100), (002), and

(101) planes of hexagonal ZnO, while the peak at 38.7◦ (2θ) is as-

signed to the (111) plane of monoclinic CuO [20]. Slight broad-

ening of the diffraction peaks indicates nanocrystalline proper-

ties, while the sharp diffraction peaks confirm the crystalline na-

ture of the composite. Furthermore, an amorphous carbon peak

can be seen around 26◦ (2θ), which is attributed to the amorphous

carbon of the biomass precursor. The coexistence of both CuO

and ZnO diffraction peaks supports the formation of a composite

rather than a single-phasematerial, which is advantageous for en-

hancing adsorption through synergistic surface interactions and

increased active-site availability [12].

Figure 2(b) illustrates the thermogravimetric analysis (TGA)

and differential thermal analysis (DTA) curves of the CuO–ZnO

composite. The TGA curve indicates high thermal stability of the

composite, with minimal weight loss observed over a broad tem-

perature range. The initial small weight loss usually observed at

lower temperatures (150–200 ◦C) is assumed to be due to evap-

oration of physically adsorbed water molecules and desorption

of volatile surface impurities that are not strongly bound to the

surface of the adsorbent [21]. The absence of significant decom-

position at higher temperatures confirms the strong thermal sta-

bility of the metal oxide framework. The corresponding DTA

curve shows weak thermal events, further supporting the stabil-

ity of the composite structure. This thermal robustness makes the

CuO–ZnO composite suitable for practical wastewater treatment

applications under varying environmental conditions.

The combined characterization results confirm the successful

synthesis of a structurally stable CuO–ZnO composite with well-

definedmorphology, high crystallinity, and excellent thermal sta-

bility, all of which are essential properties for efficient adsorption

of dye pollutants.

3.2. BATCH ADSORPTION STUDIES

As shown in Figure 3(a), the effect of initial Cresol Red con-

centration on adsorption performance indicates that the adsorp-

tion capacity of the CuO–ZnO composite increases with increas-

ing dye concentration, reaching a maximum adsorption value of

132.15 mg g−1 at 100 mg L−1. This trend is attributed to the

increased driving force for mass transfer at higher dye concen-

trations, which enhances the diffusion of dye molecules from the

bulk solution to the adsorbent surface. At lower concentrations,

fewer dye molecules are available to occupy active sites, result-

ing in lower adsorption capacity. However, at higher concen-

trations, although adsorption capacity increases, percentage re-

moval efficiency may decrease because of saturation of available

adsorption sites [22].

Figure 3(b) illustrates the influence of solution pH on the ad-

sorption process. The adsorption capacity increased with in-

creasing pH and reached a maximum at pH 6, which was iden-

tified as the optimum condition for the removal of 158.1 mg

g−1 of Cresol Red. At low pH values, the adsorbent surface is

highly protonated, leading to electrostatic repulsion between the

dye molecules and the surface, thereby reducing adsorption. As

the pH increases toward neutral conditions, electrostatic attrac-

tion and other interactions, such as hydrogen bonding, become

more favorable, enhancing adsorption. Beyond pH 6, a decrease

in adsorption capacity was observed, likely because of competi-

tion from hydroxyl ions (OH−) and possible structural changes

in the dye molecules [23].

The effect of adsorbent dosage is presented in Figure 4(a),

where the adsorption capacity was highest at the lowest dosage of

0.01 g. At this dosage, the available active sites are fully acces-

sible, leading to efficient utilization of the adsorbent surface. As

adsorbent dosage increases, the adsorption capacity per unit mass

decreases because of particle aggregation and overlapping of ac-

tive sites, which reduce the effective surface area. Additionally,

at higher dosages, the ratio of dye molecules to available active

sites decreases, leading to underutilization of the adsorbent [24].

Figure 4(b) shows the effect of contact time on the adsorption

of Cresol Red. The adsorption capacity increased rapidly dur-

ing the initial stage and reached a maximum at approximately

30 min, with an adsorption capacity of 178.8 mg g−1, indicating

the optimum contact time for the adsorption process. This rapid

uptake is attributed to the abundance of vacant active sites at the

initial stage. After 30 min, the adsorption rate decreased and ap-

proached equilibrium, suggesting that most active sites had been

occupied and that further adsorption was limited by slower dif-

fusion processes within the pores of the adsorbent [25, 26].

3.3. ISOTHERM ANALYSIS OF CRESOL RED DYE ADSORPTION

ONTO THE CZ–BSAC COMPOSITE

As presented in Table 1, the adsorption behavior of Cresol Red

onto the CZ–BSAC composite was evaluated using Langmuir,

Freundlich, and Temkin isotherm models to better understand

the adsorption mechanism and surface characteristics of the ad-

sorbent.

The Langmuir isotherm model, which assumes monolayer ad-

sorption on a homogeneous surface with identical binding sites,

showed a poor fit to the experimental data, as indicated by the low

regression coefficient (R2
= 0.4883). This suggests that the ad-

sorption process does not conform to the ideal Langmuir assump-

tions. The maximum monolayer adsorption capacity (qmax =

67.02 mg g−1) is relatively low, further indicating that monolayer

coverage is not the dominant mechanism. However, the Lang-

muir constant (KL = 0.3325 L mg−1), which reflects the affinity

between adsorbate and adsorbent, indicates moderate interaction

strength. The dimensionless separation factor (RL), calculated in

the range 0.015–0.231, falls between 0 and 1, confirming that the

adsorption of Cresol Red onto CZ–BSAC is thermodynamically

favorable despite the poor overall model fit [27].

In contrast, the Freundlich isotherm model provided a bet-

ter representation of the adsorption process, with a higher re-

gression coefficient (R2
= 0.7194). The Freundlich constant

(Kf = 0.5678) suggests moderate adsorption capacity, while the

adsorption intensity factor (n = 2.2016) lies within the favorable

range (1 < n < 10), indicating that adsorption is spontaneous

and favorable [28]. The applicability of the Freundlich model

suggests that adsorption occurs on a heterogeneous surface with

a non-uniform distribution of active sites and that multilayer ad-

sorption is likely. This behavior is consistent with the porous and

irregular morphology observed in the SEM analysis [29].

The Temkin isotherm model exhibited the best fit among all
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models, with a high regression coefficient (R2
= 0.9754), indi-

cating that it most accurately describes the adsorption process.

The Temkin constant (A = 5.0968 L g−1) reflects a relatively

strong binding interaction between Cresol Red molecules and

the CZ–BSAC composite [30]. The Temkin heat of adsorption

constant (B = 0.0133 J mol−1) suggests that the heat of adsorp-

tion decreases linearly with increasing surface coverage, which

is characteristic of adsorbent–adsorbate interactions involving

heterogeneous surfaces. The good agreement with the Temkin

model implies that adsorption is influenced by indirect interac-

tions between adsorbed molecules and that energy distribution

across the surface is not uniform [30].

The isotherm analysis reveals that the adsorption of Cresol Red

onto CZ–BSAC is best described by the Temkin model, followed

by the Freundlich model, while the Langmuir model shows poor

applicability. This indicates that the adsorption mechanism is

governed by heterogeneous surface interactions, multilayer ad-

sorption, and a progressive decrease in adsorption energy with

increasing surface coverage. These findings further support the

roles of both the metal oxide components and the activated car-

bon matrix in providing diverse active sites and enhancing ad-

sorption performance [31].

3.4. KINETIC STUDY OF CRESOL RED DYE ADSORPTION

ONTO THE CUO–ZNO COMPOSITE

The kinetic analysis (Table 2) of Cresol Red adsorption onto the

CZ–BSAC composite was carried out using pseudo-first-order,

pseudo-second-order, and intraparticle diffusion models to clar-

ify the adsorption mechanism and rate-controlling steps. The

pseudo-first-order model showed poor agreement with the exper-

imental data (R2
= 0.6072), with k1 = 0.00712 min−1 and calcu-

lated qe = 39.001 mg g−1, which deviates significantly from the

experimental value (183.512 mg g−1), indicating that physisorp-

tion and liquid-film diffusion are not dominant mechanisms [14].

In contrast, the pseudo-second-order model provided an excel-

lent fit (R2
= 0.9932), with k2 = 7.17 × 10−7 g mg−1 min−1 and

calculated qe = 178.810 mg g−1, closely matching the experi-

mental qe (183.512 mg g−1; 1.3% error), confirming chemisorp-

tion as the primary rate-controllingmechanism involving valence

interactions and electron sharing between Cresol Red and CuO–

ZnO active sites on the CZ–BSAC surface [14].

The intraparticle diffusion model exhibited low correlation

(R2
= 0.5102), with kid = 0.0602 mg g−1 min−1/2 and a nega-

tive intercept (C = −1.514), indicating that intraparticle diffu-

sion is not the sole rate-limiting step, while the non-zero inter-

cept suggests boundary-layer effects with a minor pore-diffusion

contribution [32]. The adsorption kinetics are best described by

the pseudo-second-order model, confirming chemisorption dom-

inance with secondary film-diffusion influence and negligible in-

traparticle diffusion in the CZ–BSAC/Cresol Red system.

4. CONCLUSION

This study successfully demonstrated the synthesis and applica-

tion of a visible-light-responsive CuO–ZnO nanocomposite sup-

ported on banana stalk-derived activated carbon (BSAC) for the

efficient removal of Cresol Red from aqueous solution. Charac-

terization results confirmed the formation of a crystalline, ther-

mally stable, and porous heterostructured composite with well-

distributed CuO and ZnO phases anchored on the activated car-

bonmatrix, providing abundant active sites for adsorption. Batch

adsorption studies revealed that removal efficiency was strongly

influenced by solution pH, contact time, adsorbent dosage, and

initial dye concentration, with optimal performance achieved at

pH 6, 100 mg L−1 dye concentration, 0.01 g adsorbent dosage,

and 30 min contact time, yielding a maximum adsorption capac-

ity of 178.8 mg g−1.

Equilibrium and kinetic modeling indicated that the adsorp-

tion process is best described by the Temkin isotherm, suggest-

ing heterogeneous surface interactions and energy-dependent ad-

sorption behavior, while the Freundlich model further confirmed

multilayer adsorption. Kinetic analysis revealed that the process

follows a pseudo-second-ordermodel, confirming chemisorption

as the dominant rate-controlling mechanism, with limited contri-

bution from intraparticle diffusion and secondary boundary-layer

effects.

The CuO–ZnO/BSAC composite exhibits high adsorption ef-

ficiency, rapid uptake, and strong surface reactivity, making it

a promising, low-cost, and sustainable adsorbent for the treat-

ment of dye-contaminated wastewater. The integration of agri-

cultural waste-derived activated carbon with metal oxide nanos-

tructures provides a viable pathway for developing environmen-

tally friendly materials for advanced water purification applica-

tions.
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