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Abstract 

This study reports the layered double hydroxides’ modified wheat straw biochar 
(WsBio-LDH composite) composite as an effective adsorbent for the removal of copper 
ions (Cu2+) from aqueous solution. The WsBio-LDH composite adsorbent was analyzed 
using central composite design and response surface methodology (RSM). RSM 
optimized parameters for Cu2+ removal using the WsBio-LDH composite were found to 
be 87.06 min for the contact time, 0.491 g for the adsorbent dose, 5.93 for the solution 
pH, and 12.75 mg/L for the initial Cu²⁺ concentration. A significant correlation between 
predicted and experimental values was observed with 99 % removal exhibiting a 
deviation of less than 1% that validates the model's accuracy. All individual batch 
variables significantly (p<0.0001) influenced the Cu2+ removal efficiency using the 
WsBio-LDH composite. Both the contact time and initial Cu2+ concentrations displayed 
negative effects while the solution pH and Cu2+ concentrations exerted a positive 
interactive effect (p <0.0049) on Cu2+ removal efficiency using the WsBio-LDH 
composite. The Langmuir model accurately represented a monolayer adsorption of 
Cu2+ onto the surface of the WsBio-LDH composite. The pseudo-second order kinetic 
model provided the best fit for the adsorption kinetics of the WsBio-LDH composite. 
FTIR spectra revealed various functional groups on the surface of the WsBio-LDH 
composite before and after Cu2+ adsorption. The SEM images indicated a rough surface 
with two distinct phases of raw biochar andcu micro-sized Ca/Al/Mg-LDH particles, and 
roughness enhances further after the Cu2+ adsorption. EDX analysis further confirms 
the adsorption of Cu2+. These results underscore the efficacy of the WsBio-LDH 
composite as a promising nano-adsorbent for wastewater treatment applications. 

Keywords: Copper removal, Monolayer adsorption, RSM optimization, WsBio-LDH 
composite. 
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Graphical abstract

 

 

1. Introduction 

The need for clean water for everyday use is rising because 
of the fast expansion of the population, commercialization, 
and civilization. Global concerns regarding heavy metal 
pollution have gained significant attention in recent years 
due to their toxicity and bioaccumulation potential. 
Industrial effluents and the discharge of untreated sanitary 
waste are ranked as the primary sources that contribute to 
heavy metals pollution of aquatic environment (Bej et al. 
2023). Heavy metals are non-biodegradable and hence 
persistent in aquatic environments (Biswal and 
Balasubramanian 2023). Among heavy metals, copper 
(Cu2+) is the most harmful pollutant, which usually enters 
water systems through various industrial processes such as 
mining, battery manufacturing, and paint production. Cu2+ 
contamination induces extreme health risks, such as 
neurological damage and developmental disorders (Gaetke 
et al. 2014). It also causes gastrointestinal distress with 
short-term exposure, while liver or kidney damage may 
occur with long-term exposure. Therefore, it is direly 
needed to treat Cu2+ loaded effluents prior to disposal 
freshwater environment. Many treatment strategies, 
including membrane filtration (Mokhtar et al. 2018), ion 
exchange resin (Zakaria et al. 2023), coagulation (Luo et al. 
2018) and flocculation (Sun et al. 2022) have been applied 
to remove Cu2+ from waste streams. Various technologies, 
including membrane-based extraction processes, have 
been investigated for the removal of heavy metals from 
aqueous solutions (Fouad et al. 2017). However, 
membrane fouling (Al-Rashdi et al. 2013), high working 
costs of ion exchange resins (Hagag et al. 2017), Cu2+ rich 
sludge generation and secondary pollution (Kouniba et al. 

2024), Cu2+ recover from sludge (Trinh et al. 2021) and 
undesired retention of ions in ultrafiltration (Gräf et al. 
2023) are recognized drawbacks of these techniques. 
Advanced functional materials have also been investigated 
for wastewater treatment applications. Recent studies 
reported that nonstoichiometric Mn–Co spinel oxides 
effectively activate oxidants for the removal of organic 
pollutants in continuous-flow wastewater treatment 
systems, demonstrating the importance of engineered 
materials for environmental remediation (Liang et al.2026). 
Recent studies have also demonstrated the effectiveness 
of advanced engineered materials for wastewater 
remediation. For example, visible-light-activated 
CuFe₂O₄/Zn-BTC photocatalysts have shown efficient 
mineralization and detoxification of hazardous 
contaminants in industrial effluents, highlighting the 
growing importance of multifunctional materials for 
environmental treatment applications (Mahmood et al. 
2026) Resource recovery and contaminant removal have 
become important objectives in modern wastewater 
treatment systems. Recent investigations have 
demonstrated simultaneous pollutant degradation and 
nutrient recovery using advanced oxidation processes, 
emphasizing the growing need for sustainable remediation 
technologies (Wang et al. 2026). On the other hand, 
adsorption presents as the best alternative due to its low 
cost, ease of application, efficiency even at low 
concentrations, and environmentally friendly technique 
(Akhtar et al. 2025). Adsorption is an efficient process 
because it can remove several pollutants, including 
biological and inorganic substances, which contain soluble 
and non-soluble compounds from wastewater without 
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producing toxic substances (Rashid et al. 2021). Various 
adsorbents such as metal oxides (Liu and Wang 2013a), 
metal organic framework (Han et al. 2024), steel slag 
(Mingming et al. 2023), Modified adsorbent hydroxypropyl 
cellulose xanthate (Zhang et al. 2016), and synthetic 
abalone shell hydroxyapatite microspheres (Wang et al. 
2022) have been explored in the literature for Cu2+ 
removal. However, naturally occurring adsorbents derived 
from bio-resources offer significant advantages, including 
abundance, low cost, and environmental sustainability 
(Dehghani et al. 2023). 

Recent advances have demonstrated the role of intelligent 
and hybrid modeling approaches in environmental 
remediation. For example, Internet of Things (IoT) enabled 
Recurrent Neural Network (RNN) and Graph Neural 
Networks (GNN) based systems have been applied for real-
time wastewater monitoring and agricultural sustainability 
(Alprol et al. 2024; Tabassam et al. 2025). The development 
of economical and sustainable water reclamation systems 
has further emphasized the need for efficient treatment 
materials capable of removing contaminants at low 
operational cost (Syed et al, 2024). Although these studies 
focus on sensor-based intelligence, material level 
innovations such as the WsBio-LDH composite remain 
essential for effective pollutant removal, highlighting the 
complementary role of advanced adsorbents in smart 
water treatment frameworks (Das et al. 2025).  

Recent progress in sustainable environmental technologies 
has also emphasized the importance of understanding 
material-level reaction mechanisms and surface 
interactions. For instance, mechanistic studies on CO₂ 
conversion systems have demonstrated that catalyst 
surface properties and interfacial reactions play a crucial 
role in determining pollutant transformation efficiency and 
process performance (Hussain et al. 2026). Although the 
present work focuses on Cu²⁺ adsorption rather than 
catalytic CO₂ conversion, both fields highlight the 
significance of rational material design and surface 
engineering for improving environmental remediation 
technologies. 

In recent years, globally agriculture has produced millions 
of tons of agricultural bioresources, including wheat straw 
(WS), which is ranked as the second largest lignocellulosic 
material (Riseh et al. 2024). Every year, crop waste is 
burned in fields, releasing a variety of pollutants in the 
environment, like CO, particulate matter, and unburned 
hydrocarbons, and it is a common practice worldwide. 
Consequently, environmental pollution increases, and 
valuable bioresources are wasted. Therefore, it is 
imperative to transform agricultural waste into wealth 
through value addition (Priya et al. 2025) and, importantly, 
to reduce pollution. 

The growing emphasis on sustainable material 
development has encouraged the adoption of green 
processing technologies and environmentally benign 
modification strategies across various industrial sectors. 
Recent advances in deep eutectic solvent-based material 
modification have demonstrated the potential of green 
chemistry approaches for enhancing material functionality 

while minimizing environmental impacts (Farooq et al. 
2025). Such developments further support the need for 
sustainable adsorbent design for wastewater remediation. 

The sustainable utilization of biomass and agricultural 
residues has gained increasing attention as part of the 
circular economy concept. Recent studies have 
emphasized that waste-derived resources can serve as 
valuable feedstocks for environmental and energy-related 
applications, reducing disposal problems while creating 
economic and environmental benefits (Hassan et al. 2023, 
Li et al. 2025). In this context, wheat straw represents an 
abundant agricultural residue that can be converted into 
value-added biochar-based materials for wastewater 
treatment. 

As a renewable natural resource, WS offers significant 
potential to produce biochar, which can be utilized in 
various environmental applications. Biochar is a carbon-
rich solid byproduct produced through the pyrolysis of 
biomass at temperatures below 700°C. It can be derived 
from a wide range of low-cost biomass sources, including 
manure (Cao et al. 2009), organic waste (Kumar et al. 
2016), bioenergy crops (e.g., grasses and willows) (Yrjälä 
and Zheng 2021), and crop residues (Patel and Panwar 
2023). Recent bioresource valorization studies have further 
highlighted the environmental benefits of converting 
biomass into biochar and other value-added products for 

sustainable applications (Tanweer et al. 2025). Biochar’s 
physicochemical properties, like a large surface area, high 
porosity, abundant oxygen-rich functional groups, and 
notable cation exchange capacity, make it a highly effective 
adsorbent for wastewater treatment in comparison to 
metal based adsorbent (Hussain et al. 2025; Johnston et al. 
2021). The presence of oxygenated functional groups on 
the biochar surface imparts a negative charge, facilitating 
the adsorption of positively charged heavy metals and 
other pollutants from wastewater (Zhang et al. 2025). As a 
result, it is suitable for use as an adsorbent material to 
reduce the levels of heavy metals in water. Additionally, 
biochar can reduce environmental pollution, enhance soil 
quality (Kabir et al. 2023), promote sustainability (Afshar 
and Mofatteh 2024) and slow down climate change 
(Shoudho et al. 2024). Numerous studies have 
demonstrated the effectiveness of biochar as a cost-
efficient and highly capable adsorbent for wastewater 
treatment, alongside its applications in soil improvement.  

Biomass-derived biochar has been widely proposed for the 
removal of various contaminants from water, including 
organic pollutants, heavy metals, and nutrient pollutants 
(Elbagory et al. 2025; Liu et al. 2025; Ma et al. 2025; 
Olugbenga et al. 2024; Yan et al. 2025). Recent studies have 
further demonstrated that biomass-derived porous carbon 
materials exhibit excellent adsorption performance toward 
emerging contaminants due to their high surface area, 
hierarchical pore structure, and abundant functional 
groups. For instance, lignin-derived hierarchical porous 
carbon showed enhanced adsorption capacity for 
tetracycline, highlighting the potential of biomass-based 
adsorbents for environmental remediation (Li et al. 2026). 
One of the studies reported the removal of Cu2+ by WS 
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biochar, which showed 6.6% at pH 4.5 and 20.12% at 8 g 
dose (Wang et al. 2022). However, W-S biochar is often 
limited by its surface chemistry and adsorption capacity. To 
overcome these limitations, biochar modifications have 
been explored to enhance its adsorption properties. One 
approach is to incorporate layered double hydroxides 
(LDHs), such as calcium-magnesium-aluminum (Ca–Mg–Al) 
LDH, onto biochar. LDHs are known for their high anion-
exchange capacity, tunable composition, and interlayered 
structure, which facilitate the adsorption of various 
contaminants (Kameliya et al. 2023). When combined with 
biochar, these properties may create a material with 
synergistic effects.  

As previously mentioned, WS a plentiful agricultural 
byproduct, offered a cheap and renewable precursor for 
the creation of biochar. For Cu2+ ion adsorption under 
batch conditions, the Ca–Mg–Al LDH modified wheat straw 
biochar (WsBio-LDH composite) was optimized. By 
employing commonly used isotherms, such as Langmuir, 
Freundlich, and Temkin, as well as kinetic models, such as 
pseudo-first-order (PFO) and pseudo-second order (PSO), 
the mechanism of Cu2+ ion adsorption by the WsBio-LDH 
composite was examined. In order to achieve optimal 
experimental settings, response surface methodology 
(RSM) with a central composite design (CCD) were also 
used to determine optimal experimental conditions and 
analyze the interactive effects of operational parameters. 

This study contributes to ongoing research on sustainable 
adsorbent development for environmental remediation. 
The present work explores the integration of Ca–Mg–Al 
layered double hydroxides (LDHs) with wheat straw 
biochar to prepare a biomass-derived composite adsorbent 
for Cu²⁺ removal. Response surface methodology based on 
central composite design (RSM-CCD) is further applied to 
optimize key adsorption parameters and support the 
interpretation of process–performance relationships. The 
increasing interest in sustainable material engineering has 
extended across several environmental fields, including 
wastewater remediation, carbon utilization, and clean 
energy production. Recent studies have emphasized the 
role of tailored material structures and surface-active sites 
in enhancing environmental performance. However, the 
combined use of wheat straw biochar and Ca–Mg–Al LDHs 
for Cu²⁺ removal under statistically optimized conditions 
remains relatively underexplored. Therefore, this study 
aims to address this gap by preparing a wheat straw 
biochar-supported Ca–Mg–Al LDH composite and 
evaluating its adsorption performance through a 
systematic RSM-CCD approach. 

2. Materials and Methods 

 Synthesis of LDH W-S Biochar Composite 

The co-precipitation method was used to prepare the 
composite adsorbent of CaMgAl(LDH) and WS biochar. To 
prepare the LDH of CaMgAl, 5.90 g (0.5 M) of calcium 
nitrate tetrahydrate Ca(NO3)2·4H2O, 6.025 g (0.5 M) of 
aluminum nitrate nonahydrate Al(NO3)3·9H2O, and 6.41 g 
(0.5 M) of magnesium nitrate hexahydrate Mg(NO3)2·6H2O 
were dissolved in 50 mL of deionized water in a beaker. The 

mixture was stirred continuously for about an hour to 
ensure complete dissolution of the salts. Once dissolved, 
the solution was transferred to another beaker containing 
5 g of WS biochar, and the mixture was stirred 
continuously. A solution of NaOH (0.42 g) and Na2CO3 (0.58 
g) in 100 mL of deionized water was then added dropwise 
via a burette until the pH of the solution reached 
approximately 10. The resulting slurry was stirred for an 
additional two hours. Afterward, the slurry was transferred 
to a centrifuge tube and centrifuged at 6000 rpm to 
separate the particles. This washing step was repeated five 
times using deionized water. Following the washing 
procedure, the composite material was dried in an oven at 
85°C for 24 hours. 

 Batch Adsorption Experiment 

Batch adsorption experiments were performed to evaluate 
the removal of Cu2+ from aqueous solution using the 
WsBio-LDH composite as an adsorbent. Stock solutions of 
Cu2+ were prepared at a concentration of 20 ppm. For each 
experiment, an appropriate dose of the adsorbent (0.4 g) 
was added to 40 mL of the Cu2+ solution in a flask. The pH 
of the solutions was adjusted to 6.0 using 0.1 M HCl and 0.1 
M NaOH, as needed (Mondal 2009). The mixture was 
mechanically shaken at a speed of 200 rpm at ambient 
temperature (25°C) using an orbital shaker to ensure 
uniform mixing. At regular time intervals, the residual 
concentrations of Cu2+ in the solutions were analyzed using 
the Atomic Absorption Spectrometer. The residual Cu2+ 
concentration at time (t) was calculated using the following 
equation: 

0 t
t

C C
q V

m

−
= 

 

(1) 

In this equation, V (mL)’ represents the volume of solution, 
and m (g) corresponds to the mass of the WsBio-LDH 
composite. ‘C0’ is the initial metal ion concentration (mg/L), 
‘Ct’ is the metal concentration at time t (mg/L) (Bayantong 
et al. 2021). 

The % removal efficiency of the adsorption process was 
calculated using Equation 2. 

0

0

% removal  100tC C

C

−
= 

 

(2) 

Other batch parameters were also tuned, including the 
dose of the WsBio-LDH combination, the starting 
concentration of Cu2+, and the pH of the solution. 
Isotherms and kinetic models were used to examine the 
WsBio-LDH composite's chemical and physical surface 
properties as well as Cu2+ molecules' affinity for the 
adsorbent's surface coverage. The adsorption of Cu2+ was 
investigated using the Langmuir, Freundlich, and Temkin 
isotherm models, which looked at the interactions 
between the adsorbent and the investigated metal ions at 
various concentrations. 

 Isotherm Models 

The linear representation of the Freundlich isotherm is 
depicted in Equation 3, where Kf represents the Freundlich 
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constant and 1/n denotes the adsorption intensity, which 
depends on the heterogeneous nature of the 
nanocomposite (Cheung et al. 2007a; Liu and Wang 2013a). 
The Freundlich isotherm is formulated under the 
assumption of a heterogeneous surface (Othman et al. 
2023) with a non-uniform distribution of active sites over 
the surface through a multilayer adsorption process. The 
value of 1/n determines the isotherm type, in which 1/n = 
0, 0 < 1/n < 1, and 1/n > 1 indicate irreversible, favorable, 
and unfavorable adsorption, respectively.  

1
e f elogq logK logC

n
= +

 

(3) 

The Freundlich isotherm equation was applied to describe 
multilayer adsorption on heterogeneous surfaces (Cheung 
et al. 2007b; Liu and Wang 2013a). According to the 
Langmuir model, the surface of the adsorbent possesses a 
predetermined number of active sites where the adsorbate 
can adhere to form a monolayer. Once a monolayer has 
formed, no additional adsorbate can adhere to the surface. 
The linear form of the Langmuir model is shown in Equation 
4. Ce (mg/L) shows the liquid phase concentration, where 
qe (mg/g) denotes the adsorption capacity of the WsBio-
LDH composite at equilibrium. By plotting 1/qe against 
1/Ce, it is possible to obtain the value of KL. KL (L/g) is the 
Langmuir isotherm constant, and qmax signifies the 
maximum adsorption capacity related to the area occupied 
by a monolayer of adsorbate. 

1 1 1 1

e L max e maxq K q C q

 
= + 
   

(4) 

The Langmuir model assumes monolayer adsorption on a 
homogeneous surface with finite adsorption sites (Liu and 
Wang 2013b). Unlike the Langmuir isotherm, the Temkin 
isotherm assumes that adsorption energy decreases 
linearly as adsorbent-adsorbate interaction increases and 
more surface of the adsorbent is covered with adsorbate 
molecules. Equation 5 represents the linear form of the 
Temkin isotherm model, where B = RT/b, b (KJ/mol) 
represents the Temkin constant, R is known as the 
universal gas constant (8.314 J mol−1 per kelvin), B shows 

the heat of adsorption (J/mol), and A is the Temkin 
constant. 

  ln   lne T e
T T

RT RT
q A C

B B
= +

 

(5) 

The Temkin model considers adsorbent adsorbate 
interactions and a linear decrease in adsorption energy 
(Othman et al., 2023). 

 Kinetic Models 

The kinetics of adsorption is known as the key to 
understanding how quickly an adsorbent can capture an 
adsorbate (metal) from a solution. Various kinetic models 
are used to interpret the experimental adsorption data and 
determine the rate-limiting step. 

The PFO model assumes that the adsorption rate is directly 
proportional to the number of unoccupied active sites on 
the adsorbent. This model is typically applicable to systems 
where physisorption is the dominant adsorption 
mechanism. The linear form of the PFO model is expressed 
in Equation 6 

1log
2.303

e t e

k
q q logq t− = −  

(6) 

Here, k1 is the PFO rate constant (min−1), qt is the quantity 
of metal ion adsorbed at time t (mg/g), and qe is the 
amount of adsorbate adsorbed at equilibrium (mg/g).  

Physisorption-controlled adsorption processes were 
described by the pseudo-first-order kinetic model (Cheung 
et al., 2007). 

According to the PSO model, the square of the number of 
vacant sites determines the rate of adsorption. It is 
frequently employed in chemisorption procedures, in 
which the adsorbent and adsorbate form chemical bonds. 
Equation 7 represents the PSO model linear form. 

2
2

1
    

t te

t t

q qk q
= +  

(7) 

Here, K2 is the PSO rate constant (g/(mg/min). The pseudo-
second order kinetic model assumes chemisorption as the 
rate-limiting step (Othman et al., 2023). 

Table 1. Independent variables and their coded levels. 

Independent variables Units +1 0 -1 

T Min 1 60.5 120 

LDH/W.B. Dose g/L 0.05 0.325 0.6 

pH  2 4 6 

Cu+2 Conc. mg/L 5 37.5 70 

 Characterization Techniques 

Characterization techniques used for the WsBio-LDH 
composite adsorbent include Fourier transform infrared 
(FTIR) spectroscopy, the energy dispersive X-ray (EDX) 
spectroscopy, and scanning electron microscopy (SEM) to 
investigate the surface functional groups and 
morphological changes. FTIR analysis was specifically 
employed to identify the chemical bonds, and functional 
groups present on the surface of the WsBio-LDH composite 
adsorbent (Haleem et al. 2022), both before and after Cu2+ 

adsorption. SEM and EDX provided a few insights into the 
surface morphology (Obey et al. 2022), revealing structural 
changes and the adsorption of metal ions, which helped in 
assessing the effectiveness of the WsBio-LDH composite 
adsorbent in removing Cu2+ from aqueous solution 

 Response Surface Methodology 

The RSM was used to systematically optimize and assess 
the relationship between adsorption efficiency (response) 
and the impact of various parameters on the Cu2+ removal 
efficiency of the WsBio-LDH composite (Abdipour and 
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Hemati 2024; Jafari et al. 2025; Torabideh et al. 2025) . A 
quadratic relationship in RSM was constructed using a 
three-factor CCD. Factorial, axial, and center points are all 
combined in this model. As indicated in Table 1, the main 
independent factors (along with coded levels) include 
contact duration, dose of the WsBio-LDH combination, 
solution pH, and Cu2+ concentration, which were examined 
for their effects on removal efficiency. WsBio-LDH The 
effects of both individual variables and their interactions on 
the Cu2+ removal efficiency of WsBio-LDH composite's was 
evaluated. 

 Workflow of the Proposed Experimental Optimization 
Model 

The proposed study follows a systematic workflow 
comprising: 

 
Workflow for the removal of Cu+2 

3. Results and Discussions 

 FTIR Spectroscopy 

The FTIR spectra of the WsBio-LDH composite before and 
after Cu²⁺ adsorption are presented in Figure 1, illustrating 
the changes in surface functional groups. The bands seen 
at 3389 and 1637 cm⁻¹ are linked to the typical -OH 
stretching vibrations and the bending vibrations of H₂O (Xu 
et al. 2020). These are related to the hydroxyl groups found 
in the adsorbent, as well as the water that is either 
adsorbed or located between the layers of the sorbent. The 
characteristic peaks at 2093 cm⁻¹ indicate the presence of 
C≡C or C≡N stretching vibrations, suggesting unsaturated 
alkyne. The sharp peaks at 1328 and 991 cm−1 were 
allocated to the asymmetric stretching vibration mode of 
C–O in CO3

2− and stretching of C-O, respectively (Adachi-
Pagano et al. 2003; Zou et al. 2017).  

 

Figure 1. Fourier transform infrared spectra of (a) the WsBio-

LDH composite, and (b) the WsBio-LDH composite after Cu2+ 

adsorption. 

The bands about 655 cm⁻¹ are associated with M-OH or M-
O stretching vibrations, where M represents Mg, Al, or Ca. 
The relationships between cations and oxygen are defined 
by these bands (Frost and Kloprogge 1999). Following the 
Cu2+ adsorption, the FTIR spectra of the WsBio-LDH 
composite exhibit a discernible shift, as shown in Figure 1b. 
Cu2+ was successfully adsorbed onto the surface of the 
WsBio-LDH composite adsorbent, as evidenced by the shift 
of all the bands and the narrowing of the OH band. The 
signal at 1637 cm⁻¹ is reduced and shifted to 1580 cm⁻¹ by 
the Cu2+ interaction, indicating a decrease in hydroxyl 
frequency (Chen et al. 2024). The consumption of hydroxyl 
groups during the adsorption process could be attributed 
to the formation of Cu-OH on the surface of the WsBio-LDH 
composite (Lyu et al. 2023). 

 Scanning Electron Microscopy 

Figure 2 illustrates the use of SEM and EDX analyses to 
examine the surface shape and elemental composition of 
the WsBio-LDH composite before and after Cu2+ 
adsorption. SEM imaging enables visualization of surface 
modifications, facilitating a better understanding of 
morphological changes (Rydz et al. 2019). As seen in Figure 
2a (Shiriazar et al. 2022), SEM scans revealed a rough 
surface of the WsBio-LDH composite that primarily 
contained two separate phases: the raw biochar and micro-
sized Ca/Al/Mg-LDH particles scattered over it. Cu2+ is 
successfully adsorbed into the WsBio-LDH composite 
adsorbent, as seen in Figure 2b, where the holes become 
saturated with Cu2+ and the surface of the WsBio-LDH 
composite appears rougher. 

 

Figure 2. SEM images of (a) the WsBio-LDH composite, and (b) 

the WsBio-LDH composite after Cu2+ adsorption. EDX spectra of 

(c) the WsBio-LDH composite and (d) the WsBio-LDH composite 

after Cu2+ adsorption. 

EDX spectroscopy showed the elemental composition of 
the WsBio-LDH composite before and after adsorption of 
Cu2+ (Nzediegwu et al. 2021). As shown in Figure 2c, an 
increase in oxygen content (70.62 wt%) and a reduction in 
carbon content (17.07 wt %) were observed, implying 
successful adsorption and surface modification. 
Furthermore, in the WsBio-LDH composite, peaks 

Synthesis of 
WsBio-LDH

Physicochemical 
Characterization

Kinetic and 
Isotherm Analysis

Batch Adsorption

Statistical 
Optimization

Quantitative 
Evaluation of Cu2+ 

Removal
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corresponding to Ca, Al, and Mg confirmed successful 
inclusion of these elements. Subsequently, the WsBio-LDH 
composite displayed changes in elemental distribution and 
the presence of Cu2+ ions (Figure 2d), which demonstrates 
the interactions between the Cu2+ and the surface of the 
WsBio-LDH composite. 

 Effect of Adsorption Parameters 

3.3.1. Effect of the Contact Time  

Figure 3 illustrates the effect of contact time on Cu²⁺ 
removal efficiency and adsorption capacity of the WsBio-
LDH composite. Determination of contact time aims to get 
the optimum time to adsorb contaminants. In this study, 
time variations were used as 1, 5, 10, 15, 30, 60, 100, and 
120 minutes, and the effect of contact time was studied at 
room temperature along with 0.4 g of the WsBio-LDH 
composite adsorbent for Cu2+ removal. Figure 3 shows that 
the WsBio-LDH composite revealed better performance, 
achieving 98.6% removal at 60 minutes, which increased 
slightly to 99% at 120 minutes. These results clearly 
indicate that the WsBio-LDH composite is significantly 
more effective for Cu2++ removal. Therefore, 60 minutes 
contact time was selected as the optimum time for further 
experiments, i.e., pH, Cu2+ concentration, and dose effect 
on %age removal of the studied adsorbate (Cu2+). 

 

Figure 3. Effect of the contact time on the adsorption capacity 

and % removal of the WsBio-LDH composite for Cu2+ ions from 

aqueous solution. 

It should be noted that the contact-time experiment was 
conducted independently to determine the equilibrium 
behavior of the adsorption process under fixed operating 
conditions. Although Cu²⁺ removal reached approximately 
98.6% within 60 min, the RSM optimization considered the 
simultaneous interactions among contact time, adsorbent 
dosage, solution pH, and initial Cu²⁺ concentration. 
Consequently, the statistically optimized contact time 
predicted by the RSM model was 87.06 min, which 
corresponds to the maximum overall removal efficiency 
obtained when all process variables were optimized 
together. Therefore, the values of 60 min and 87.06 min are 
not contradictory but represent single-factor and multi-
factor optimization outcomes, respectively. 

The adsorption kinetics of Cu²⁺ onto the WsBio-LDH 
composite were analyzed using pseudo-first-order (PFO), 
pseudo-second-order (PSO), and intraparticle diffusion 
(IPD) models, as presented in Figure 4, with the 
corresponding kinetic parameters summarized in Table 2. 

 

Figure 4. Kinetic model analysis for the WsBio-LDH composite (a) 

PFO, (b) PSO, (c) IPD. 

The adsorption kinetics of Cu²⁺ onto the WsBio-LDH 
composite were evaluated using both pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models. The PFO 
model exhibited a slightly higher coefficient of 
determination (R² = 0.988) compared with the PSO model 
(R² = 0.969), indicating a better statistical fit to the 
experimental data. Therefore, based solely on the R² 
values, the PFO model more accurately describes the 
adsorption kinetics . However, the relatively high R² values 
obtained for both models suggest that the adsorption 
process may involve contributions from both physical and 
chemical interactions between Cu²⁺ ions and the WSbio-
LDH surface. The observed agreement with the pseudo-
first-order model suggests that physisorption may 
contribute significantly to the adsorption process. Similar 
adsorption behavior governed by physical interactions has 
been reported for pollutant adsorption systems involving 
surface-mediated adsorption mechanisms (Qin et al. 2023).  

Table 2. Kinetic model parameters for adsorption of Cu2+ on WsBio-LDH composite.  

Kinetic models Parameters Values for the WsBio-LDH composite 

PFO 

K1 0.03 

qexp 48.3 

qcal 52.63 

R2 0.986 

PSO 

K2 0.0022 

qexp 48.3 

qcal 52.63 

R2 0.969 

IPD 

I 11.39 

kdiff 4.62 

R2 0.988 
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3.3.2. Effect of the Adsorbent Dose 

Figure 5 illustrates the effect of WsBio-LDH composite dose 
on the adsorption capacity and removal efficiency of Cu2+. 
The adsorbent dosage regulates the accessibility of 
adsorption (Wang et al. 2020). The adsorbent’s dosage was 
adjusted in increments of 0.1 g between 0.05 and 0.6 g 
under the following conditions: at an initial pH of 6, a 
contact period of 60 minutes, a shaking speed of 200 rpm, 
and room temperature. Figure 5 illustrates how the 
proportion of Cu2+ ions eliminated increased with an 
increase in adsorbent dosage. As seen, the percentage 
removal of Cu2+ reached 98% at 0.4 g of adsorbent used and 
increased to 100% at 0.6 g for the WsBio-LDH combination. 
These results demonstrate that increasing the adsorbent 
dosage enhances the adsorption efficiency, likely due to 
the increased accessibility of active adsorption sites. 

 

Figure 5. Effect of the WsBio-LDH composite dose on the 

adsorption capacity and Cu2+ % removal. 

3.3.3. Effect of the Cu2+ Concentration 

Figure 6 show that the initial Cu2+ concentration affects the 
WsBio-LDH composite adsorption ability. Figure 6 shows 
the percentage removal of Cu2+ metal ions for the WsBio-
LDH composite adsorbent at different starting 
concentration levels ranging from 5 to 70 mg/L. The results 
indicate that as the concentration of the adsorbate 
increased, the percentage removal of the metal ions under 
study decreased. The accessible empty binding sites on the 
adsorbent's surface are responsible for the increased Cu2+ 

absorption at lower concentrations. The increased Cu2+ 
metal ion in the aqueous phase results in competition and 

saturation on the adsorbent surface, which is responsible 
for the decrease in the percentage of metal removal. Thus, 
mass transfer is hampered (El-Shafey et al. 2024). 

 

Figure 6. Effect of initial Cu2+concentrations on the adsorption 

capacity and % removal of Cu2+ using the WsBio-LDH composite 

as an adsorbent. 

 Adsorption isotherms 

The adsorption behavior of Cu²⁺ onto the WsBio-LDH 
composite was evaluated using Langmuir, Freundlich, and 
Temkin isotherm models, as shown in Figure 7, with the 
corresponding isotherm parameters summarized in Table 
3. The Langmuir model provided the best fit, with a higher 
R² value of 0.997 for the WsBio-LDH composite. 
Additionally, the adsorption capacity increased, as seen in 
Table 3 for the WsBio-LDH composite, indicating that the 
modification has enhanced the adsorption efficiency, and 
the adsorption process follows a monolayer adsorption 
mechanism. 

 

Figure 7. Adsorption isotherms: (a) Langmuir isotherm, (b) 

Freundlich isotherm, and (c) Temkin isotherm for Cu2+ 

adsorption on the WsBio-LDH composite. 

 

 

Table 3. Isotherm model parameters of Cu2+ adsorption on WsBio-LDH composite. 

Isotherm models Parameters Values for the WsBio-LDH composite 

Langmuir 

qexp 95.79 

qmax 100.00 

RL 0.02 

R2 0.997 

Freundlich 

Kf 86.10 

N 2.084 

R2 0.989 

B 120.54 

Temkin 
LN(AT) 1.194 

R2 0.979 
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The Freundlich model, although showing a good R² value of 
0.989, does not fit the adsorption behaviors as accurately 
as the Langmuir model in this case. The Temkin model is 
less suitable for the WsBio-LDH composite adsorbent, 
especially when compared to the better fits provided by 
Langmuir and the Freundlich models. In conclusion, the 
Langmuir model is the best fit, with an increase in 
adsorption capacity, demonstrating a more favorable 
monolayer adsorption process for the WsBio-LDH 
composite. 

3.4.1. Effect of the Solution pH 

Figure 8 illustrates the effect of solution pH on the Cu²⁺ 
removal efficiency of the WsBbio–LDH composite at pH 
values ranging from 2 to 6. Using the WsBio-LDH composite 
as an adsorbent, 98.6% of the Cu2+ was removed at pH 6. 
This significant improvement in performance highlights the 
WsBio-LDH composite's greater adsorption capacity and 
outstanding efficacy in Cu2+ removal across the pH range. 
The percentage of metal ions removed increases as pH 
rises, according to similar findings reported in the literature 
(Wang et al. 2013). An increase in the percent removal at 
higher pH is due to less competition by H⁺ ions and more 
efficient de-protonation of functional groups on the 
surface of the WsBio-LDH composite for copper ion 
binding. 

 

Figure 8. Effect of pH on the adsorption capacity and % removal 

of Cu2+ using the WsBio-LDH composite adsorbent. 

 RSM Analysis of the WsBio-LDH composite vs Cu2+ 
Adsorption 

Response surface methodology was employed to 
investigate the interactive effects of contact time, 
adsorbent dosage, solution pH, and initial Cu²⁺ 
concentration on removal efficiency (Figures 9 and 10). 
ANOVA results revealed that pH and adsorbent dosage had 
the most significant positive effects on Cu²⁺ removal 
efficiency, whereas initial metal concentration negatively 
impacted removal due to active site saturation. To visualize 
these effects and their interactions, three-dimensional 
response surface plots and corresponding contour plots 
were generated. These graphical representations provide 
critical insights into the adsorption behavior of the WsBio-

LDH composite for Cu2+ under varying experimental 
conditions. Figure 9 (a, b, c) illustrates how changes in the 
four independent variables, contact time, adsorbent 
dosage, solution pH, and initial Cu²⁺ concentration 
influence the overall removal efficiency. 

3.5.1. Effect of the Contact Time and the WsBio-LDH 
Composite Dose 

The three-dimensional surface plots and two-dimensional 
contour diagrams reveal how contact time and adsorbent 
dosage work together to enhance Cu2⁺ removal. When both 
parameters are increased, the removal efficiency rises 
substantially, reaching approximately 90–99% at optimal 
conditions. Initially, extending the contact duration allows 
more Cu2⁺ ions to interact with the available active sites on 
the WsBio-LDH composite surface. This extended 
interaction period facilitates adequate time for both mass 
transfer processes and chemical adsorption to occur. 
Simultaneously, increasing the amount of WsBio-LDH 
composite introduces additional binding sites into the 
system. However, the response curves begin to level off at 
higher adsorbent quantities and prolonged contact 
periods, suggesting that saturation has been achieved. 
Beyond a certain threshold, adding more adsorbent or 
extending the contact time yields minimal improvement in 
removal performance, likely because active sites begin to 
overlap or the system reaches equilibrium. These 
observations align with established adsorption kinetic 
principles and highlight the effectiveness of LDH 
functionalization in enhancing the available surface area 
for adsorption. 

3.5.2. Effect of Contact Time and Solution pH 

Figure 9b illustrates a interactive effect of pH and contact 
time. The adsorption efficiency dramatically rises up to 
roughly 6, after which the curve flattens. At lower pH 
values (acidic media), the removal efficacy is reduced due 
to competition between H+ and Cu2⁺ ions for adsorption 
sites. As pH approaches neutral, there is less competition 
and more negative charge density on the adsorbent 
surface, which promotes Cu2⁺ binding via electrostatic 
attraction and surface complexation. 

When combined with extended contact time, this optimal 
pH range (5.5-6.5) enables nearly complete Cu2⁺ removal, 
underscoring the importance of surface chemistry and 
ionic equilibrium. It is crucial to carefully interpret pH 
measurements over 7 in these systems because Cu2⁺ 
precipitates as hydroxides at pH 7, which may impede the 
actual adsorption mechanism. 

3.5.3. Effect of Contact Time and Initial Cu²⁺ Concentration 

Particularly at shorter contact durations, this collection of 
graphs shows an inverse connection between Cu2⁺ 
concentration and removal efficiency. Cu2⁺ ions compete 
more fiercely for a small number of adsorption sites as the 
initial metal concentration rises. This lowers removal 
efficiency at shorter contact times by limiting the number 
of active sites available for all ions. 

Longer contact times, however, bring the system closer to 
adsorption equilibrium, allowing for improved removal 
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even at larger concentrations. However, because the 
adsorbent surface eventually becomes saturated, 
achieving maximum efficiency is more difficult than with 
lower concentrations. For optimal treatment efficacy, 
these graphs highlight the necessity of optimizing both 
contact time and Cu2⁺ loading. 

 

Figure 9. RSM of the interaction between (a) t (min) and the 

WsBio-LDH composite dose (g), (b) t (min) and pH, and (c) t (min) 

and Cu2+ concentrations (mg/L) on Cu2+ removal (%).   

3.5.4. Effect of the Solution pH and the WsBio-LDH 
Composite Dose 

The removal of Cu2⁺ is significantly impacted by the pH-
adsorbent dosage relationship. The elimination is 
extremely sensitive to pH variations at low dosages. The 
elimination is much increased by raising the pH from 3 to 

about 6, which supports the process of improved surface 
ionization and electrostatic contact Because there are 
many surface locations to compensate for less-than-ideal 
ionic conditions, higher dosages lessen the system's 
sensitivity to pH. Interestingly, Peak removal occurs at pH 
6 at an adsorbent dosage of 0.5 g, as shown in Figure 10a. 
This result represents an optimal equilibrium in which 
electrostatic interactions, surface area, and ion exchange 
capacity are all maximized. 

 

Figure 10. RSM of the interaction between (a) pH and the WsBio-

LDH composite dose (g), (b) Cu2+ concentrations (mg/L) and the 

WsBio-LDH composite dose (g), and (c) Cu2+ concentration 

(mg/L) and pH on Cu2+ removal (%). 

3.5.5. Effect of the Solution pH and Initial Cu²⁺ 
Concentration 

The prominence of pH as a crucial parameter is further 
demonstrated by the contour and surface plots for pH and 
Cu2+ concentration (Figure 10b). Regardless of Cu2+ 
concentration, elimination improves with increasing pH. 
However, the effect is stronger at lower concentrations. 
This implies that when it comes to regulating the 
adsorption behavior, pH-mediated surface charge 
alterations are more important than concentration effects. 
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Due to a lack of active sites and strong competition from H⁺ 
ions, the system performs poorly at low pH and high Cu²⁺ 
levels. On the other hand, almost total elimination is shown 
at ideal pH and lower Cu2+ concentrations, confirming the 
need for pH regulation in real-world applications. 

3.5.6. Effect of the WsBio-LDH Composite Dose and Cu²⁺ 
Concentration 

The antagonistic relationship between Cu2+ concentration 
and adsorbent dose is depicted in the last set of graphs 
(Figure 10c). As anticipated, removal efficiency increases 
with increasing dose, whereas it tends to decrease with 
rising Cu2+ concentration. A higher dose, on the other hand, 
efficiently counteracts the adverse effects of high 
concentrations by providing more adsorption sites and 
protecting the system against abrupt saturation. The 
system's nonlinear behavior is highlighted by the response 
surface's curvature, which supports the application of RSM 
for optimization. Higher adsorbent dosages and lower Cu2⁺ 
concentrations yield the best results, making them the 
most important variables to regulate during scale-up or 
field applications. Figure 11 presents the correlation 

between actual and predicted values of Cu2+ removal using 
the WsBio-LDH composite adsorbent, while RSM optimized 
conditions for Cu2+ removal using the WsBio-LDH 
composite adsorbent is shown in Figure 12. 

 

Figure 11. Correlation between actual and predicted values of 

Cu2+ removal using the WsBio-LDH composite adsorbent. 

 

Table 4. Design of experiments and experimental and predicted values for the adsorption efficiency of the WsBio-LDH composite 

adsorbent against Cu2+. 

Run t (min) Adsorbent Dose (g) pH Cu2+ Conc. (mg/L) Actual Cu2+ removal (%) Predicted Cu2+ removal (%) 

1 60.5 0.275 4 40 80.00 79.85 

2 1 0.05 2 70 38.91 40.54 

3 60.5 0.275 4 40 80.00 79.85 

4 120 0.5 2 10 81.71 83.88 

5 1 0.5 2 70 54.59 56.14 

6 60.5 0.275 4 40 80.00 79.85 

7 60.5 0.5 4 40 85.02 85.5 

8 120 0.05 2 70 54.70 53.73 

9 60.5 0.275 6 40 88.12 89.18 

10 1 0.05 6 10 61.86 65.2 

11 1 0.05 2 10 50.24 47.89 

12 120 0.05 6 70 72.50 74.13 

13 60.5 0.275 4 40 80.00 79.85 

14 60.5 0.275 4 40 80.00 79.85 

15 120 0.5 2 70 70.38 67.78 

16 1 0.5 2 10 65.92 65.03 

17 1 0.5 6 70 83.72 82.2 

18 60.5 0.05 4 40 69.34 69.14 

19 120 0.05 2 10 66.03 68.29 

20 60.5 0.275 4 40 80.00 79.85 

21 1 0.5 6 10 83.72 83.89 

22 60.5 0.275 4 70 74.85 76.6 

23 120 0.275 4 40 80.19 79.42 

24 120 0.05 6 10 83.83 81.48 

25 60.5 0.275 2 40 70.32 69.55 

26 120 0.5 6 70 88.18 89.73 

27 1 0.05 6 70 68.04 65.06 

28 120 0.5 6 10 99.51 98.62 

29 60.5 0.275 4 10 86.18 84.72 

30 1 0.275 4 40 64.40 65.46 
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Figure 12. RSM optimized conditions for Cu2+ removal using the 

WsBio-LDH composite adsorbent. 

Through RSM technique, the adsorption efficiency of 
copper ions using the WsBio-LDH composite was 
thoroughly assessed. The effects of four independent 
variables, contact time, adsorbent dosage, pH, and initial 
Cu2+ concentration on the adsorption performance were 
investigated using the BBD. The robustness of the RSM 
model was validated by the experimental data (Table 4), 
which showed strong consistency with anticipated values. 
Under optimal conditions, the percentage error was 
minimum at 0.10 percent. At optimal conditions (87.06 min 

contact time, 0.491 g WsBio-LDH composite dosage, pH 
5.93, and initial Cu²⁺ concentration of 12.75 mg/L), the 
greatest Cu²⁺ removal efficiency recorded was 99.51% 
(Table 4). The synergistic interaction between LDH and the 
WS biochar matrix, which offers a large number of active 
sites and enhanced surface charge properties at a pH close 
to neutral, favoring electrostatic interactions with Cu2+ 
ions, is responsible for this high removal efficiency. 

Analysis of variance (ANOVA) revealed that the quadratic 
model was extremely significant (p < 0.0001) (Table 5). 
Outstanding model fit and predictability exhibited by its 
high R2 value of 0.9854, adjusted R2 of 0.9719, and 
predicted R2 of 0.8839. The four main effects of the 
independent variables, contact time (A), pH (C), WsBio-LDH 
composite dose (B), and Cu2+ concentration (D), were all 
statistically significant (p < 0.0001), which means that they 
all affected the adsorption efficiency WsBio-LDH composite 
for Cu2+. According to the regression model, pH had the 
biggest positive coefficient (+9.81), followed by adsorbent 
dose (+8.18) and contact time (+6.98), whereas initial Cu2+ 
concentration had a negative effect (-4.06). These findings 
imply that while larger initial metal ion concentrations may 
reduce removal effectiveness due to the saturation of 
accessible active sites, increasing the pH and dosage 
significantly improves adsorption. 

Table 5. Analysis of variance (ANOVA) for Cu2+ adsorption efficiency of WsBio-LDH composite adsorbent. 

Model Quadratic Significance 

Intercept 79.85  

Model P Value < 0.0001 Significant 

A-t < 0.0001 Significant 

B-LDH/W.B. Dose < 0.0001 Significant 

C-pH < 0.0001 Significant 

D-Cu Conc. < 0.0001 Significant 

AB 0.4903 Not significant 

AC 0.079 Not significant 

AD 0.0049 Significant 

BC 0.4903 Not significant 

BD 0.4903 Not significant 

CD 0.0049 Significant 

A² < 0.0001 Significant 

B² 0.0818 Not significant 

C² 0.7236 Not significant 

D² 0.5609 Not significant 

Lack of Fit 0.6253 Not significant 

R² 0.9854  

Adjusted R² 0.9719  

Predicted R² 0.8839  

 

Table 6. Predicted and observed response values of WsBio-LDH composite for Cu2+ under optimized conditions. 

Number t (min) Adsorbent Dose (g) pH Cu2+ Conc. (mg/L) Cu2+ Removal (%) Desirability 

1 87.058 0.491 5.927 12.754 Predicted 99.61 1 

     Actual 99.51  

     % error 0.10  

 

The combined influence of these variable pairs appears to 
have a significant impact on Cu²⁺ uptake, as evidenced by 
the statistical significance (p < 0.05) of interaction terms 

like AD (contact time and Cu2+ concentration) and CD (pH 
and Cu2+ concentration). Notably, a favorable pH at lower 
concentrations provided ideal binding conditions, whereas 
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a larger Cu2+ concentration combined with a shorter 
contact period decreased removal efficacy. 

Remarkably, the model's accuracy and sufficiency in 
forecasting the reaction are validated by the non-
significant lack of fit (p = 0.6253). These results are further 
supported by the 3D surface and contour plots (Figure not 
shown here), which graphically depict the interactions and 
effects of the factors under study. Finally, the predicted 
and observed response values of WsBio-LDH composite for 
Cu2+ under optimized conditions are shown in Table 6 while 
the model equation can be written as follows; 

= + + + + −

− − − + − +

− − − +

%Cu removal  79.85 6.98 8.18 9.81 4.06

0.3864 1.03 1.8 0.3864 0.3864

1.8 7.41 ² 2.53 ² 0.4892 ² 0.8074 ²

A B C D

AB AC AD BC BD

CD A B C D  

This work demonstrates the remarkable adsorption ability 
of the WsBio-LDH composite under ideal circumstances, 
indicating its potential for effective removal of Cu2+ from 
aqueous solutions. A promising approach to creating 
affordable, environmentally friendly, and highly effective 
adsorbents for heavy metal cleanup is the incorporation of 
LDH into charcoal matrices. 

 Recyclability Performance of the WsBio-LDH 
Composite  

The reusability performance of the WsBio-LDH composite 
over multiple adsorption desorption cycles is illustrated in 
Figure 13. Reusability and stability of the WsBio-LDH 
composite are critical for practical applications, particularly 
in wastewater treatment. To evaluate these properties, 
sorption desorption cycles were conducted over four 
consecutive experiments. For desorption, 0.1 M HCl was 
used as the desorption reagent, and agitated it for three 
hours after adsorption. The results demonstrated the 
composite exhibited high initial efficiency, with a Cu2+ 
removal rate of 78.7% in the first cycle. However, in the 
subsequent three cycles, the removal efficiency gradually 
decreased to 64.6%, 47.4%, and 32.5%, respectively, as 
shown in Figure 13. This decrease in adsorption efficiency 
over the cycles may be attributed to the formation of 
strong chemical interactions among Cu²⁺ ions and the 
WsBio-LDH composite, which could restrict the 
regeneration of active sites on the WsBio-LDH composite 
(Shafiq et al. 2025). Despite the slight decrease, the WsBio-
LDH composite maintained a high adsorption efficiency of 
32.5% after four cycles, demonstrating good stability and 
reusability, making it a promising candidate for wastewater 
treatment applications. 

The adsorption efficiency decreased progressively from 
78.7% during the first cycle to 32.5% after the fourth 
regeneration cycle. This reduction may be attributed to 
partial blockage of active adsorption sites, structural 
alterations of the LDH layers, and incomplete desorption of 
previously adsorbed Cu²⁺ ions. Although the adsorption 
capacity declined after repeated use, the composite 
retained measurable removal capability throughout the 
regeneration cycles. These findings indicate that further 
improvements in regeneration procedures and structural 
stabilization strategies are required to enhance long-term 
reusability. 

 

Figure 13. Reusability studies of Cu2+ adsorption onto the WsBio-

LDH composite (Cu2+ conc. = 30 ppm, dose = 0.3 g, rpm = 220, pH 

= 6, time = 1 h). 

 Comparison of Adsorbents 

A comparative evaluation of Cu²⁺ adsorption capacity of 
the WsBio-LDH composite with other reported adsorbents 
is presented in Table 7. The WsBio-LDH composite is 
compared with the other natural biochar for copper 
removal (Table 7), which showed good adsorption capacity 
for Cu2+ under optimal conditions, due to its functionalized 
surface, and displayed effective interaction with copper (II) 
ions in solution. 

 

Table 7. Comparison of adsorption capacities of different adsorbents for removal of copper ions. 

Adsorbent 
Concentration 
range of Cu2+ 

(mg/L) 

Contact time 
(min) 

Sorbent dosage 
(g) 

Adsorption 
capacity (mg/g) 

References 

WsBio-LDH composite 70 60 0.4 101.5 Present study 

Magnetic biochar 50 360 1.0 65.55 
(Kołodyńska and 

and Bąk 2018) 

sawdust biochar 50 180 1.0 91.74 
(Eleryan et al. 

2024) 

Biochar (solid waste) 100 180 0.1 5 
(Hoslett et al. 

2019) 
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Oxidized biochar 

(chitosan and PEI) 
100 1400 4 26.7 (Liu et al. 2021) 

4. Conclusion 

This study highlights the potential of the WsBio-LDH 
composite as a cost-effective and efficient adsorbent for 
copper ion removal from aqueous solutions. LDH 
modification of WS biochar enhances its physicochemical 
characteristics and metal removal efficiency to 99.6% 
(adsorbent dose of 0.4 g and pH 6.0), which were optimized 
to 98.6%, respectively, using RSM. Isotherm studies 
showed that the WsBio-LDH composite followed the 
Langmuir model, suggesting an enhanced monolayer 
adsorption capacity. Kinetic analysis confirmed that the 
PSO model provided the best fit for the adsorbent, 
indicating that a monolayer adsorption occurred by 
chemisorption. Characterization of the WsBio-LDH 
composite using SEM, EDX, and FTIR confirmed its 
suitability for adsorption applications. SEM analysis 
revealed a highly porous surface morphology, while FTIR 
analysis identified key functional groups. 

The study also examined the effects of contact time, 
adsorbent dose, pH, and metal ion concentration. 
Maximum removal efficiency of Cu2+ ions was observed at 
lower Cu2+ concentration, higher pH 6, and optimum 
adsorbent dose 0.4 g. RSM verified a good connection 
between statistical and experimental values with an error 
range of less than 1%. These findings suggest that the 
WsBio-LDH composite is an effective, cost-efficient, and 
sustainable adsorbent for the remediation of heavy metals 
from wastewater. Compared with previously reported 
biochar-based adsorbents, the WsBio-LDH composite 
demonstrates superior Cu²⁺ removal efficiency (>99.5%) 
under optimized conditions, outperforming wheat straw 
biochar and several metal-oxide-modified biochars 
reported in the literature. The enhanced performance is 
attributed to the synergistic effect of LDH incorporation, 
which increases surface charge density, active binding 
sites, and ion-exchange capacity. 

A limitation of the present study is the gradual decline in 
adsorption efficiency during repeated regeneration cycles. 
The removal efficiency decreased from 78.7% to 32.5% 
after four cycles, indicating the need for improved 
regeneration methods and enhanced structural stability of 
the composite. Future studies should focus on optimizing 
regeneration protocols and evaluating long-term 
performance under continuous treatment conditions. 

Despite the promising adsorption performance, certain 
limitations should be acknowledged. The adsorption 
experiments were conducted under batch conditions using 
synthetic wastewater, which may not fully represent 
complex industrial effluents comprising competing ions. 
Additionally, regeneration efficiency decreased after 
multiple cycles, indicating partial loss of active adsorption 
sites. These limitations highlight the need for further 
investigation under continuous-flow systems and real 
wastewater conditions. 

 

 Future Scope and Practical Applications 

The proposed WsBio-LDH composite shows strong 
potential for real-time wastewater treatment applications 
due to its low-cost raw material, simple synthesis route, 
and high adsorption efficiency. Future research may focus 
on scaling up the process using fixed-bed or continuous-
flow reactors, evaluating performance in real industrial 
effluents, and exploring adsorption of multi-metal systems. 
Additionally, integration of this adsorbent into hybrid 
treatment systems could enhance overall removal 
efficiency and sustainability. 
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