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ABSTRACT  

The present study investigates the adsorption of RM21 dye from aqueous 

solutions using a kaolin-supported copper-doped zinc oxide (Cu-ZnO) 

nanocomposite as an effective adsorbent. The nanocomposite was 

synthesized and characterized using SEM-EDX and FT-IR techniques to 

confirm the morphology, elemental composition, and functional groups 

before and after adsorption. Adsorption experiments were conducted to 

evaluate the effects of contact time, initial dye concentration, and adsorbent 

dosage on the removal efficiency. The equilibrium data were analyzed using 

multiple isotherm models, including Langmuir, Freundlich, Temkin, 

Jovanovich, Halsey, and Redlich-Peterson, revealing that the Redlich-

Peterson model best described the adsorption behavior, indicating 

heterogeneous surface interactions. Kinetic studies demonstrated that the 

adsorption process followed a pseudo-second-order model with high 

correlation (R² = 0.9999), suggesting chemisorption as the dominant 

mechanism. Thermodynamic parameters (ΔG°, ΔH°, and ΔS°) indicated that 

the adsorption was spontaneous, endothermic, and feasible under 

experimental conditions. The study confirms that kaolin-supported Cu-ZnO 

nanocomposite is a promising, efficient, and environmentally friendly 

adsorbent for the removal of reactive dyes from wastewater. This work 

provides insights into the practical application of nanocomposite materials 

for dye-contaminated water treatment. 

Keywords: Adsorption, RM21 dye, Cu-ZnO nanocomposite, Kaolin, 
Kinetics, Isotherms 
. 

 

Introduction 

In recent years, rapid population growth and industrialization have led to negative impacts on 

the environment and the depletion of natural resources. As a consequence of industrialization, the 

release of various pollutants into the environment has reduced environmental quality. Industrial 

wastes, wastewater, heavy metals, synthetic agricultural fertilizers, detergents, pesticides, and dyes 
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used in the textile industry are among the many factors that disrupt natural balance (Markandeya et 

al., 2022; Velusamy et al., 2021; Xu et al., 2020; Mia et al., 2019). Textile industries use dyes to color their 

final products and generate large amounts of waste containing organic matter and color (Lellis et al., 

2019). The presence of these substances with complex aromatic structures negatively affects aquatic 

environments by reducing photosynthetic activity. Furthermore, many of these aromatic compounds 

cause skin irritation and respiratory problems, while also increasing the risks of cancer and cell 

mutation in humans. Therefore, wastewater containing dyes must undergo effective treatment before 

being discharged into the environment (Al-Tohamy et al., 2022; Hassan & Carr, 2018). 

 Reactive dyes are a class of dyes widely used in textiles for coloring various fibers, particularly 

cellulosic fibers, as well as wool, silk, and polyamide. Their high fastness, simple application methods, 

and ability to provide all colors in the visible spectrum make reactive dyes stand out, especially in 

cotton, which is the most important member of the cellulosic fiber group (Özdemir & Tutak, 2016). 

Reactive dyes are considered an important class of dyes for cotton due to their favorable fastness 

properties, particularly wash fastness. A covalent bond forms between the functional groups of the dye 

molecule and the hydroxyl groups on the cellulosic fiber. However, in the dyeing medium, reactive 

dyes undergo a hydrolysis reaction with water molecules, losing their ability to dye fibers, which is 

regarded as their main disadvantage (Ghaffar et al., 2019; Bamfield, 2001; Broadbent, 2001). 

 Reactive Blue 21 (RM21), with the molecular formula C40H25CuN9O14S5, is widely used in 

the textile industry due to its properties such as high stability, optimal solubility, and long shelf life 

(Aksu & Isoglu, 2007; Vaghela & Nath, 2020). Because of its highly stable aromatic structure, it is 

difficult to degrade RM21 dye. The discharge of RM21 dye from various textile industries into water 

sources poses a serious concern due to its non-biodegradability, toxicity, and mutagenicity. 

Consequently, it harms the ecosystem by causing the death of living organisms. The chemical structure 

of RM21 dye is shown in Figure 1 (Ahmad et al., 2019). 

 

 

 

 

 

Figure 1. Chemical structure of RM21 dye 

 

 

Various methods such as coagulation/flocculation, membrane filtration, reverse osmosis, 

photodegradation, ozonation, and adsorption are used for the removal of dyes from wastewater (Liu 

et al., 2019; Bilińska et al., 2019; El-Bindary et al., 2016; Luo et al., 2022; Kızıltaş, 2022; Tekin et al., 2020). 

Each of these methods has its own advantages and disadvantages. Among them, adsorption is the most 

preferred technique because it is easy to apply, highly efficient, less complicated than other 

conventional methods, cost-effective, and environmentally friendly (Senthil Rathi & Senthil Kumar, 

2021; De Gisi et al., 2016). A wide variety of adsorbents have been employed for dye removal from 

wastewater through adsorption. Activated carbon, alumina, zeolites, and silica gel are some of the 

commercially used adsorbents. Although these adsorbents generally meet the expectations in terms of 

adsorption capacity, there is still a need to develop adsorbent materials with both high adsorption 

capacity and low cost. Therefore, many research groups continue laboratory studies in this field 
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(Hamad & Idrus, 2022; Nasar & Mashkoor, 2019; Bayramoğlu et al., 2020; Zhou et al., 2019; Yagub et 

al., 2014). 

 Recently, studies on the use of nanostructured metal oxides as adsorbents have been increasing 

due to their small particle size, large surface area, and high number of active sites (Sun et al., 2012; 

Naseem & Durrani, 2021). The adsorption capacity of these nanometal oxides has been enhanced by 

decorating them onto various supporting surfaces such as clay, zeolite, activated carbon, graphene, and 

carbon nanotubes (Kibanova et al., 2012; Alswat et al., 2022; Pala et al., 2022; Gan et al., 2019). Owing to 

the synergistic effect of such nanometal composites, they exhibit higher adsorption capacities compared 

to individual metal oxides (Eskandari et al., 2021; Ayanda et al., 2013; Lu & Chiu, 2006). Nanometal 

oxides such as cadmium sulfide, tungsten trioxide, titanium oxide, and zinc oxide are the most 

commonly preferred for nanocomposite synthesis because of their low cost, high surface area, good 

stability, low toxicity, long-term durability, and excellent adsorption capacity (Mahmood, 2022; Patra 

et al., 2022; Chandrabose et al., 2021; Binaeian et al., 2020; Stengl & Krˇalová, 2011; Muthuvela et al., 

2020). 

 Clays such as kaolin, bentonite, and montmorillonite are widely used as primary supports in 

nanocomposite synthesis (Ewis et al., 2022; Fadillah et al., 2020). Kaolin, due to its high thermal stability, 

good surface area, and layered structure, is one of the most preferred clays for the synthesis of clay-

supported nanocomposites. The distribution of nanometal oxides on the kaolin surface reduces 

aggregation and particle size compared to their pure forms, while providing a suitable support surface. 

As a result, kaolin-supported nanocomposites demonstrate improved adsorption capacity (Khan et al., 

2015; Rind et al., 2023). 

 In this study, the removal of RM21 dye, commonly used in the textile industry, was 

investigated through the adsorption method using a copper-doped zinc oxide nanocomposite 

decorated on kaolin. Various parameters such as initial dye concentration, adsorbent dosage, 

temperature, and contact time were optimized to determine the most suitable conditions for the 

removal of RM21 dye. Furthermore, adsorption isotherms, kinetic, and thermodynamic data were 

obtained and evaluated. 

2. Materials and Methods 

2.1. Materials 

 For adsorption studies, Reactive Blue 21 (Sigma-Aldrich) dye was obtained in solid powder 

form. Stock solutions were prepared, and the necessary dilutions were made to obtain the desired dye 

concentrations. Deionized water was used in the preparation of all solutions. 

2.2. Synthesis of Copper-Doped ZnO Nanocomposite Decorated on Kaolin Surface 

 The copper-doped ZnO nanocomposite decorated on kaolin, used as an adsorbent, was 

synthesized by the co-precipitation method. The synthesis procedure has been described in detail in 

our previous study (Keleş Güner & Çağlar, 2020). 

2.3. Adsorption Study 

 Adsorption experiments for the removal of RM21 dye using the previously synthesized copper-

doped ZnO nanocomposite decorated on kaolin were carried out on a magnetic stirrer to ensure 

homogeneous mixing (Keleş Güner & Çağlar, 2020). To determine the contact time, dye and adsorbent 

solutions with the same initial RM21 concentration (25 mg L⁻¹), adsorbent dosage (30 mg L⁻¹), and 

temperature (25 °C) were placed in separate flasks at their natural pH (pH 7) and stirred on a magnetic 

stirrer. At specific time intervals (0–120 min), the residual dye concentration was measured using a UV-

Vis spectrophotometer (PG Instruments T80+). After determining the equilibrium time, the effects of 
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initial RM21 concentration, adsorbent dosage, and temperature on adsorption were investigated. 

Spectrophotometric measurements were performed at the maximum absorption wavelength of RM21 

dye (666 nm). A calibration curve, obtained by plotting absorbance values against known 

concentrations, was used to determine the remaining dye concentrations in the solution. 

 In the adsorption experiments, initial dye concentrations of 15, 25, and 35 mg L⁻¹ were studied, 

while adsorbent dosages were varied as 5, 10, 15, 20, 25, 30, and 35 mg L⁻¹. Temperature studies were 

carried out at 25, 35, and 45 °C. During the experiments, samples were withdrawn at specified intervals 

and centrifuged at 5000 rpm for 3 minutes to separate the particles from the mixture. The supernatant 

was then analyzed by spectrophotometry to determine the remaining RM21 concentration. Sampling 

and analyses continued until equilibrium was reached. 

 The percentage removal (% Removal) and equilibrium adsorption capacity (qe) were calculated 

using Equations (1) and (2) (Kumbhar et al., 2022): 

  

 where Co and Ce (mg L⁻¹) are the initial and equilibrium dye concentrations, respectively, V(L) 

is the solution volume, and M (g) is the mass of the adsorbent. 

2.4. Characterization 

 The characterization of the synthesized sample was discussed in detail in our previous 

publication (Keleş Güner & Çağlar, 2020). After adsorption of the RM21 dye, SEM-EDX and FT-IR 

analyses were performed and discussed in Section 3.5. SEM/EDX analyses were carried out using a 

field emission scanning electron microscope (Quanta FEG 450-FEI), while FTIR spectra were recorded 

using a Thermo Nicolet 6700 spectrophotometer in the range of 4000–400 cm⁻¹ with a resolution of 4 

cm⁻¹. 

3. Results and Discussion 

3.1. Effect of Adsorption Parameters 

3.1.1. Effect of Adsorbent Dosage 

 The amount of adsorbent used has a significant effect on the removal of RM21 dye. The effect 

of adsorbent dosage was studied at an initial RM21 concentration of 25 mg L⁻¹ and a temperature of 

25°C, with the adsorbent dosage varying from 5 mg L⁻¹ to 35 mg L⁻¹. As shown in Figure 2, the dye 

removal efficiency gradually increased with increasing adsorbent dosage. When 5 mg L⁻¹ of adsorbent 

was used, RM21 removal was 16.1%, whereas increasing the dosage to 35 mg L⁻¹ increased the removal 

to 97.2%. The increase in adsorbent dosage enhances the number of active surface sites available for 

adsorption, thereby increasing the amount of dye adsorbed per unit mass of adsorbent. Since nearly 

complete dye removal was achieved at an adsorbent dosage of 35 mg L⁻¹, a slightly lower dosage of 30 

mg L⁻¹ was selected for subsequent kinetic and thermodynamic studies to maintain efficiency while 

optimizing material use. 
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Figure 2. Effect of adsorbent dosage on RM21 removal using copper-doped ZnO nanocomposite 

decorated on kaolin 

3.1.2. Effect of Initial RM21 Dye Concentration 

 To investigate the effect of initial RM21 concentration, experiments were carried out at solution 

pH 7, adsorbent dosage 30 mg L⁻¹, temperature 25°C, and initial dye concentrations of 15, 25, and 35 

mg L⁻¹. The results are shown in Figure 3. Increasing the initial dye concentration reduced the 

adsorption capacity of the copper-doped ZnO nanocomposite decorated on kaolin, resulting in lower 

dye removal (Kul et al., 2022). When the initial dye concentration decreased from 35 mg L⁻¹ to 15 mg 

L⁻¹, RM21 removal increased from 73.1% to 96.2%. This decrease in adsorption at higher dye 

concentrations is attributed to the saturation of the active sites on the adsorbent surface. Additionally, 

higher dye concentrations in solution promote dye aggregation, reducing the available binding 

capacity at adsorption sites, while lower concentrations allow rapid mass transfer and efficient 

adsorption due to minimal molecular interactions (Demir & Kalpaklı, 2020). Since nearly complete 

removal was achieved at 15 mg L⁻¹, an intermediate initial dye concentration of 25 mg L⁻¹ was chosen 

for subsequent kinetic and thermodynamic studies to ensure efficient and consistent results. 

 

Figure 3. Effect of initial dye concentration on RM21 removal using copper-doped ZnO nanocomposite 

decorated on kaolin 
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3.1.3. Effect of Temperature 

Temperature is one of the most critical factors influencing the adsorption process. Changes in 

temperature can affect the solubility of the pollutant in water and, consequently, the extent of its 

removal. To determine the effect of temperature on RM21 removal, the adsorbent dosage was fixed at 

30 mg L⁻¹ and the initial dye concentration at 25 mg L⁻¹, while adsorption efficiency was measured at 

different temperatures (25, 35, and 45°C). As shown in Figure 4, the adsorption capacity of RM21 on 

the copper-doped ZnO nanocomposite decorated on kaolin increased with temperature. This indicates 

that the adsorption of RM21 from aqueous solution onto the nanocomposite surface is likely an 

endothermic process (Bensalah et al., 2021). At 90 minutes, the dye removal efficiency increased from 

86.22% at 25°C to 97.61% at 45°C. 

 

Figure 4. Effect of temperature on RM21 removal using copper-doped ZnO nanocomposite decorated 

on kaolin 

3.2. Adsorption Isotherms 

Adsorption isotherms, which are important both theoretically and practically, describe the 

relationship between the amount of a substance adsorbed and its concentration in solution at 

equilibrium and at a constant temperature. Generally, adsorption isotherms explain how adsorbates 

interact with adsorbents. Correlating equilibrium data with a theoretical or empirical equation is 

essential for the practical design and operation of an adsorption system (Karaoğlu et al., 2009; Alkan et 

al., 2005). Numerous isotherm models exist, and in this study, the Langmuir, Freundlich, Temkin, 

Jovanovich, Halsey, and Redlich-Peterson models were selected. 

3.2.1. Langmuir Isotherm 

 The Langmuir isotherm is derived under the assumption that the adsorbent surface contains 

equivalent active sites and describes monolayer adsorption on a homogeneous surface. The linearized 

mathematical form of the Langmuir adsorption isotherm is expressed as follows (Küçük, 2021; Zheng 

et al., 2013): 

 

Here, by plotting Ce/qe versus Ce, the monolayer adsorption capacity qm is determined from the slope, 

and the Langmuir constant KL is determined from the y-intercept (Figure 5a). KL represents the 
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Langmuir constant (L·mg⁻¹), and qmq_mqm represents the maximum monolayer adsorption capacity 

of the adsorbent. 

 According to the Langmuir model, the adsorption of RM21 onto the copper-doped ZnO 

nanocomposite decorated on kaolin showed a correlation coefficient R2R^2R2 of 0.9994. The monolayer 

adsorption capacity qmq_mqm was 40.48 mg·g⁻¹, and the Langmuir constant KL  was 2.35 (Table 1). 

Experimentally, the highest adsorption capacity was determined as 40 mg·g⁻¹ at 25°C after 90 minutes 

using 5 mg·L⁻¹ of the nanocomposite. This shows that the experimentally observed maximum 

adsorption capacity is in good agreement with the Langmuir isotherm prediction (Bayramoğlu et al., 

2009). 

 The dimensionless separation factor RL  is used to evaluate the favorability of adsorption 

(Equation 4). RL >1 indicates unfavorable adsorption, RL =1 linear, 0< RL<1 favorable, and RL RL =0 

irreversible (Sarı & Soylak, 2006): 

  

Here, RL is the separation factor. The obtained RL values for dye concentrations ranging from 

15–35 mg·L⁻¹ were between 0.92–0.98, indicating favorable adsorption of RM21 onto the copper-doped 

ZnO nanocomposite decorated on kaolin. 

3.2.2. Freundlich Isotherm 

 The Freundlich isotherm assumes a heterogeneous distribution of active sites and supports 

multilayer adsorption (Kalam et al., 2021). This empirical model assumes that stronger binding sites 

are occupied first, and as more sites are occupied, the binding strength decreases. The linear form of 

the Freundlich equation is given as follows (Kumbhar et al., 2022; Ncibi et al., 2007): 

  

By plotting lnqe versus lnCe (Figure 5b), the slope gives 1/n1/n1/n, and the y-intercept gives 

KF relates to the adsorption capacity for multilayer adsorption, and nnn indicates adsorption intensity 

depending on adsorbent heterogeneity. If n<1, adsorption intensity is suitable for the studied 

concentration range; if n>1, adsorption intensity is more suitable for higher concentrations. The 

heterogeneity factor 1/n ranges from 0–1; the closer to zero, the more heterogeneous the surface (Eren 

et al., 2010). A 1/n value below 1 represents a normal Langmuir-type adsorption, while above 1 

indicates cooperative adsorption (Alkan et al., 2005). 

 For RM21 adsorption onto the copper-doped ZnO nanocomposite decorated on kaolin, the 

obtained 1/n value was 0.0452, indicating the surface heterogeneity of the composite. Based on the 

correlation coefficients (R2), adsorption was better described by the Langmuir model than by the 

Freundlich isotherm (Nandi et al., 2009; Rais, 2009). 

3.2.3. Temkin Isotherm 

The Temkin isotherm considers the adsorption heat of all molecules in solution and is expressed as 

follows (Zewde & Geremew, 2022): 

  

As shown in Figure 5c, a plot of qe versus lnCe allows the determination of 𝑏 from the slope and KT 

from the y-intercept. Here, T is the temperature (K), RRR is the universal gas constant (J·mol⁻¹·K⁻¹), 𝑏 

is the adsorption enthalpy (J·mol⁻¹), and KT is the equilibrium binding constant (L·g⁻¹). 
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In an adsorption process, as the surface coverage of the adsorbent increases, the heat of adsorption of 

the adsorbent molecules decreases linearly. This occurs due to interactions between the adsorbate 

molecules and the adsorbent surface. The Temkin model is useful for determining the heat reduction 

during adsorption and allows the estimation of the binding energy of the reaction (Demir et al., 2022). 

As seen in Table 1, with a correlation coefficient R2 of 0.9337, the Temkin isotherm model effectively 

describes the decrease in adsorption heat for RM21 adsorption onto the copper-doped ZnO 

nanocomposite decorated on kaolin. 

3.2.4. Jovanovich Isotherm 

The Jovanovich isotherm, similar to the Langmuir model, describes monolayer adsorption but also 

assumes that interactions between adsorbate and adsorbent are significant, unlike the Langmuir model 

(Kiełbasa et al., 2021; Saloğlu, 2019). The linear form of the Jovanovich isotherm is: 

 

As shown in Figure 5d, plotting lnqe versus Ce allows determination of the Jovanovich constant KJ from 

the slope and the maximum monolayer adsorption capacity qm from the y-intercept. Here, KJ is the 

Jovanovich constant, and qm represents the maximum monolayer adsorption capacity of the adsorbent. 

This model has limited application in physical adsorption. This model is applicable to situations where 

there are no real interactions between adsorbate molecules on mobile, monolayer surfaces. If the 

adsorbate concentration is high, it may be possible to reach a saturation point. On the other hand, at 

low adsorbate concentrations, this model reduces to Henry's law. Compared to the Langmuir model, 

the Jovanovich model exhibits a slower approach to saturation (Al-Ghouti and Da'ana 2020). As can be 

seen from the R2 value of 0.9441, the adsorption data of RM21 dye onto a copper-doped zinc oxide 

nanocomposite decorated on a kaolin surface matched the Jovanovich model. 

Table 1. Isotherm parameters for RM21 adsorption on copper-doped ZnO nanocomposite decorated on 

kaolin (Conditions: contact time 90 min, initial dye concentration 25 mg L⁻¹, adsorbent dosage 30 mg 

L⁻¹, temperature 25°C). 

Model Parameter Value 

Langmuir Qm (mg·g⁻¹) 40.48 

KL (L·mg⁻¹) 2.35 

RL 0.94 

R² 0.9994 

Freundlich 1/n 0.0452 

n 22.12 

KF (mg·g⁻¹)(L·mg⁻¹)¹⁄ⁿ 34.48 

R² 0.942 

Temkin b (J·mol⁻¹) 1477.1 

KT (L·g⁻¹) 7.78×10⁸ 

R² 0.9337 

Jovanovich KJ -0.0071 
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qm (mg·g⁻¹) 35.02 

R² 0.9441 

Halsey n -22.12 

KH 9.57×10⁻³⁵ 

R² 0.942 

Redlich-Peterson β 0.9548 

A 34.48 

R² 0.9999 

 

Figure 5. Linear plots of different isotherm models (a) Langmuir (b) Freundlich (c) Temkin (d) 

Jovanovich (e) Halsey (f) Redlich-Peterson. 

3.3. Adsorption Kinetics 

Kinetic studies are important to understand the mechanism by which adsorbate removal occurs. It is 

an important step in revealing the adsorption steps that affect the rate of the adsorption process 
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(Kumbhar et al. 2022, Özdemir 2015). Experimental results were studied according to pseudo-first-

order, pseudo-second-order, intraparticle diffusion, and Elovich kinetic models.  

3.3.1 Pseudo-First-Order Kinetics 

The pseudo-first-order kinetic model was developed by Lagergren and is expressed as follows 

(Lagergren 1898, Nazifa et al. 2017): 

𝑙𝑛(𝑞𝑒−𝑞𝑡)=𝑙𝑛𝑞𝑒−𝑘1𝑡 (10) 

Here, qt is the amount of substance adsorbed per unit mass of adsorbent at any instant (mgg-1), k1 is 

the pseudo-first-order kinetic rate constant (min-1), and t is the contact time. As shown in Figure 6a, 

the change in the ln(qe-qt) value against time is plotted to obtain the k1 and theoretical qe values. The 

rate constant k1 is calculated from the slope, and the theoretical qe is calculated from the point where 

the line intersects the y-axis of the graph. The rate constant, maximum adsorption capacity, and 

correlation coefficient values are shown in Tables 2 and 3. These were obtained by plotting ln(qe-qt) 

against contact time, as shown in Figure 6a. 

In Tables 2 and 3, it is clear that the calculated and theoretical qe (mg/g) values for the Pseudo-First-

Order Kinetic model do not match each other. Furthermore, the correlation coefficient (R2) values are 

lower than those for the Pseudo-Second-Order Kinetic model, indicating that the adsorption data fit 

the Pseudo-First-Order kinetic model poorly. 

3.3.2. Pseudo-Second-Order Kinetic 

The Pseudo-Second-Order kinetic model is expressed as follows (Saeed et al. 2022). 

𝑡𝑞𝑡=1𝑘2𝑞𝑒2+𝑡𝑞𝑒 (11) 

Here, k2 is the pseudo-second-order kinetic rate constant (min-1). As in Figure 6b, the change in the 

tqt-1 value against time is plotted and the k2 and theoretical qe values are obtained graphically. 

Theoretical qe is calculated from the slope, and k2 is calculated from the point where the line intersects 

the y-axis of the graph. 

The rate constant, maximum adsorption capacity, and correlation coefficient values are shown in Tables 

2 and 3. 

Table 2. Effect of adsorbent dosage on kinetic parameters for RM21 adsorption on copper-doped 

ZnO nanocomposite decorated on kaolin 

(Conditions: contact time: 90 min, initial dye concentration: 25 mg·L⁻¹, temperature: 25°C) 

Kinetic Model Parameter 5 mg 10 mg 15 mg 20 mg 25 mg 30 mg 35 mg 

Experimental qe (mg·g⁻¹) 40.00 39.55 38.80 38.13 37.01 35.82 34.62 

Pseudo-First 

Order 

k1 (min⁻¹) 0.0556 0.0610 0.0574 0.0632 0.0628 0.0580 0.0619 

qe (mg·g⁻¹) 24.86 27.06 25.75 26.87 21.33 21.58 20.42 

R² 0.9787 0.9742 0.9738 0.9860 0.9687 0.9769 0.9803 

Pseudo-Second 

Order 

k2 (g·mg⁻¹·min⁻¹) 0.0047 0.0050 0.0048 0.0049 0.0074 0.0060 0.0069 

qe (mg·g⁻¹) 42.19 41.67 40.98 40.32 38.46 37.59 36.23 

R² 0.9997 0.9998 0.9998 0.9998 0.9999 0.9999 0.9999 

Intra-particle 

Diffusion 

kid1 

(mg·g⁻¹·min⁻⁰·⁵) 

2.2993 2.2163 2.2432 2.4187 1.815 2.034 1.9638 
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C1 22.676 22.907 21.839 20.446 23.775 20.859 20.497 

R² 0.9916 0.9702 0.9714 0.9636 0.8851 0.9726 0.9660 

kid2 0.5142 0.5176 0.5324 0.3479 0.3414 0.4296 0.2645 

C2 35.112 34.709 33.785 34.85 33.812 31.762 32.109 

R² 0.9991 0.9644 0.9888 0.9958 0.9704 0.9965 0.9962 

 

Table 3. Effect of initial RM21 dye concentration on kinetic parameters for RM21 adsorption on 

copper-doped ZnO nanocomposite decorated on kaolin 

(Conditions: contact time: 90 min, adsorbent dosage: 30 mg·L⁻¹, temperature: 25°C) 

Kinetic Model Parameter 15 mg 25 mg 35 mg 

Experimental qe (mg·g⁻¹) 23.98 35.82 42.63 

Pseudo-First Order k1 (min⁻¹) 0.0622 0.0580 0.0537 

qe (mg·g⁻¹) 15.49 21.58 25.86 

R² 0.9839 0.9769 0.9735 

Pseudo-Second Order k2 (g·mg⁻¹·min⁻¹) 0.0087 0.0060 0.0044 

qe (mg·g⁻¹) 25.25 37.59 45.04 

R² 0.9999 0.9999 0.9999 

Intra-particle Diffusion kid1 (mg·g⁻¹·min⁻⁰·⁵) 1.5071 2.034 2.4531 

C1 13.145 20.859 24.129 

R² 0.9651 0.9726 0.9842 

kid2 0.2319 0.4296 0.6788 

C2 21.79 31.762 36.215 

R² 0.9958 0.9965 0.9957 

 

As seen in Tables 2 and 3, the pseudo-second-order kinetic correlation coefficients were determined to 

be ~0.999 for all adsorbent amounts and initial dye concentrations. Furthermore, the qe values obtained 

from the experimental study were found to be similar to the theoretical qe values. The study was proven 

to be compatible with the pseudo-second-order kinetic model. 

3.3.3. Intraparticle Diffusion 

The intraparticle diffusion model proposed by Weber and Morris is based on the principle that 

adsorption occurs via mass transfer of adsorbate molecules onto the adsorbent. The linear form of this 

equation is written as follows (Weber and Morris 1963, Baldermann and Stamm 2022, Demir et al. 2022). 

𝑞𝑡=𝑘𝑖𝑑√𝑡+𝐶 (12) 

Here, kid is the rate constant, and C is the model constants providing information about the boundary 

layer thickness. As shown in Figure 6c, kid and C values are obtained using the graph by plotting the 

change of qt value against √𝑡. kid is calculated from the slope, and C is calculated from the point where 

the line intersects the y-axis of the graph. 
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In Figure 6c, for all seven concentrations, the plots show two-step multicollinearity. The first part of the 

linear plot is attributed to boundary layer diffusion, while the second part is attributed to intraparticle 

diffusion and chemical reaction. The fact that neither slope line passes through the origin indicates that 

film diffusion and intraparticle diffusion occur simultaneously (Nandi et al. 2009, Gad and El Sayed 

2009). Tables 2 and 3 show the numerical values for kid1, kid2, C1, and C2 obtained from the lines in 

Figure 6c. These values indicate that the first step of adsorption, boundary layer diffusion, occurs faster 

(kid1>kid2) and relatively easier (C1<C2) than the second step, intraparticle diffusion. 

 

Figure 6. Kinetic models (a) Pseudo-first-order (b) Pseudo-second-order (c) Intraparticle diffusion   

3.5. Evaluation of Post-adsorption SEM-EDX and FT-IR Data 

The SEM-EDX and FT-IR spectra of RM21 dye after adsorption onto the copper-doped ZnO 

nanocomposite decorated on kaolin are presented in Figures 8 and 9, respectively. The post-adsorption 

SEM images indicate that the morphological structure of the copper-doped ZnO nanocomposite on the 

kaolin surface remained unchanged, with the presence of Cu-doped ZnO nanorods observed on the 

kaolin layers (Keleş Güner & Çağlar, 2020). The EDX spectrum shows Si, Al, O, and K elements 

originating from the kaolin, Cu, Zn, and O from the Cu-doped ZnO, and C, N, O, Cu, and S elements 

attributed to the adsorbed RM21 dye (Keleş Güner & Çağlar, 2020). 

In the FT-IR spectrum of kaolin, bands at 3688, 3648, and 3618 cm⁻¹ correspond to stretching vibrations 

of structural hydroxyl groups, while bands at 935, 910, and 788 cm⁻¹ are related to bending vibrations 

of hydroxyl groups. Strong bands at 1024 and 996 cm⁻¹ are attributed to Si–O–Si stretching vibrations, 

peaks at 750, 641, 523, and 456 cm⁻¹ to bending vibrations of Si–O, Al–O–Si, and Si–O–Si, and the peak 

at 475 cm⁻¹ is due to metal–oxygen stretching in the Cu-doped ZnO (Keleş Güner & Çağlar, 2020). 

After the adsorption of RM21, characteristic IR peaks from the dye molecules were observed (Figure 

9b). Peaks at 3690 and 3620 cm⁻¹ correspond to O–H stretching vibrations of RM21, while the peak at 

3446 cm⁻¹ is attributed to both O–H and N–H stretching vibrations. The shoulder at 3020 cm⁻¹ is 

assigned to aromatic C–H stretching, and peaks at 2923 and 2852 cm⁻¹ correspond to aliphatic C–H 

stretching. Peaks at 1650, 1453, and 1384 cm⁻¹ are associated with aromatic ring vibrations and C–H 

bending of RM21 (Figure 9b). 
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Figure 8. Post-adsorption characterization of RM21 dye on copper-doped ZnO nanocomposite 

decorated on kaolin: a–c) SEM images; d) EDX spectrum. 

 

Figure 9. FT-IR spectra of copper-doped ZnO nanocomposite decorated on kaolin: a) before adsorption 

and b) after RM21 dye adsorption. 

4. Conclusion 

In this study, the copper-doped ZnO nanocomposite decorated on kaolin was successfully employed 

to remove RM21 dye from aqueous solutions. The results of the adsorption experiments indicated that 

the adsorption of RM21 onto the copper-doped ZnO nanocomposite on kaolin was best described by 

the Redlich-Peterson isotherm. Based on the correlation coefficients (R²) of the isotherms, the 
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adsorption data fit the models in the following order: Redlich-Peterson > Langmuir > Jovanovich > 

Freundlich = Halsey > Temkin. Kinetic studies revealed that the adsorption process followed the 

pseudo-second-order kinetic model with a correlation coefficient of 0.9999 (R²). Thermodynamic 

parameters (ΔG°, ΔH°, and ΔS°) indicated that the adsorption process was feasible, endothermic, and 

spontaneous. 

It can be concluded that the use of the copper-doped ZnO nanocomposite decorated on kaolin is an 

effective choice of adsorbent for the removal of RM21 dye from wastewater. 
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