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ABSTRACT 

Heavy metals and organic dyes pose significant environmental concerns due to their persistence, toxicity, and 

tendency to accumulate in the food chain. These pollutants are often discharged from various industrial sources 

without proper management, resulting in unacceptable damage to the environment. The use of low-cost 

agricultural by-products can be a sustainable and green solution for the industrial effluent treatment process. In 

the present research, the effective removal of Cd2+ and disperse black‒9 (DB‒9) dye simultaneously was planned 

through the adsorption method utilizing specially activated carbon (AC) derived from rice husk. FTIR, SEM, and 

XRD were used to characterize the produced AC. The adsorption studies showed that approximately 88% of the 

dye DB‒9 and 97% of Cd2+ were adsorbed by using optimal dosages of the AC, which were 16 g/L and 12 g/L, 

respectively. In addition, it was successfully demonstrated that Cd2+ adsorbed AC was capable of binding with DB‒

9 and also DB‒9 adsorbed AC is capable of binding with Cd2+. Therefore, a novel strategy for the simultaneous 

elimination of Cd2+ and DB-9 ideas was successfully implemented in the current study. In addition, equilibrium 

data were examined to assess the adsorbate-adsorbent system's isotherms. The Langmuir isotherm was 

determined to be the most well-fitting, with a maximum uptake of 11.48 mg/g. Thermodynamic study (ΔG⁰) 

showed that the adsorption process was spontaneous, and the adsorption process followed pseudo-second-order 

kinetics. 
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INTRODUCTION  

The emission of organic compounds and heavy metals are both significant contributing species that 

have detrimental effects on humans and the environment [1,2]. Dyes are widely utilized in diverse 

classes of sectors, including textiles, rubber, plastics, printing, leather, cosmetics, and the 

manufacturing of coloured goods [3]. Without proper treatment, these chemicals are sustainable, 

retain their colour and structure under sunlight, and resist microbial breakdown in wastewater 

treatment systems. As a result, they further perturb the ecosystem of the water [4,5]. Several dyes and 

their metabolites are harmful to aquatic plants, microbes, fish, and animals [6]. Dye waste exposure 
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has also been linked to an increased risk of asthma, eczema, and dermatitis, as well as multiple 

myeloma, leukaemia, and pulmonary oedema. Vomiting, hyperventilation, sleeplessness, profuse 

diarrhoea, salivation, and eye or skin infections are other side effects [7]. 

In addition, the issue of pollution from heavy metals stands as a paramount concern within the realm 

of contemporary environmental challenges. Numerous sectors generate and release waste materials 

that contain diverse heavy metals into the surrounding environment. These include metal extraction 

and processing, surface finishing, power generation, chemical manufacturing, fertilizer and pesticide 

production, steelmaking, electroplating, electrolysis, electro-osmosis, electronics production, the 

treatment of metal surfaces, the aerospace industry, and the installation of atomic energy [8]. Heavy 

metals have long been harmful to humans and the environment. Toxicity has the potential to impact 

various physiological processes, including those related to mental and central nervous system 

functioning, energy regulation, blood composition, pulmonary function, renal health, hepatic function, 

and the overall well-being of vital organs [9,10]. In such cases, acute cadmium poisoning can produce 

pulmonary oedema, vomiting, diarrhoea, hypertension, proteinuria, glucosuria, aminoaciduria, 

osteomalacia (bone softening), and renal consequences of proteinuria [11–14]. However, heavy metals 

and dyes can be removed using a variety of treatment methods, including oxidation-reduction, 

adsorption-desorption, precipitation-dissolution, ion exchange, and membrane processes [15] 

photocatalytic degradation [16], graphene oxide [17] assisted adsorption, and advanced oxidation 

processes [18]. Among the various recognized processes, adsorption is recognized as one of the leading 

technologies for water purification since it is efficient, cost-effective, and environmentally benign. 

Activated carbon is widely used as an adsorbent. Most of the activated carbon comes from various 

cellulose-containing materials [19]. Therefore, the utilization of activated carbon continues to be the 

predominant approach for dye and heavy metal removal through the process of adsorption [20]. 

Dye and heavy metals are removed from wastewater using activated carbon from various plants. These 

sources include agricultural waste [21,22]. There have been multiple studies conducted to investigate 

the potential use of different agricultural waste materials, such as rice husk [20,23,24], rice husk ash 

[25], coffee grounds [26], orange waste [27], agricultural and household wastes [21,28,29], sugarcane 

bagasse [30], coconut copra meal [31], wheat bran [32], cornstalk [33], fly ash [34], oil palm shell [35], 

and neem leaf [36] to remove heavy metals and dyes from wastewater. However, research was 

conducted to achieve the goal of removing individual components, such as dyes or metals. Very 

few studies have investigated the simultaneous removal of dye and heavy metal is achieved through 

the utilization of hierarchically porous carbons generated from banana peels [37], a nanocomposite of 

magnetic graphene oxide [38], and succinyl-grafted chitosan [39]. According to the earlier studies, no 

study has investigated the use of activated carbon made from rice husks to remove dye and heavy 

metals simultaneously from aqueous solutions. The aim of the present research is to aid in the 
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discovery of less expensive and sustainable adsorbent rice husk-derived activated carbon and its 

potential applications for the simultaneous removal of dispersed black‒9 dye (Figure 1), DB‒9 and Cd2+. 

Rice husk, one of the least expensive agricultural residues, has 20% silica in an amorphous form among 

the several types of organic waste materials. Additionally, this substance has 60% volatile matter, 15% 

carbon, and 5% ash components. Rice husk ash contains 90% silica, and is very porous, light, and high 

surface area [40,41]. Due to its abundance in nature, rice either modified or unmodified drawn a lot of 

attention as an adsorbent for the removal of pollutants in recent years. DB-9 is often used in the dying 

operation of leather manufacture, and cadmium is used in the form of pigment for fastening, marking, 

and surfacing of material. The amount of Cd among the observed parameters is more significant after 

Cr and shows a potentially dangerous level of pollution [42,43]. Therefore, this research will be helpful 

to contributing greener technology to retain the sustainable clean environment goal.  

 

 
 

Figure 1. Structure of disperse black‒9 dye (C16H20N4O2), DB‒9 

EXPERIMENTAL 

Materials 

Collection of samples  

The rice husks used in this experiment were collected from a rice mill in Dhaka, Bangladesh The rice 

husks utilised in this study were obtained from a rice mill located in Dhaka, Bangladesh and then 

subjected to a thorough washing process using deionized water, repeated 8‒10 times, to eliminate any 

contaminants present. 

Chemicals  

The cadmium metal salts (CdCl2.H2O) and analytical grade acetic acid (99.8%) used in this study were 

procured from Merck in Germany. Further, deionized water was used to dilute acetic acid to 5% 

to create activated carbon from rice husk. 
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Instruments  

A variety of specialized instruments were used in the preparation and characterization of the activated 

carbon derived from rice husk, including a muffle furnace (Model no. SEL-HORN "R-3L", JP SELECTA 

group), HANNA pH meter, digital weight balance, shaker (Stuart Scientific, SMG model), UV-visible 

spectrophotometer (Model Spectro, UV-visible dual beam, UVS-2700, Labomed, Inc.), scanning 

electron microscope-SEM (Model: JSM-6490), Fourier Transformed Infrared Spectroscope-FTIR 

(84000S Shimadzu, Japan), and an Atomic Absorption Spectrophotometer-AAS (Model AA240, Varian) 

that measured the concentration of cadmium. 

Methods 

Preparation of rice husk-derived activated carbon 

Activated carbons from rice husks were synthesized by a combination of chemical and physical 

activation processes following the modified procedure outlined by Pathiraja [44] and Naiya [45]. To 

prepare the AC, the washed rice husk was taken for oven drying at 110 °C for 3 hours; after drying, it 

was pulverized to make the ash into a uniform powder. Pulverized ash was then treated with 5% acetic 

acid for 24 hours. The next day, the mixture was filtered using filter paper. For carbonization, the 

impregnated ash was placed into a muffle furnace at 800 °C for 1 h. The samples were carbonized, 

taken out of the furnace to cool, and then crushed. Crushed samples of activated carbon were then 

washed in deionized water to eliminate any remaining inorganic particles and activating agents. The 

activated carbon-washed aqueous solution had a pH of about 6.5. After washing, activated carbon 

samples were dried for 6 hours at 105 °C and used for the adsorption research. 

Preparation of adsorbate solution 

A stock solution of 1000 ppm was prepared by dissolving 1.0 g of dispersed black‒9 dye into deionized 

water. This stock solution was kept in a volumetric flask, and the additional solutions were prepared 

from it through careful successive dilution. The stock solutions of cadmium (Cd2+) at a concentration 

of 200 ppm were prepared by dissolving 0.2 g of CdCl2.H2O into deionized water, followed by dilution 

to a final volume of 1000 mL with water. The calibration curves and equilibrium studies for adsorption 

were conducted using a series of diluted solutions successively. 

Preparation of DB-9 adsorbed activated carbon  

The activated carbon, which was initially used to treat with the DB‒9 dye solution, was filtered, and 

collected from filter paper. After filtration, the dye-treated activated carbon was dried in an oven at a 

temperature of 60 °C until dried, and a powder form of the activated carbon was obtained from the 
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removal of all moisture. This dye-adsorbed activated carbon (AC-Dye) was further used in different 

dosages to remove cadmium (Cd2+). 

Preparation of metal-adsorbed activated carbon  

The activated carbon, which was initially used to remove Cd2+ in this research from solutions, was 

collected from filter paper and dried at a lower temperature of 60 °C in an oven until powder form was 

obtained and all moisture was removed. This metal-adsorbed activated carbon (AC-Metal) was further 

used in different dosages to remove DB‒9 dye from the solution.  

Adsorption studies of DB‒9 

The DB-9 dye solutions were combined with different dosages of adsorbents, and the resulting mixture 

was subjected to agitation using a mechanical shaker. The adsorption capabilities for various doses 

were assessed at specific time intervals while maintaining all other variables constant. The maximum 

absorption wavelength of the dye was measured using a UV-visible spectrophotometer to determine 

its residual concentration. For the determination of the DB‒9 dye, a calibration curve was plotted with 

known concentrations of DB‒9, using the Beer-Lambert formula (A=εlc, where A is the absorbance, ε 

is the molar absorptivity, c is the concentration, and l=the path length of light through the test material 

cell). 

Adsorption studies of cadmium  

The adsorption capacity of adsorbents was determined by lab-scale experiments using the liquid-phase 

batch adsorption technique. Separate flasks containing 50 mL of Cd2+ (50 mg/L) were each treated with 

1, 2, 4, 8, 12, 16, and 20 g/L of adsorbents and placed in a shaker and subjected to continuous agitation 

at a speed of 120 rpm for 30 minutes (t) (pH 6.5 was kept constant) at room temperature (T=25 °C). 

Thus, the metal solution may encounter the adsorbent sites. The samples were taken out of the shaker 

at different intervals and filtered to remove the suspended adsorbent. Atomic absorption 

spectroscopy was used to determine the concentration of metals in the solution. The following 

relationships [46,47] were used to determine the equilibrium adsorption amount uptake of the metal, 

qe (mg/g). Where C0=initial concentration (mg/L), Ce=equilibrium concentration, V=solution volume (l), 

and W=dry adsorbent mass (g). 

 

% Removal Efficiency =
(Co−Ce)×100

Co
                                            (1) 

 

Amount Adsorbed (qe) =
(Co−Ce)×V

W
                                        (2) 
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The following diagram (Figure 2) demonstrates the application of activated towards the simultaneous 

removal of dispersed black‒9 and Cd2+. 

 

 
 

Figure 2. Flow diagram of the simultaneous removal of dye and metal 

RESULTS AND DISCUSSION 

SEM analysis 

The surface morphology of rice husk activated carbon, as well as modified AC (dye-adsorbed), metal-

adsorbed AC, and dye-metal-adsorbed AC, was examined using a SEM (Model: JSM-6490). Figure 3 

shows the SEM micrograph of AC from rice husk, AC‒Dye, AC‒Metal, and dye‒metal adsorbed AC 

(2000 X). Figure 3 (a) shows that the AC surface is quite rough and heavily corrugated. AC from rice 

husk offers a good chance for the dye or heavy metals to be adsorbed because it is a heterogeneous 

material comprised of particles with uneven forms, having significant layers with pores of different 

sizes. Dye (disperse black‒9) molecules are adsorbed and attached at the outer surface pores of 

activated carbon, as shown in Figure 3 (b). The incorporation of metal (Cd2+) into AC increases the 

Collection of Rice Husk 

Thermal and chemical treatment to make AC 

Removal of dye from water using AC Removal of heavy metals from water using 
AC 

Collection of AC after removal of dyestuff Collection of AC after removal of heavy 
metals 

Reuse of AC for 
heavy metals 

removal 

Reuse of AC for 
the removal of 

dyestuff 
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uniformity of the surface, as shown in Figure 3 (c). Moreover, Figure 3 (d) shows the metal‒dye‒AC 

(metal removal using AC‒Dye) complex structure with a homogeneous surface due to metallic species 

incorporation, a change from Figures 3 (a), 3 (b), and 3 (c). The comparative SEM images show that 

metal and dyes were adsorbed on the surface of AC simultaneously. 

 

  

(a) (b) 

  

(c) (d) 

Figure 3. Comparative SEM images of (a) Activated Carbon (AC) from rice husk, (b) AC-Dye, (c) AC‒Metal, and (d) Metal‒Dye 

adsorbed AC 

FTIR analysis 

The FTIR spectra of activated carbon made from rice husk, DB-9, and dye-metal adsorbed activated 

carbon are displayed in Figure 4. The highest peak occurs near 3300 cm-1 due to the vibrational 

stretching of water and alcoholic groups. The peaks observed at 2925 cm-1 correspond to the C-H 

alkanes functional group, whereas the peak at 1609 cm-1 can be attributed to the stretching of the C=O 

bond, indicating the presence of a carbonyl group. In Figure 4 (a), the peaks at 1442 - 1217 cm-1 region 

indicate the existence of –CH2 bending vibrations, while Figure 4(b)'s ring vibration between 1600 and 

1350 cm-1 indicates the presence of aromatic rings [48]. As, the dyes utilized in the adsorption research 

and for surface modification of the activated carbon primarily consist of multifunctional groups, 

including fused benzene rings. 
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Figure 4. FTIR spectrum of (a) Activated Carbon (AC) from rice husk, (b) disperse black‒9 Dye, and (c) Metal‒Dye‒AC 

 

The produced activated carbon exhibited favourable surface characteristics due to the presence of 

several active sites for adsorption [49]. Figure 4 illustrates that the AC and dye-metal adsorbed AC 

exhibit instability in the alcoholic stretching vibrations, which range from 3400 cm-1 to 3300 cm-1, as 

well as in the C=O stretching vibrations, which range from 1700 cm-1 to 1609 cm-1. The notable 

differences in peak provide convincing evidence of the adsorption of dyes and metals, as shown by the 

changes in transmittance intensities presented in Figure 4 (c) compared to Figures 4 (a) and 4 (b). 

Following the adsorption process of the respective dye, the alkyl and aryl components become 

covalently bonded to the activated carbon, resulting in the disappearance of peaks located in the 

vicinity of the fingerprint region, as illustrated in Figure 4(c). 

XRD analysis 

The XRD experiment (Model: Ultima IV) was conducted to closely examine the surface alteration of 

AC. Figure 5 (a) shows the XRD spectrum of AC; Figures 5 (b) and 5 (c) show the XRD spectra of AC after 

the adsorption of AC‒Metal and AC‒Dye, respectively; and Figure 5 (d) shows the XRD spectra of 

Metal‒Dye‒AC. Sharp peaks with maximal intensity at 2θ=21.5 and 24.9 were identified for the AC, 

showing that the rice husk-generated AC has an amorphous character [20]. The well-defined, distinct 

peaks were found for AC‒Metal at 2θ=21.7, 26.52, 38.78, 60.07, and for AC‒Dye at 2θ=21.31 shown in 

Figures 5 (b) and 5 (c), respectively. The similarity between Spectra 5 (b) and 5 (d) can be attributed to 
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the existence of metal ions, as evidenced by the 2θ‒value [50] and indicating amorphous nature with 

a small crystalline region, which may be the result of reactions of DB‒9 and Cd2+ with AC [51]. Adsorbed 

on the AC surface, the DB-9 may act as an additional complexion agent, amplifying its affinity for heavy 

metals. The compound's almost flat shape, with two aromatic rings, enables it to function as an 

electron donor when interacting with Cd2+ [34]. 

 

 

Figure 5. XRD spectra of (a) AC, (b) AC‒Metal, (c) AC‒Dye, and (d) Metal‒Dye‒AC 

Comparison of DB‒9 dye and Cd2+ removal using AC 

According to Figure 6, increasing dosages remove more disperse black‒9 and Cd2+. Increases in 

adsorption surfaces and sites are responsible for the higher percentage of removal [52]. There was no 

drastic increase in removal efficiency on increasing the dosage of adsorbent beyond 16 g/L of activated 

carbon. This may be a consequence of black‒9 and Cd2+ reaching an equilibrium against the adsorbent, 

which limits further adsorption [53]. Therefore, from an economic perspective, 16 g/L was the 

optimum dosage for the removal of disperse black‒9 was about 88% and 12 g/L with around 97% 

removal of Cd2+. 
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Figure 6. % of disperse black‒9 and Cd2+ removal using AC, varying adsorbent dosage; C0=50 mg/L, rpm=120, t=30 min, T=25 

°C, and pH=6.5 

Comparison of DB‒9 dye removal using AC and AC–Metal 

A comparable experiment was conducted to demonstrate the efficacy of the removal of DB-9 with 

bare AC and AC–metal adsorbed species. This experiment was repeated using AC after Cd2+ adsorption 

to assess the potential binding capacity of the metal with the dye and to determine the feasibility of 

reusing activated carbon after metal adsorption on its surface. 

 

 

Figure 7. % of disperse black‒9 removal with AC‒Metal and AC; C0=50 mg/L, rpm=120, t=30 min, T=25 °C, and pH=6.5 

 

Adsorbent dosage was also changed within this range (1, 2, 4, 8, 12, and 16 g/L). From the data, a 

higher dose results in a greater percentage of DB‒9 being removed like AC alone. Figure 7 
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demonstrates a notably higher removal efficiency for DB‒9 when using AC‒Metal compared to AC 

alone. The presence of positively charged adsorbates following the removal of Cd2+ ions may have a 

significant impact on the adsorption of DB‒9 dye [38]. The removal efficiency of 12 g/L was found to 

be 96.70%, surpassing the removal efficiency of AC, which was seen to be 86.29% for the same mass 

of 12 g/L. 

Comparison of cadmium (Cd2+) removal using AC and AC‒Dye 

Activated carbon, previously used to remove the DB‒9 dye and referred to as AC‒Dye for the removal 

of Cd2+, was utilized in the batch experiment. Effects of doses of AC‒Dye on the adsorption of Cd2+ ions 

were conducted at 50 mg/L initial metal concentration, while the AC‒Dye doses were varied from 1 

g/L to 20 g/L, respectively. Figure 8 depicts the relationship between adsorbent dosages and the rate 

at which Cd2+ is removed. The results show that as the concentration of AC‒Dye was increased, Cd2+ 

was removed at a faster rate. When both AC and AC‒Dye are dosed similarly, AC is more effective at 

removing Cd2+. However, AC‒Dye outperforms AC when using an adsorbent dosage of 16 g/L. The 

lower removal efficiency may be due to the lower binding propensity of Cd2+ with AC‒Dye. Based on 

these results, the best option to remove Cd2+ (about 90%) is 12 g/L at a concentration of 50 mg/L of 

AC‒Dye from an economical perspective. Subsequently, the impact of contact time and starting 

concentration was examined concerning the adsorption of Cd2+ using AC-Dye. 

 

 

Figure 8. % of removal of Cd2+ with AC and AC‒Dye; C0=50 mg/L, rpm=120, t=30 min, T=25 °C, and pH=6.5 

Effect of initial concentration 

The adsorption of Cd2+ was investigated throughout a range of concentrations, specifically from 40 to 

100 mg/L with the other five variables held constant (p=6.5, dosage=12 g/L of AC‒Dye, rpm=120, T=25 
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°C, and t=30 min). When Cd2+ concentrations were low, the adsorbent quickly absorbed metal ions, 

but it slowed down after concentrations approached 60 mg/L (Figure 9). The rapid increase in metal 

uptake at first is believed to result from interactions between Cd2+ and the available active sites of the 

adsorbent [54,55]. The % removal relatively decreased with continuously increasing Cd2+ 

concentration. At a concentration of 90 mg/L, the adsorption exhibited a lower level (82.7%) in 

comparison to lower concentrations (40 mg/L) of Cd2+. At higher concentrations, a greater number of 

Cd2+ ions remain unabsorbed in the solution due to the saturation of binding sites. This is because there 

is more metal ion competition for a limited number of active sites on the adsorbent's surface (Figure 

10). Increases in metal ions, while maintaining the adsorbent dosage, rapidly saturate the available 

active sites [53]. 

 

  

Figure 9. Effect of initial concentration at optimum doses 
on % removal of Cd2+; dosage=12 g/L of AC‒Dye, rpm=120, 

t=30 min, T=25 °C, and pH=6.5 

Figure 10. Effect of initial concentration at adsorption 
capacity for Cd2+ 

Effect of contact time 

The removal of Cd2+ was investigated throughout a time range of 5 to 35 minutes while keeping the 

other five variables constant (pH=6.5, dosage=12 g/L of AC‒Dye, rpm=120, T=25 °C, and C0=50 mg/L). 

It has been noticed that adsorption increases with contact time. Adsorption increased exponentially in 

the first 10 minutes until the maximum slope was reached in the next 10 minutes. This may have 

happened as a result of the large number of binding sites that were available on the adsorbent during 

the first stage [53]. After a considerable amount of time had passed, steady-state equilibrium was 

attained (Figure 11). This phenomenon may arise from the repulsive forces exerted on the solid surface 

by the molecules of the adsorbate. Consequently, the rate at which mass is transferred between solid 

and liquid phases diminishes as time progresses. In addition, the metal ions must pass through the 

pores much more deeply and forcefully, which causes the adsorption process to slow down in later 

stages [24]. However, about 90% of Cd2+ has been removed from aqueous solution within 30 minutes.  
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Figure 11. Effect of contact time on % removal of Cd2+ with AC‒Dye; dosage=12 g/L of AC‒Dye, C0=50 mg/L, rpm=120, T=25 

°C, and pH=6.5 

Adsorption isotherms 

The equilibrium that exists between the concentration of adsorbate in solution and the amount that 

is absorbed by the adsorbent's surface at a specific temperature is represented by isotherms. In order 

to best fit the data obtained from this experiment, the Langmuir and Freundlich models were utilized. 

The adsorption capacity of the adsorbent expressed as a function of its mass at equilibrium (mg/g) is 

used as a parameter qe in all the models. 
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Figure 12. Fitting of adsorption data to Langmuir equation; dosage=12 g/L, t=30 min, T=25 °C, and pH=6.5 
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Figure 13: Fitting of adsorption data to Freundlich 
equation; dosage=12 g/L, t=30 min, T=25 °C, and pH=6.5 

Figure 14. Separation factor of adsorption on AC‒Dye for 
Cd2+ 

 

Table 1. Langmuir and Freundlich isotherm Parameters for Cd2+ 

Langmuir Freundlich 

qmax, (mg/g) KL, (L/mg) R Kf, (mg1‒(1/n)L1/ng‒1) 1/n R 

11.480 0.075 0.994 2.349 0.325 0.947 

Langmuir model 

The Langmuir theory assumes adsorption creates a monolayer without adsorbate-adsorbate 

interaction. Adsorption occurs at distinct places within the adsorbent material. Each site preserves one 

chemical molecule of the specified chemical. The equilibrium adsorbent has limited adsorbate 

capacity. A saturated condition prevents further adsorption. Every site exhibits identical characteristics 

and possesses equivalent levels of energy. The adsorbent exhibits structural homogeneity [56–58]. The 

following linear equation represents the Langmuir model. 

 

𝐶𝑒
𝑞𝑒

⁄ = 1
𝑞𝑚𝐾𝐿

⁄ +
𝐶𝑒

𝑞𝑚
⁄      (3) 

 

Where qe is the adsorption capacity (mg/g), and Ce is the solution's equilibrium concentration (mg/L). 

The maximal adsorption capacity (mg/g) is denoted by qm, and Langmuir constant, KL (L/mg). 

Freundlich model 

The most fundamental model for multilayer adsorption is the Freundlich isotherm. It results in an 

empirical equation that characterizes the system's heterogeneity. Adsorption on heterogeneous 
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surfaces, where molecules interact with one another, is studied using this model [7]. The following 

equation describes the Freundlich isotherm: 

 

log 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 + 1
𝑛⁄ 𝑙𝑜𝑔𝐶𝑒     (4) 

 

Where Kf and n represent adsorption capacity (mg1‒(1/n)L1/ng‒1) and intensity, respectively. The 

magnitude of n indicates adsorption favorability. Where, 1/n=1 shows linearity, 1/n<1 a Freundlich 

isotherm, and 1/n>1 cooperative adsorption [45,59]. Data were analyzed through the Sigma Plot 

(Version 10) program, where the Levenberg-Marquardt algorithm was used for the non-linear curve 

fit and shown as the better-fit solid line in Figure 12, and Figure 13 respectively for Langmuir and 

Freundlich isotherm. Different parameters that were described in the curve-fitted data are tabulated 

in Table 1. In contrast to the Freundlich model, the Langmuir model has a substantially higher cadmium 

regression correlation coefficient (R). Thus, the Langmuir model better described the adsorption data. 

The linear nature of the plot suggests the formation of a uniform layer of metal ions on the outer 

surface of the adsorbent [53] with a maximum adsorption capacity for Cd2+ is 11.48 mg/g. The equation 

equation describes the important Langmuir dimensionless constant separation factor, RL: 

𝑅𝐿 =
1

(1+𝐾𝐿𝐶0)
      (5) 

 

Where the initial concentration in mg/L is C0. Moreover, the nature of the adsorption process can be 

inferred from the separation factor RL value as follows [20,45,49]. If,  

RL=0, Irreversible adsorption 

RL=1, Linear adsorption 

RL>1, Unfavourable adsorption 

0<RL<1, Favourable adsorption 

The RL value for the Cd2+ adsorption on AC‒Dye at the initial concentration of 40 mg/L is about 0.105. 

The data obtained represent favourable adsorption of Cd2+ on AC‒Dye. As, the RL ≈ 0 (Figure 14), 

suggests that the irreversible Cd2+ adsorption by AC‒Dye. Additionally, Table 2 summarizes a 

comparison of the current adsorbent's adsorption capabilities for the removal of Cd2+ ions with those 

of alternative adsorbent materials that have already been described in the literature. The effectiveness 

of the AC‒Dye exhibits comparable performance even after dye removal. 
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Table 2. Comparative analysis of the adsorption capabilities of different adsorbents used to remove Cd2+ 

Adsorbent Name pH qm (mg/g) References 

Magnetic graphene oxide nanocomposite 6.0 59.69 [38] 

Fly ash 5.3 6.36 [34] 

Rice husk ash 6 6.57 [25] 

Cornstalk 7 12.73 [33] 

Coconut copra meal 5.5 1.84 [32] 

Wheat bran 8.6 12.5  [31] 

Acid-modified rice husk 6.5 11.48 This study 

Batch kinetic studies of adsorbate 

The controlling mechanisms of adsorption processes, such as mass transfer and chemical reaction, 

were investigated in this work using two popular kinetic models: pseudo-first order and pseudo-second 

order. The following equations reflect pseudo-first and second-order kinetic models [49,60–62]. 

 

log ( qe − qt) = log qe − k1
t

2.303
    (6) 

 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
+

𝑡

𝑞𝑒
      (7) 

 

where k1 (min-1) is the pseudo-first-order adsorption rate constant, k2 (g mg-1 min-1) represents the 

pseudo-second-order adsorption rate constant, and qe and qt are the amounts of Cd2+ adsorbed on 

adsorbent (mg/g) at equilibrium and at the time, t, respectively. The rate constants, k1 and k2 of Cd2+ 

under varying concentration ranges were ascertained using straight-line plots of log (qe−qt) against t 

and straight-line plots of t/qt against t, respectively. The correlation coefficients (R) were calculated 

for the Cd2+ adsorption on rice husk-derived AC after dye adsorption, along with the uptake capacity 

(qe) and the pseudo-first-order rate constants, k1 (min-1) and pseudo-second-order rate constants, k2 

(g mg-1 min-1). These values were obtained using equations 6 and 7 and are shown in Table 3. Figures 

15 and 16 illustrate the linear plots of log (qe−qt) against t and t/qt against t, respectively, which were 

employed to verify the relevant kinetic models. 
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Figure 15. Pseudo first-order kinetic plots for Cd2+ adsorption 

on AC‒Dye; dosage = 12 g/L, t= 30 min, T=25 °C, and pH=6.5 

Figure 16. Pseudo second order kinetic plots for Cd2+ 

adsorption on AC‒Dye; dosage = 12 g/L, t= 30 min, T=25 °C, 

and pH=6.5 

 

Table 3. Rate kinetics for adsorption of Cd2+ on AC‒Dye 

Co (mg/L) k2 (g mg-1 min-1) qe (mg/g) R2
2 k1 (min-1) qe (mg/g) R1

2 

50 0.214 2.59 0.997 0.055 0.86 0.9044 

 

According to the correlation coefficients presented in Table 3, the regression coefficients for the 

pseudo-second-order are greater for the adsorbent compared to those of the pseudo-first order. This 

kinetic model could therefore provide a better description of the Cd2+ adsorption kinetics data 

obtained by AC‒Dye. Previous researchers have also observed similar trends of results [38,63]. The 

adsorption behavior is expected to involve valency forces, where electrons are shared between Cd2+ 

and AC‒Dye [49]. 

Adsorption thermodynamics  

To gain a better understanding of the behaviour of Cd adsorption, the adsorption reaction's Gibbs free 

energy (ΔG⁰) was determined by using the following equations.  

 

𝐾𝐿 =
𝑞𝑒

𝐶𝑒
⁄       (8) 

  

∆𝐺0 = − 𝑅𝑇𝑙𝑛𝐾𝐿     (9) 

 

where the molar gas constant is R=8.314 J/(K mol), the adsorption temperature is T (K), and KL (L/mg) 

is the thermodynamic distribution constant at equilibrium. By employing equation 9, the value of ΔG⁰ 

y = -0.0257x + 0.0584
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that was determined to be -1.178 kJ/mol was determined. It is confirmed by the negative result that 

the adsorption process is spontaneous and thermodynamically favourable. 

LIMITATIONS AND FUTURE PROSPECTS 

In this simultaneous removal process, the prepared AC and AC-Dye both have shown excellent 

performance. By using an FTIR, SEM, and XRD analyzer, the prepared AC was investigated. The 

measurement of activated carbon's unique surface areas could lead to comprehending its adsorption 

capabilities. The effects of contact time, adsorbate concentration, and adsorbent dosage on the 

adsorption process were examined in batch investigations. The adsorption process is sensitive to 

changes in temperature and pH; therefore, those factors could also be studied. This will assist in 

determining studies related to thermodynamics other than Gibbs free energy (ΔG⁰). The results 

indicate a higher removal efficiency and equilibrium data were analyzed to evaluate the isotherms of 

the adsorbate-adsorbent system. Additionally, two popular kinetic models, pseudo-first order and 

pseudo-second order, were utilised to investigate the mechanism that controls adsorption processes 

in this work. Other adsorption kinetic models, such as the Boyd model, which determines whether film 

diffusion is the rate-controlling step, the Intra-particle diffusion (IP) model, which looks at the rate-

limiting step during adsorption, and the Elovich model, which predicts mass and surface diffusion, 

activation, and deactivation energy of a system, could also be used. The regeneration of the adsorbent 

is a crucial factor in determining the adsorption process's economic viability. The adsorption process 

will be more economically advantageous if the material can be recycled and used again after the first 

phase [49]. In the future, the reusability and adsorption capacity of the AC and AC-Dye could be 

analyzed. 

CONCLUSION 

In this paper, the activated carbon from rice husk was successfully utilized for the simultaneous 

removal of the dye DB‒9 and heavy metal (Cd2+) from an aqueous solution. A higher adsorbent 

(activated carbon) dosage was shown to result in a higher percentage of DB‒9 and Cd2+ removal about 

88% and 97%, respectively. Furthermore, the research involved investigating the impact of varying 

adsorbent dosages, contact time, and initial concentration on the removal effectiveness of Cd2+ using 

surface-modified activated carbon (AC‒Dye). The results indicate a higher removal efficiency which is 

about 90%. Both the Langmuir and the Freundlich models were used to depict the adsorption isotherm, 

however, the Langmuir isotherm provided a better fit with a maximum adsorption of 11.48 mg/g, 

indicating that the adsorption process was irreversible. The kinetics data indicate that the adsorption 

of Cd2+ conformed well to the pseudo-second-order kinetic model, with a regression coefficient of 
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0.997. Furthermore, based on thermodynamic analysis, it was revealed that the adsorption process is 

both spontaneous and favourable. This study concludes that rice husk-derived AC removes dye and 

metal ions simultaneously from aqueous solutions efficiently. This research will lay the groundwork for 

designing an efficient and cost-friendly adsorption system. 
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