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Abstract  

The removal of Congo red dye from industrial wastewater before its discharge to the environment is a critical problem, as it is non-
biodegradable, toxic, and carcinogenic. Activated carbon was synthesized from a suggested sustainable source (sugarcane waste) and used as 
an adsorbent for the dye. Isotherm adsorption models and adsorption kinetics were investigated, and a simulated adsorption column model 
was proposed and developed based on the modified general rate model. The batch results showed that the highest removal rate achieved 
was 87.1% of the initial dye concentration (30 mg/L). The Freundlich isotherm model best described the equilibrium data, as evidenced by 
the high correlation coefficient (0.9535). Meanwhile, the maximum adsorption capacity was found to be 149.25 mg/g using the Langmuir 
isotherm. Furthermore, the kinetic results indicate that the pseudo-second-order model accurately describes the concentration-time 
relationship.  A simulated maximum dynamic adsorption capacity of 0.096 mg/g was achieved at an optimal volumetric flow rate of 0.1 
mL/min, with a dye concentration of 30 mg/L and a bed length of 39.69 cm. The continuous column efficiency increased with column 
length, reaching a maximum of 75% at 66.15 cm. Also, as the dye concentration increased, the column efficiency and dynamic adsorption 
capacity decreased. The study demonstrated an innovative approach to removing Congo red dye from its aqueous solution in a neutral 
medium using sustainably produced activated carbon derived from a sustainable source. A continuous removal process was simulated by 
developing a mathematical model based on adsorption curves and adsorption kinetics, which successfully described the adsorption process. 
This type of modeling, rather than relying on pre-existing equations, enables more efficient, scalable design. 
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1. Introduction 

he rapid global population growth, coupled with the rapid 

development of services and industries, poses a dramatic 

threat to the environment and ecosystems, particularly water 

sources [1]. Organic dyes, such as Congo red (CR), are a key example 

of water contaminants that may limit the sustainable development of 

communities due to their harmful, toxic, non-biodegradable, 

accumulative, and carcinogenic nature [2]. These dyes have a direct 

impact on human health and an indirect effect via their influence on 

the ecosystem, particularly freshwater and food supplies [3]. 

Therefore, it is necessary to remove these pollutants from 

wastewater generated by the textile, leather, rubber, paper, and 

plastic industries before it is discharged into surface water. However, 

treating wastewater containing dyes, particularly CR, is challenging 

due to their complex chemical structures and high solubility in water 

[4]. Furthermore, the recent surge in industrial activities discharging 

dyes has made it increasingly difficult to predict the annual extent of 

growing pollution [5]. Subsequently, various health issues have 

dramatically emerged in areas where dyes are released into the 

environment in an uncontrolled manner with industrial wastewater 

[6]. In this context, dye discharge can lead to dermatitis, ulcers, fever, 

and other health issues. Additionally, regarding aquatic life, an 

overdose of toxic synthetic compounds in wastewater can reduce 

biological oxygen demand and block sunlight, which impedes 

photosynthesis and oxygen replenishment [7].  

CR, as an ionic dye commonly used in the textile industry, is very 

poisonous, carcinogenic, and may result in vomiting, blindness, and 

an allergic reaction [8][9]. Consequently, various techniques were 

developed for removing CR from wastewater prior to discharge into 

water streams, including sorption, oxidation, filtration, 

biodegradation, and membrane approaches, and biological treatment 

[10], electrocoagulation [11], electro-oxidation [12],  photo-

oxidation, and ozonation [13]. Despite the advantages of these 

methods, they also contain dramatic limitations, including high 

operational costs and insufficient removal rates. In line with this, the 

strong resistance to biological oxidation treatment, due to the 
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interior closure of aromatic rings in their molecular composition, 

adds another major limitation for dye removal activities [14].  

Adsorption is a significant process in most natural, physical, 

biological, and chemical systems [15]. Adsorption methods have 

several advantages, including affordability, minimal maintenance 

requirements, sludge-free operation, ease of use, and removal of 

contaminants from the adsorbent surface [16]. Typically, adsorption 

is the most cost-efficient method for removing pollutants and toxic 

materials from the environment [17]. In this context, adsorption 

processes using solids, including activated carbon (AC) and synthetic 

resins, are widely employed across various industries and for the 

filtration of water and wastewater [18]. Characteristically, AC is a 

highly porous, poorly organized form of graphite, which is also 

known as activated charcoal. AC contains a broad range of pores, 

from visible fissures and fractures to molecular-sized pores [19]. 

After simple modifications and chemical treatments, the 

inexpensive, sustainably available biomass waste can be transformed 

into an AC adsorbent [20]. AC is a porous, readily available, and 

reasonably priced material that provides a large surface area for 

contaminant removal. Compared to other adsorbent materials, AC 

has the highest ratio of active surface sites per gram for adsorption 

[21]. Adsorption removal is a desirable treatment option due to its 

simplicity, lack of adverse effects, and effectiveness in eliminating a 

variety of contaminants from water. Dyes can also be removed from 

industrial wastewater using filtration, sedimentation, adsorption, and 

the advanced oxidation process [22]. Among these techniques, 

adsorption is one of the best methods for resolving problems in 

purification and separation technology, as it is easy and efficient. [23]. 

A sustainable wastewater treatment strategy can be achieved through 

the development of innovative, cost-effective, sustainable, and eco-

friendly products. [24]. Adsorption technology offers an intriguing 

approach to eliminating toxic organic dyes from wastewater and 

agricultural wastes.  

The development of inexpensive, sustainable adsorbents with high 

adsorption capacity is currently one of the most critical topics in 

wastewater treatment. The present study aims to produce AC from 

sugarcane residues as a sustainable source and to characterize its 

adsorption activity for the removal of CR dye from water. 

Experimentally, a study of dye removal via adsorption on AC was 

conducted to determine the isotherm models and kinetics governing 

the process. Further, a simulation of the adsorption column was 

performed using a general rate model and liquid-phase mass transfer. 

Subsequently, breakthrough curves were obtained under various 

operating conditions, including flow rate, bed length, and initial dye 

concentration (IC). This work provides insight into the sustainable 

utilization of organic waste, such as sugarcane, for AC production 

and the application of this eco-friendly powder as an adsorbent for 

CR dye removal, thereby protecting the ecosystem from these 

harmful chemicals. 

 

2. Method and Experiments 

2.1 Materials 

Sugarcane is obtained from the city of Amara in southern Iraq, where 

millions of tons of the plant grow naturally. Homemade deionized 

water (0.32 × 105 Ω cm resistivity) was used for the washing steps 

and to formulate the predesigned (simulated) wastewater. Sigma-

Aldrich provided sodium hydroxide (NaOH, ≥97%), hydrochloric 

acid (HCl, reagent grade, 37%), and CR dye, which were used exactly 

as supplied without further purification.   

2.2 AC preparation 

Initially, sugarcane was continuously rinsed with water to remove 

dust and impurities, then dried at 90°C for 24 hours. The dry cane 

was then ground and sieved to separate fractions with an average size 

of 1.0 mm. The subsequent powder was mixed with 1.5 M NaOH in 

a 1:5 ratio for 24 hours. After that, the mixture was washed with 

deionized water multiple times until it reached neutral pH (7). The 

neutral mixture was then dried overnight at 100°C. The mixture was 

then carbonized using a muffle furnace at 600 °C for 2 hours. After 

activation, the produced AC was washed with 1 M hydrochloric acid 

(HCl) and subsequently with deionized water to remove reversibly 

adsorbed NaOH until no change in pH was observed. Eventually, 

the AC obtained was allowed to dry overnight at 110°C and kept 

stored in a clean, dry place for later use. The same preparation steps 

were followed, with the necessary changes made to the previously 

published procedure [20].  

2.3 AC characterization techniques 

The basic characterization tests for the prepared ACs were 

performed, namely apparent density (measured by the authors in the 

laboratory), surface area, and pore volume using the Brunauer-

Emmett-Teller (BET) method via nitrogen adsorption and 

desorption at 77K using SA-9600 (Horibe, USA) instrument. A 

scanning electron microscope (SEM) was used to examine the 

surface of the prepared AC (FEI Inspect S50 at 25 kV and 500 µA 

(Company, Netherlands)). Also, energy-dispersive X-ray 

spectroscopy (EDX) was performed to analyze the element 

composition of the prepared AC using the Bruker XFlash-6110 

(Germany). 

2.4 Batch adsorption process  

Tests for batch adsorption were conducted using simulated 

wastewater containing 30 mg/L of CR dye and varying amounts of 

AC (0.2 to 2 g/L). The samples have been shaken at 200 rpm and 

25°C for 24 hours. Subsequently, each mixture was centrifuged 

(Low-speed centrifuge, Max 6000 rpm, Infitek) at 2000 rpm for 10 

minutes, then filtered to remove the AC fines. A UV-Vis 

spectrometer (UV-9200, Envi Sense, England) was used to identify 

the CR concentrations in the initial and treated solutions at 497 nm. 

The amount of dye adsorbent per unit mass of AC adsorbent is 

represented by Eq. (1)[25]. 

 𝑞e =
(𝐶0−𝐶e)×𝑉

𝑚
                                                     (1) 

Where ԛe represents the adsorption capacity of the adsorbent 

(mg/g), Co (mg/L) is the IC of dye, and Ce in (mg/L) is the final 

contraction of dye in the aqueous phase at time (t), the mass of AC 

is represented by m in g. In contrast, the volume of the sampled 

solution is represented by V in L. 

 

3. Results and Discussion 

3.1 AC characterizations 

The measured solid particle density of the prepared AC (ρs) was 1.84 

g/cm3. The measured density of the AC was greater than the density 

value of water; therefore, no quantities of the adsorbent were 
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observed floating on the surface of the water, especially after the 

beginning of the mixing.  

The adsorption-desorption results indicated that the BET surface 

area and pore volume of the prepared AC were 1073.20 m²/g and 

1.04 cm³/g, respectively. These results suggest that the prepared AC 

possesses a large surface area and pore volume, supporting its 

potential as an effective adsorbent for dyes and other organic 

pollutants. 

SEM was employed to examine the surface morphology of the 

prepared AC. The microscopic image (Fig. 1) reveals a porous, 

irregular structure with a rough surface and a network of pores 

distributed throughout the imaged AC. This image confirms the 

successful formation of pores during the preparation and activation 

of the AC. Furthermore, the presence of well-defined pores with 

varying sizes and surface roughness can enhance mass transfer and 

facilitate the diffusion of CR dye molecules to active sites, thereby 

improving adsorption efficiency. Furthermore, the absence of sharp 

cracks may indicate the material's mechanical stability. 

 
Figure 1. SEM images of the prepared AC. 

Elemental composition analysis of the prepared AC by EDX (Fig. 2) 

revealed carbon as the only detectable element. The presence of 

carbon as the sole element of the AC indicates the material's high 

purity and the absence of inorganic or metallic impurities within the 

detection limits of this technique. 

 
Figure 2. EDX results for the prepared AC. 

The simple elemental composition (carbon only) ensures that the 

adsorption behavior is unaffected by any extraneous phases. 

Furthermore, the presence of highly porous, heterogeneous pores 

and a coarse surface texture, as seen in the SEM image (Fig. 1), 

provides qualitative evidence of extensive pore development, which 

is consistent with the results of the surface area and pore volume 

analyses. 

3.2 Equilibrium results and isotherms 

The dye equilibrium concentration is used as a model to examine 

adsorption equilibrium capacity behavior, as shown in Fig. 3, where 

qe is plotted against Ce for the laboratory results (black points). The 

equilibrium concentration increased from 1.50 to 14.6 mg/L, and the 

equilibrium adsorption capacity increased from 12 to 77 mg/g. 

 
Figure 3. Experimental adsorption equilibrium capacity versus 

equilibrium concentration (black point), the Langmuir isotherm 

(blue line), and the Freundlich isotherm (red line) for CR dye 

adsorption on AC. 

The relationship between the quantity of dye adsorbed by AC (qe) 

and the concentration of dye remaining in the aqueous phase (Ce) at 

equilibrium was described using an adsorption isotherm. Moreover, 

the achieved equilibrium isotherms are key to understanding the type 

of adsorption and the adsorbent's performance [26].  

The adsorption behaviors of dyes on solid adsorbents have been 

understood using various adsorption isotherm models [27]. The 

Langmuir isotherm model (LIM) and the Freundlich isotherm model 

(FIM) have been fitted to the data in this examination. In this present 

study, synthetic wastewater containing 30 mg/L of CR dye was used 

to investigate the adsorption isotherm. 

The LIM is effectively utilized to describe all monolayer adsorption 

processes with a homogeneous surface [28]. Adsorption is thought 

to occur at uniform sites inside the adsorbent. Additionally, it 

describes a homogeneous process in which each molecule retains its 

sorption activation energy and enthalpy constant, without the 

adsorbate traveling across the surface. Eq. (2) represents the LIM. 

𝑞𝑒 =
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
                                                         (2) 

Where qm is the adsorbent's maximum adsorption capacity in mg/g 

and b is the Langmuir adsorption equilibrium constant. The 

Langmuir model's results are displayed in Fig. 3 (blue line), with a 

maximum adsorption capacity (qm) of 149.25 mg/g at 25 °C and a 

correlation coefficient (R²) of 0.9347. 
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The FIM is an empirical equation that represents multilayer 

adsorption on a heterogeneous surface with sites having various 

energies [29], and represents a non-ideal and reversible adsorption 

process [30]. The FIM is represented in Eq. (3). 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/n                                                         (3) 

Where Kf, and n are the Freundlich constants revealing the relative 

adsorption capacity of the adsorbent (mg/g) and the intensity or the 

heterogonous factor, respectively. The relative adsorption capacity 

was 13.12 mg/g, the intensity (n) was 1.44, and the model R² was 

0.9535. This suggests that the n value reflects the degree of 

nonlinearity in the relationship between solution concentration and 

adsorption. When n=1, adsorption is linear; if n<1, it indicates 

chemical adsorption; and if n>1, it points to physical adsorption. 

The value of n is greater than one in the present work, indicating that 

the adsorption was normal. This can be attributed to a surface site 

dispersion or other features that reduce the amount of adsorbent 

adsorbed to a surface density between 1 and 10, resulting in excellent 

adsorption [31]. 

Table 1 summarizes the parameters obtained from the isotherm 

models and the corresponding correlation coefficients (R2). The data 

show that the R2 values for the FIM and LIM were 0.9535 and 

0.9347, respectively, accurately representing the dye’s equilibrium 

adsorption on AC. The results indicate that FIM best describes the 

adsorption, consistent with published work [32].  

Table 1. R2 and constants for each equilibrium isotherm model. 

Model 
Model 

parameters 
Parameter value R2 

LIM 
qm, mg/g 

b, L/mg 

149.25 

0.0811 

0.9347 

FIM 
KF, mg1-n1n/g 

n, - 

13.126 

1.437 

0.9535 

In this work, the prepared AC demonstrated a high adsorption 

capacity for the CR dye, achieving 149.25 mg of CR per gram of the 

prepared AC and a removal rate of approximately 87.1%. Comparing 

these results with those of previous studies [33], [34], [35], it is 

evident that the current AC manufactured from sugarcane residue 

achieved a qm significantly greater than the reported values for 

conventional AC derived from other biomass, which ranged from 

19.6 to 53.2 mg/g. Although those studies reported removal rates 

under limited IC and optimal pH. The discrepancy between the 

current and previously reported results indicates that the removal 

rate alone does not necessarily reflect the overall efficiency of the 

adsorbent, whereas the qm value is a more accurate indicator of the 

adsorbent's quality, surface area, porosity development, and the 

density of its active sites. Therefore, the AC currently prepared can 

be considered a sustainable and promising absorbent, with a high 

removal rate, superior qm, and applicability for removing various 

pollutants, especially dyes (such as CR dyes) and other organic 

pollutants found in wastewater. 

3.3 Adsorption kinetics 

The kinetics of the adsorption process and the time-dependent 

measurement of dye concentration were studied over 240 minutes (4 

hours), as shown in Fig. 4. During this time, the IC (30 mg/L) 

decreased with increasing adsorption time. The decrease was sharp 

during the first 60 minutes, followed by a less pronounced reduction 

between 60 and 120 minutes. Afterward, throughout the process, the 

concentration did not change significantly, reaching a final 

concentration of 4 mg/L.  

 
Figure 4. The effect of time on equilibrium concentration. 

The pseudo-first-order (PFO, Eq. 4), pseudo-second-order (PSO, 

Eq. 5), and intraparticle-diffusion (IPD, Eq. 6) kinetic models were 

used. The adsorption rate constants for each model were determined 

by solving their linear form using linear regression and the least 

squares criterion [36], [37], [38].  

ln(𝑞e − 𝑞t) = ln 𝑞e − 𝑘1𝑡                                  (4) 

Where qe, qt, k1, and t are the adsorption capacity of dye at 

equilibrium (mg/g), the adsorption capacity of dye at any time 

(mg/g), the adsorption rate constant for PFO (1/min), and time 

(min). 
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
+

𝑡

𝑞𝑒
                                                     (5) 

Where k2 is the adsorption rate constant for PSO (g/mg min) 

𝑞𝑡 = 𝑘3𝑡1/2 + 𝐶                                             (6) 

Where k3 is a constant of the IPD rate (mg/min1/2. g), while C 

represents the thickness of the boundary layer (mg/g). The step is 

controlled by several diffusion rates, including film and pore 

diffusion. 

 

Table 2 summarizes the obtained kinetic model parameters for dye 

adsorption on AC, which are consistent with a PSO model, as 

indicated by the highest R2 (0.9588), but are not appropriate for the 

PSO or IPD models. 

Table 2. The rate constants for the adsorption of dye on AC at  

25 ℃. 

Adsorption 

kinetic model 

Model 

parameters 

Parameter value 

at 25℃ 
R2 

PFO 
qe , mg/g 

k1 ,1/min 

556.129 

6.321 
0.6887 

PSO 
qe , mg/g 

k2, g/mg. min 

555.556 

8.6868*10^-5 

 

0.9588 

IPD 
C 

K3 

133.38 

33.861 
0.7558 

 

3.4 General rate model and aqueous phase mass transfer 

The CR dye species may be transported both axially and radially 

through the fixed-bed column after adsorption onto the AC 
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adsorbent particles. Nevertheless, the level of pollutants in the radial 

direction is insignificant. Thus, based on the hypotheses, the partial 

difference can be used to characterize the material balance of the AC 

in the adsorber, Eq. (7) [39]. 

𝜀
𝜕𝐶(𝑧,𝑡)

𝜕𝑡
+ (1 − 𝜀)𝜌𝑏

𝜕𝑞(𝑧,𝑡)

𝜕𝑡
= −𝑣

𝜕𝐶(𝑧,𝑡)

𝜕𝑧
               (7) 

where t refers to the time, ρp is the particle of adsorbent density 

(g/cm3), q is the concentration of the adsorbed adsorbate (mg/g), 

and C is the solute concentration in the bulk solution (mg/L). The 

initial and the boundary conditions were described by Eqs. (8) and 

(9). 

At 𝑡 = 0: 𝐶(𝑧, 0) = 0 and 𝑞(𝑧, 0) = 0                 (8) 

 At 𝑧 = 0: 𝐶(0, 𝑡) = 𝐶0

 At 𝑧 = 𝐿:
𝜕𝐶(𝐿,𝑡)

𝜕𝑧
=    0

                                         (9) 

The study assessed breakthrough curves by plotting the effluent 

concentration ratio (C/Co) against the adsorption period at 25°C. A 

mathematical model was developed and solved using the data 

obtained from adsorption isotherms and kinetic calculations. 

 Furthermore, the following values were used to solve the model: the 

solid particle density (ρs), the column cross-sectional area (As) of 

0.7854 cm², and the bed voidage (εb) of 0.4764. 

By varying stream velocity, AC amount, and initial AC 

concentration, breakthrough curves were obtained. The following 

characteristics can be used to characterize the breakthrough behavior 

of dye adsorption [40]. 

The period (tt) is equal to the amount of time needed for bed to 

reach its adsorption capacity, as in Eq. (10) [41]. 

𝑡𝑡 = ∫  
∞

0
(1 −

𝐶

𝐶0
) 𝑑𝑡                                            (10) 

• According to Eq. (11), the bed's usable capacity until the 

breakpoint time was reached (tb) when C/Co =0.05. 

𝑡𝑢 = ∫  
tb

0
(1 −

𝐶

𝐶0
) 𝑑𝑡                                          (11) 

• According to Eq. (12), the bed's length is utilized up to 

breakpoints (HB). 

𝐻𝐵 =
𝑡𝑢

𝑡𝑡
𝐻𝑡                                                          (12) 

Where (tu/tt) is the overall adsorption capacity fraction and (HT) 

is the adsorbent amount length in m. 

• Eq. (13) is the unused bed length (HUNB) in m. 

𝐻𝑈𝑁𝐵 = 𝐻𝑇 − 𝐻𝐵                                                 (13) 

The mass transfer zone (LMTZ) is the region of the bed where 

significant adsorption occurs and travels up the bed column, which 

was used in Eq. (14). 

Eq.𝐿𝑀𝑇𝑍 = 𝐿 ×
𝑡𝑠− 𝑡𝑏

𝑡𝑠
                                          (14) 

Where ts is the exhaustion time in minutes. 

• Eq. (15) utilized the total adsorbent mass (madsorbed) in mg. 

𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 =
𝑉̇𝐶0

1000
∫ (1 −

𝐶

𝐶0
) 𝑑𝑡 =

𝑉̇ 𝐶0

1000

∞

0
× 𝑡𝑡   (15) 

Here, V is the mean aqueous phase flow rate in milliliters per 

minute. 

• Eq. (16) represents the dynamic adsorption capacity (qd) in 

mg/g. 

𝑞𝑑 =
𝑉̇𝐶0

𝑚
𝑡𝑡 =

𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

𝑚
                                     (16) 

Here,  𝑞𝑑 is the dye load mg/g, and m is the weight of the AC. 

• Eq. (17) represents the treated effluent volume (Veff) in ml. 

𝑉𝑒𝑓𝑓 = 𝑉̇ × 𝑡𝑠                                                   (17) 

3.5 Designing and simulating a continuous adsorber 

Numerous operating parameters affected the expected outcomes of 

dye treatment via adsorption in a fixed-bed continuous column. 

Fluid volumetric flow, bed length, and IC were examined as 

operational factors and their consequences. The mathematical model 

was used to simulate the breakthrough curve of a two-phase fixed-

bed continuous adsorption column.  

3.5.1 Fluid volumetric flow rate effect on bed column 

performance 

The influence of the inlet volumetric flow rate on the fixed-bed 

column loaded with AC was examined. At a constant particle 

diameter, the bed column efficiency was measured at various 

volumetric flow rates (0.1, 0.25, and 0.4 mL/min). Additionally, the 

length of the fixed-bed and the dye starting load were examined at 

25℃. The breakthrough curves for various volumetric flow rates are 

shown in Fig. 5.  

Table 3 summarizes how the liquid's volumetric flow rate affects the 

characteristic features of the breakthrough curves. The curves 

become steeper and reach saturation more rapidly as the flow rate 

increases, due to a shorter adsorbent residence time in the column. 

Thus, a shorter saturation period was observed with increased flow 

rate [42]. As a result, the dye aqueous solution left the fixed-bed 

column before reaching equilibrium. Saturation time (tt) dropped 

from 159 to 41 minutes when fluid flow rate increased from 0.1 to 

0.4 mL/min.  

Table 3 shows that the dynamic adsorption capacity (qd) decreased 

from 0.096 to 0.009 mg/g as the fluid flow rate increased from 0.1 

ml/min to 0.4 ml/min. This indicates that while the fluid flow rate 

increased from 0.1 mL/min to 0.4 mL/min.  Therefore, for 

adsorption of the CR on AC and in subsequent experiments, an 

optimal aqueous phase flow rate of 0.25 mL/min was required, 

yielding an adsorption capacity of 0.024 mg/g. 

 
Figure 5. Modeled breakthrough behavior for CR removal at 

various aqueous phase volumetric flow rates for a bed length of 

39.69 cm and an IC of 30 mg/L. 

3.5.2 Bed length effect on adsorber efficiency 

The influence of varying column bed lengths (L) of 13.23, 39.69, and 

69.15 cm on breakthrough curves was investigated. The 

breakthrough isotherms for CR adsorption onto the AC are shown 

in Fig. 6, considering different bed lengths, a volumetric flow rate of 
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0.25 ml/min, and an inlet dye concentration of 30 mg/L. Table 4 

summarizes that as bed length increases, both (tu) and (tt) increase. 

Table 3. Effects of volumetric flow rate on breakthrough curve 

parameters at an IC of 30 mg/L, and bed length of 39.69 cm. 

V, 

mL/min 

tu, 

min 

tt, 

min 
Ƞ, % 

HB, 

m 

HUNB, 

m 

LMTZ, 

m 

madsorbed, 

mg 

qd, 

mg/g 

Veff, 

mL 

0.1 100 159 64 25.00 14.69 13.47 1.908 0.096 64 

0.25 41 64 63 25.40 14.29 13.03 0.480 0.024 16 

0.4 25 41 61 24.21 15.48 14.52 0.192 0.0009 4 

 
Figure 6. Modeled breakthrough behavior for dye adsorption onto 

AC at various bed lengths for a volumetric flow rate of 0.25 

ml/min, and an IC of 30 mg/L. 

 

Table 4. Effects of bed length on breakthrough curve parameters 

at an IC of 30 mg/L, and volumetric flow rate of 0.25 ml/min. 

L, 

cm 

tu, 

min 

tt, 

min 

Ƞ, 

% 

HB, 

m 

HUNB, 

m 

LMTZ, 

m 

madsorbed, 

mg 

qd, 

mg/g 

Veff, 

mL 

13.23 6 31 18 2.43 10.80 10.66 0.225 0.011 8 

39.69 41 64 64 25.34 14.35 13.02 0.480 0.024 16 

66.15 74 99 75 49.51 16.64 14.03 0.743 0.037 25 
 

Fig. 6 shows that the normalized effluent concentration (C/Co) 

increased rapidly with the smallest bed length compared to the larger 

one. This is mainly related to the extended mass transfer in larger 

beds [43]. Additionally, the CR removal from the aqueous phase 

required a longer adsorption time in the AC bed, leading to a rise in 

the η of dye removal from 18 to 75% with increased bed length.  

The adsorbent weight required for treatment increases with larger 

column bed length, thereby increasing the volume of aqueous 

solution removed.  

When the bed length was expanded, the amounts of dye extracted 

from the inflow stream and qd increased. Thus, a large volume of 

adsorbent creates a significant support area, providing the adsorbate 

with more active adsorbent sites and an extended bed length [44]. 

3.5.3 Inlet concentration effect on adsorption capacity 

Modeled breakthrough behaviors for CR adsorption at various IC 

(20-60 mg/L) and a bed length of 39.69 cm are shown in Fig. 7, and 

Table 5 summarizes their results. When the inlet CR concentration 

increased from 20 to 60 mg/L, the breakthrough curves became 

sharper. Because slower transit of CR molecules is anticipated at 

lower input adsorbate concentrations, the extended contact time 

supports the complete saturation of the absorbent surface's active 

sites at lower adsorbate dosages. When the initial CR dye 

concentration was lowered to 20 mg/L, the tu decreased from 88 to 

40 minutes, and the tt decreased from 66 to 15 minutes under a high 

inlet concentration. 

 
Figure 7. Modeled breakthrough behavior for dye adsorption onto 

AC at various IC for a volumetric flow rate of 0.25 ml/min, and 

39.69 cm bed length. 

Table (5): Effects of IC on breakthrough curve parameters for a 

volumetric flow rate of 0.25 ml/min, and 39.69 cm bed length. 

Co, mg/L tu, 

min 

tt, 

min 
Ƞ, % HB, 

m 

HUNB, 

m 

LMTZ, 

m 

madsorbed, 

mg 

qd, 

mg/g 

Veff, 

mL 

20 66 88 75 29.76 9.93 8.569 1.320 0.066 22 

30 41 64 64 25.40 14.29 13.020 0.640 0.032 16 

40 28 52 53 21.03 18.66 17.550 0.390 0.019 13 

60 15 40 35 13.89 25.80 24.900 0.200 0.010 10 

As the inlet CR concentration increases, the AC bed might saturate 

more quickly with adsorbed CR dye, thereby shortening ts and 

reducing the volume of treated effluent. The breakthrough curves, 

on the other hand, were less steep as the mass transfer driving force 

decreased, resulting in a higher LMTZ of 24.9 cm and a lower inlet 

CR concentration. 

 

4. Conclusion 

This work effectively establishes that sugarcane-based AC is an 

efficient, cost-effective, and environmentally friendly adsorbent for 

removing CR dye from wastewater. The adsorption process study 

showed that the FIM better described the equilibrium data; the 

measured maximum adsorption capacity was 149.25 mg/g, and the 

process kinetics were described by the PSO model, with a maximum 

removal efficiency of 87.1% for an IC solution of 30 mg/L. The 

column efficiency increased with column length and reached its 

maximum (75%) in the longest column. However, changing the 

volumetric flow rate to 0.4 mL/min and the IC to 60 mg/L 

significantly reduces the adsorption capacity and removal efficiency. 

In contrast, increasing bed length significantly increases removal 

efficiency by increasing adsorption capacity. In summary, AC made 

from sugarcane is an environmentally friendly, sustainable adsorbent 

that effectively adsorbs CR dye from neutral solutions, unlike 

commercial AC. In addition, the improved model has supported an 

efficient design and scale-up process, and the simulation results have 

provided important information for the design of a successful 

adsorption column for CR dye adsorption from neutral wastewater. 
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