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Abstract 

Organic dyes such as Crystal Violet represent persistent and toxic pollutants in 

industrial wastewaters, underscoring the urgent need for efficient removal 
methods. This study investigates the performance of two adsorbents-carbon 
nanotubes and biochar-in removing Crystal Violet dye. FESEM and EDS 
analyses were employed to identify the morphology and chemical composition of 
the adsorbents. The average particle size was determined to be 26.32 nm for 
carbon nanotubes and 72.09 nm for high-purity biochar. Adsorption experiments 
were conducted under various conditions of adsorbent dosage, contact time, and 
temperature, and the optimum adsorbent dose and equilibrium time were 
determined to be 1 g/L and 90 min, respectively. Increasing the adsorbent dosage 
resulted in a decrease in specific adsorption capacity due to a reduced ratio of dye 
molecules to available active sites and particle agglomeration. Adsorption 
isotherm analysis revealed that the Freundlich model for carbon nanotubes and 
the Temkin model for biochar provided the best fit to the experimental data, and 
the extracted qmax values confirmed the high adsorption capability of both 
adsorbents, while pH showed no significant influence on the adsorption process. 
Kinetic and thermodynamic investigations indicated that adsorption was mainly 
governed by intraparticle diffusion, was spontaneous and endothermic in nature, 
and involved an increase in surface randomness, which was further supported by 
FESEM images and EDS analysis, confirming effective dye attachment on the 
adsorbent surfaces. The findings of this study demonstrate that both carbon 
nanotubes and biochar exhibit high potential for the removal of organic dyes, 
with the intraparticle diffusion mechanism playing a key role in the adsorption 
process. Moreover, the good agreement of the Freundlich and Temkin models 
with the experimental data indicates the heterogeneous nature of the adsorbent 
surfaces. 
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1. Introduction 
Synthetic dyes are among the most widely used 

chemicals in the textile, leather, paper, 

pharmaceutical, and plastic industries. A 

significant fraction of these dyes is discharged 

into aquatic environments through industrial 

effluents, causing severe ecological and health-

related concerns. Cationic dyes, such as Crystal 

Violet
1
, are particularly problematic due to their 

high solubility, persistence, toxicity, and 

resistance to biodegradation. CV has been 

reported to induce mutagenic and carcinogenic 

effects, as well as inhibit photosynthetic activity 

in aquatic systems, even at low concentrations 

(Mani and Bharagava, 2016; Kolya and Kang, 

2024). 

Among various physicochemical treatment 

methods, adsorption is considered one of the most 

effective and practical approaches for dye 

removal owing to its simplicity, high efficiency, 

operational flexibility, and absence of harmful by-

products. The performance of adsorption-based 

processes strongly depends on the 

physicochemical properties of the adsorbent, 

including surface area, pore structure, surface 

functional groups, and surface energy 

heterogeneity. 

Carbon-based materials such as carbon 

nanotubes
2
 and biochar

3
 have attracted increasing 

attention as promising adsorbents for water and 

wastewater treatment. CNTs possess an 

extraordinary surface area, unique tubular 

nanostructures, and strong π–π interactions with 

aromatic dye molecules, making them highly 

effective adsorbents for organic pollutants 

(Ahmaruzzaman et al., 2025; Arora and Attri, 

2020). BC, on the other hand, is a low-cost, 

environmentally friendly, and sustainable 

adsorbent produced from biomass through 

pyrolysis, with abundant surface functional 

groups and porous structures (Manyà et al., 

2018). 

Despite numerous studies on dye adsorption 

using CNTs or BC individually, comparative 

investigations focusing on adsorption behavior, 

kinetics, isotherms, and thermodynamic 

characteristics of these two carbonaceous 

adsorbents under identical experimental 

conditions remain limited. Therefore, the present 

study aims to comparatively evaluate the 

adsorption performance of CNTs and BC for the 

removal of CV from aqueous solutions, with 

particular emphasis on adsorption mechanisms 

and controlling steps. 

                                                 
1
 Crystal Violet (CV) 

2
 Carbon Nanotubes (CNTs) 

3
 Biochar (BC) 

2. Materials and methods 
CNTs and BC were employed as adsorbents in 

this study. The surface morphology and elemental 

composition of the adsorbents were 

systematically characterized using field emission 

scanning electron microscopy
4
 coupled with 

energy-dispersive X-ray spectroscopy
5
. The 

average particle sizes of CNTs and BC were 

estimated to be approximately 26.32 nm and 

72.09 nm, respectively, indicating a considerably 

finer structure and higher surface accessibility for 

CNTs. 

Batch adsorption experiments were carried out 

to evaluate the effects of key operational 

parameters, including adsorbent dosage (0.25-2 

g/L), contact time (0-180 min), initial solution pH 

(3–11), temperature (298-318 
o
K), and initial dye 

concentration. The solution pH was adjusted 

using diluted hydrochloric acid or sodium 

hydroxide solutions. Following the adsorption 

process, the residual concentration of CV was 

determined using a UV–Vis spectrophotometer at 

the corresponding maximum absorption 

wavelength (Yang et al., 2024). 

Adsorption kinetics were investigated using 

the pseudo-first-order, pseudo-second-order, and 

diffusion models. Equilibrium adsorption data 

were analyzed using the Langmuir, Freundlich, 

and Temkin isotherm models to elucidate 

adsorption behavior and surface heterogeneity. In 

addition, thermodynamic parameters, including 

Gibbs free energy change (ΔG°), enthalpy change 

(ΔH°), and entropy change (ΔS°), were calculated 

to determine the spontaneity, heat effects, and 

interfacial disorder associated with the adsorption 

process (Lima et al., 2020). 

 

3. Results and discussion 
FESEM images revealed that CNTs exhibited a 

highly entangled tubular network with a smooth 

surface, providing abundant adsorption sites and 

strong accessibility for dye molecules. In contrast, 

BC displayed a heterogeneous and irregular 

porous structure with relatively larger particle 

sizes. EDS analysis confirmed the dominance of 

carbon in both adsorbents and showed noticeable 

changes in surface elemental composition after 

adsorption, indicating successful attachment of 

CV molecules onto the adsorbent surfaces. 

The effect of adsorbent dosage demonstrated 

that increasing the dosage led to a decrease in 

adsorption capacity (mg/g) for both CNTs and 

BC, although the overall removal efficiency 

                                                 
4
 Field Emission Scanning Electron Microscopy (FESEM) 

5
 Energy-Dispersive X-Ray Spectroscopy (EDS) 
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increased. This phenomenon can be attributed to 

the aggregation of adsorbent particles and the 

reduction in the ratio of dye molecules to 

available active sites at higher dosages. An 

optimal adsorbent dosage of 1 g/L was selected 

for subsequent experiments. 

Adsorption equilibrium was achieved within 

approximately 90 minutes for both adsorbents, 

suggesting a relatively rapid uptake of CV. The 

initial rapid adsorption stage was followed by a 

slower phase, which can be associated with 

diffusion and gradual occupation of less 

accessible adsorption sites. 

The influence of solution pH in the range of 6 

to 9 showed no significant variation in adsorption 

efficiency, indicating that the adsorption of CV 

onto CNTs and BC is relatively insensitive to pH 

changes in neutral to slightly alkaline conditions. 

This behavior suggests that electrostatic 

interactions are not the sole governing mechanism 

and that other interactions, such as π–π stacking 

and hydrophobic interactions, play important 

roles. 

Kinetic modeling results revealed that the 

diffusion model provided the best fit to the 

experimental data for both adsorbents, as 

evidenced by higher correlation coefficients. This 

finding indicates that mass transfer resistance 

within the pores of the adsorbents is the rate-

limiting step in the adsorption process. Similar 

observations have been reported in recent studies 

on dye adsorption using carbonaceous materials. 

Isotherm analysis showed that the adsorption 

of CV onto CNTs followed the Freundlich model 

more closely, suggesting multilayer adsorption on 

a heterogeneous surface with non-uniform energy 

distribution. In contrast, the Temkin model 

provided a better fit for BC adsorption data, 

implying that adsorption heat decreases linearly 

with surface coverage due to adsorbent–adsorbate 

interactions. These differences can be attributed 

to variations in surface morphology, functional 

groups, and pore structures of the two adsorbents. 

Thermodynamic analysis demonstrated that the 

adsorption process for both CNTs and BC is 

spontaneous, as indicated by negative values of 

ΔG°. Positive ΔH° values confirmed the 

endothermic nature of adsorption, suggesting 

enhanced dye uptake at higher temperatures. 

Moreover, positive ΔS° values reflected an 

increase in randomness at the solid–liquid 

interface during adsorption, which may result 

from the displacement of water molecules by dye 

ions. 

Recent studies published in the Water and 

Wastewater Journal have also emphasized the 

importance of adsorption-based processes using 

carbonaceous materials for dye removal and 

highlighted the role of adsorption mechanisms in 

improving treatment efficiency. 
 

4. Conclusion 
This comparative study systematically evaluated 

the adsorption performance of CNTs and BC for 

the removal of CV from aqueous solutions. Both 

adsorbents demonstrated high adsorption 

efficiency and favorable interaction with dye 

molecules. CNTs exhibited superior adsorption 

behavior following the Freundlich isotherm, 

while BC adsorption was better described by the 

Temkin model, reflecting differences in surface 

heterogeneity and adsorption energy distribution. 

Kinetic analysis revealed that diffusion 

governs the adsorption process for both materials, 

underscoring the importance of internal mass 

transfer resistance. Thermodynamic findings 

confirmed that the adsorption of CV is 

spontaneous, endothermic, and accompanied by 

increased disorder at the solid–solution interface. 

Overall, the results suggest that both CNTs 

and BC are promising adsorbents for the removal 

of cationic dyes from contaminated water. 

Considering the sustainability and cost-

effectiveness of BC alongside the high adsorption 

capacity of CNTs, these materials can play 

complementary roles in advanced wastewater 

treatment applications.
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َاا‌اص‌‌‌َاي‌صىعتي‌َستىذ‌کٍ‌حزف‌آن‌َاي‌پايذاس‌ي‌سميّ‌دس‌پساب‌َاي‌آلي‌ماوىذ‌کشيستال‌ييًلت‌اص‌آلايىذٌ‌سوگ

َاي‌کشتىي‌ي‌صغال‌صيستي‌دس‌حزف‌‌صيست‌اَميت‌صيادي‌داسد.‌دس‌ايه‌پژيَص،‌عملکشد‌دي‌خارب‌واوًلًلٍ‌محيط

‌FESEMَااي‌‌‌َا‌اص‌آصمًن‌يايي‌خاربسوگ‌کشيستال‌ييًلت‌تشسسي‌ضذ.‌تشاي‌ضىاسايي‌ساختاس‌ي‌تشکية‌ضيم

‌00/22واوًمتش‌ي‌تشاي‌صغال‌صيستي‌‌22/32َاي‌کشتىي‌‌استفادٌ‌ضذ.‌مياوگيه‌اوذاصٌ‌رسات‌تشاي‌واوًلًلEDS‌ٍي‌

َاي‌خزب‌دس‌ضشايط‌مختلف‌ديص‌خارب،‌صمان‌تماس‌ي‌دماا‌اوداا ‌‌‌‌واوًمتش‌تا‌خلًظ‌تالا‌تٍ‌دست‌آمذ.‌آصمايص

دليمٍ‌تعييه‌ضاذ.‌وتاايح‌وطاان‌داد‌تاا‌اشاضايص‌ديص‌خاارب،‌‌‌‌‌‌‌‌00ليتش‌ي‌صمان‌تعادل‌‌دسگش ‌‌1ضذ‌ي‌ديص‌تُيىٍ‌

َااي‌شعاال‌ي‌تدما ‌‌‌‌‌َاي‌سوگ‌تٍ‌ساايت‌‌ياتذ‌کٍ‌واضي‌اص‌کاَص‌وسثت‌مًلکًل‌ظششيت‌خزب‌ييژٌ‌کاَص‌مي

اي‌َاي‌کشتىي‌ي‌مذل‌تمکيه‌تش‌َاي‌خزب‌وطان‌داد‌کٍ‌مذل‌ششيوذليچ‌تشاي‌واوًلًلٍ‌رسات‌است.‌تشسسي‌ايضيتش 

(‌تٍ‌تشتية‌qmaxصغال‌صيستي‌تيطتشيه‌اوطثاق‌سا‌داسوذ.‌تش‌اساس‌پاسامتشَاي‌ايضيتشمي،‌حذاکثش‌ظششيت‌خزب‌)

دَىذٌ‌تًاوايي‌تالاي‌َش‌دي‌خاارب‌دس‌‌‌َا‌استخشاج‌ضذ‌ي‌وطان‌تشاي‌واوًلًلٍ‌کشتىي‌ي‌صغال‌صيستي‌اص‌تحليل‌مذل

خزب‌وذاضت.‌تشسسي‌سيىتيکي‌وطان‌داد‌مذل‌وفاًر‌‌تأثيشي‌دس‌ششايىذ‌‌pH.‌پاسامتش‌تًدَاي‌سوگ‌‌تثثيت‌مًلکًل

کىذ.‌تحليال‌‌‌اي‌تُتشيه‌تشاصش‌سا‌داضتٍ‌ي‌محذيديت‌اوتمال‌خش ‌ومص‌مؤثشي‌دس‌ششايىذ‌خزب‌ايفا‌مي‌رسٌ‌دسين

وظمي‌سطحي‌تاًد.‌تاااييش‌‌‌‌خًدي‌تًدن‌ششايىذ‌ي‌اشضايص‌تي‌پاسامتشَاي‌تشمًديىاميکي‌تياوگش‌گشماگيش‌ي‌خًدتٍ

FESEMي‌آواليض‌‌EDSَاا‌تًدواذ.‌وتاايح‌اياه‌‌‌‌‌‌خزب‌مؤثش‌سوگ‌تش‌سطح‌خارب‌دَىذٌ‌وطانپس‌اص‌خزب‌ويض‌‌

َااي‌آلاي‌داسواذ‌ي‌‌‌‌‌د‌َش‌دي‌خارب‌واوًلًلٍ‌کشتىي‌ي‌صغال‌صيستي‌تًان‌تاالايي‌دس‌حازف‌سواگ‌‌‌داپژيَص‌وطان‌

ي‌َاا‌‌تًخاٍ‌ماذل‌‌‌کىاذ.‌َمنىايه‌تطااتك‌لاتال‌‌‌‌‌اي‌ومص‌کليذي‌دس‌ششايىذ‌خزب‌ايفا‌مي‌رسٌ‌مکاويسم‌وفًر‌دسين

‌.َا‌است‌دَىذٌ‌ماَيت‌واَمگه‌سطًح‌خارب‌َاي‌تدشتي‌وطان‌ششيوذليچ‌ي‌تمکيه‌تا‌دادٌ

نانولوله کزبني، سغال 

سيستي، کزيستال ويولت، 

جذب سطحي، مدل 

 سينتيکي، ايشوتزم جذب
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Table 1. Selected physicochemical properties of crystal violet dye

Chemical name Tris(4-(dimethylamino)phenyl)methylium chloride

Molar mass 407.979 g/mol 

Chemical structure
 

 

pH

ng et al., 2024Ya 

   
         

 

      
     

  

     

(mg/L) 0C(mg/L) tC

tVM 

)
◦

(ΔG) 
◦

(ΔH (ΔS)  

Lima et al., 2020

)c= − RT ln (K 
◦

ΔG 

ΔG
◦
 = ΔH

◦
 − TΔS

◦

ΔG◦(kJ/mol)ΔH◦

(kJ/mol)ΔS◦(J/mol.K)R

(8.314 J/mol.K)TK 
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Table 2. Adsorption isotherm and kinetic model equations 

 
Model Equation Parameter 

Isotherm 

Langmuir   
       

    

 

 𝐪 the adsorbed amount per adsorbent amount (mg/g)  
 𝐪𝐦 maximum sorption capacity (mg/g) 
 𝐊𝐋 the Langmuir equilibrium constant (L/mg) 
 𝐂 the concentration of adsorbed substance (mg/L) 

Freundlich       
 
  

 𝐊𝐅 the Freundlich equilibrium constant related to the 
total  
 C adsorption capacity (mg/g)  
 𝐧 the Freundlich equilibrium constant related to the 
intensity of adsorption 

Temkin               

 B is Temkin constant related to the heat of adsorption 
measured in (kJ/mol) 
 AT is the empirical Temkin constant which denotes 
the equilibrium binding constant related to the 
maximum binding energy (L/mg). 
 Ce is the dye concentration at equilibrium (mg/g) 
 

Kinetic 

Pseudo-first-
order 

               
 

 𝐪𝐭 the adsorption capacities at time t (mg/g)  
 𝐪𝐞 the adsorption capacities at equilibrium (mg/g) 
 𝐊𝟏 the pseudo-first-order rate sorption constant 
(L/min) 
 𝐭 time (min) 

Pseudo-second-
order    

  
      

         
 

 𝐪𝐭 the adsorption capacities at time t (mg/g)  
 𝐪𝐞 the adsorption capacities at equilibrium (mg/g) 
 𝐊𝟐 the pseudo-second-order rate sorption constant 
(g/mg.min) 
 𝐭 time (min) 

Diffusion        
      

 𝐪𝐭 the adsorption capacities at time t (mg/g)  
 𝐪𝐞 the adsorption capacities at equilibrium (mg/g) 
 𝐊in rate constant of intraparticle diffusion model 
(g/mg.min) 
 𝐭 time (min) 

(UV-Visible)

 

 

                                                 
1

Energy Dispersive X-Ray Spectroscopy (EDS)
2

Field Emission Scanning Electron Microscopy (FESEM)

FESEMEDS

FESEMa

b

 

EDS

ab
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Fig. 1. Schematic illustration of the process

 

Fig. 2. FESEM images of the adsorbents: (a) carbon nanotubes and (b) biochar 

FESEMab 

 

ac

bd

Kara et al., 2007
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Fig. 3. EDS analysis results of (a) carbon nanotubes and (b) biochar

ab

  
Fig. 4. Effect of adsorbent dosage on the adsorption of Crystal Violet dye from aqueous solution 
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Fig. 5. Effect of pH on (a) removal efficiency and (b) adsorption capacity in  
an aqueous solution containing Crystal Violet dye 
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Fig. 6. Effect of contact time on the removal of Crystal Violet dye by the adsorbents 
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Fig. 7. Kinetic models for the adsorption of Crystal Violet by biochar: (a) pseudo-first-order, 
(b) pseudo-second-order, and (c) diffusion

abc

 

Table 4. Adsorption isotherm parameters 
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Fig. 8. Kinetic models for the adsorption of Crystal Violet by carbon nanotube:

(a) pseudo-first-order, (b) pseudo-second-order, and (c) diffusion
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Fig. 9. Isotherm models for biochar adsorbent, (a) Langmuir, (b) Freundlich, and (c) Temkin 
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Fig. 10. Isotherm models for carbon nanotube adsorbent, (a) Langmuir, (b) Freundlich, and (c) Temkin 
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Fig. 11. Extrapolation of the Van't Hoff equation of (a) biochar and (b) carbon nanotube 
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Fig. 12. FESEM images after crystal violet contaminant adsorption by (a) carbon nanotubes and (b) biochar 

FESEMab 

 

Fig. 13. EDS analysis results of (a) carbon nanotubes and (b) biochar after dye absorption

ab 
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