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Abstract 30 

Toxic cationic dyes are used in different textile industries. When the colour interacts with the 31 

sunlight, it causes incomplete photosynthesis, inhibiting aquatic organisms’ growth and 32 

disrupting gas permeability in the water system. In this work, carbon nanotubes (CNTs) were 33 
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prepared to employ acetylene and hydrogen as precursor gases in a microwave-assisted reactor. 34 

The obtained CNTs were tested for their ability to remove the crystal violet (CV) dye. However, 35 

the effect of removal parameters, such as pH of ion solution, initial concentration, and contact 36 

time, was optimized on the adsorption process through response surface methodology. It was 37 

found that the optimized removal of CV dye was 81% at an optimum pH value of 7.0 with 10 38 

mg/L of an initial concentration and a contact time of 25 min. Complete dye extraction can be 39 

achieved by increasing the CNT dosage. Moreover, by using both the Langmuir model and 40 

Freundlich model of adsorption, the equilibrium data obtained from experiments were analyzed. 41 

The study also revealed that the adsorption at room temperature having a high adsorption 42 

capability of 2.615 mg/g for CV was best defined using the Langmuir model. For the reaction 43 

order, the adsorption rates represented the pseudo-first-order kinetic model. 44 

Keywords: Adsorption; textile wastewater; carbon nanotubes; crystal violet; column studies 45 

1. Introduction  46 

Water is essential in life for various practices such as agriculture, industrialization, and ecological 47 

changes that alter the state of water resources, resulting in water contamination [1,2]. Water 48 

contamination is primarily caused by wastewater streams from industries that release 49 

contaminated effluents. It is essential to separate these pollutants before discharging wastewater 50 

into the environment. Textiles, plastics, paper, pharmaceuticals, photographic, pulp mills, paint, 51 

food, printing, leather, and cosmetics are the industries' that need many dyes to colour their 52 

products [3-5]. Many inorganic, organic, and biological pollutants have been found as water 53 

contaminants, including dyes, pesticides, fertilizers, microbes, and heavy metals, representing 54 

significant dangers. However, a smaller number is deemed carcinogenic [6-11]. 55 

Various types of dyes, such as natural, synthetic, and food dyes, are used in different industries 56 

[12,13]. Natural dye is extracted from vegetables, fruits, and flowers, an age-old practice since 57 

3500BC to colour fabrics [14]. Synthetic dyes are categorized based on the chemical structure of 58 
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their specific chromophore group. Among different synthetic dyes, Azo dyes are the most 59 

fascinating and efficient dyes that have been recently utilized up to 90% in dyeing systems due 60 

to their versatility and ease of synthesis [15,16]. Various synthetic dyes are aromatic chemicals 61 

in nature. Some exceptions are classed as anionic, non-ionic (oil soluble), or cationic [4,17-19]. 62 

Methyl violet is a common cationic dye, whereas Azo dyes are anionic [20-22]. Synthetic dyes 63 

were widely employed in the textile and printing ink industries. The textiles industry, in particular 64 

generates the most water pollutants due to the residual dyes present in the wastewater after fabic 65 

processing. According to the World Bank, coloration and treatment of materials contribute to 17–66 

20% of overall industrial water contamination. The water discharged while dyeing fabrics can 67 

remain visible for an extended period due to its resistance to biodegradation. 68 

The dye waste has a high content of biological oxygen demand (BOD), which is undesirable 69 

for the surroundings. Dye contamination in wastewater causes several problems. One such issue 70 

is that the colour interacts with the sunlight, causing incomplete photosynthesis, thereby 71 

preventing the aquatic organism's growth and disturbing the solubility of a gas in the water [23]. 72 

Crystal violet (CV) is a cationic dye, also known as gentian violet, that can induce dermatitis, 73 

allergic reactions, restlessness, hyperactivity, cancer, mutation, and attention issues in humans. 74 

The characteristics features of this dye are primarily employed in veterinary and animal medicine 75 

and are a handy source in textile industries and as a biological staining process. Naturally, it is a 76 

carcinogenic compound and inadequately metabolized by microorganisms, non-biodegradable. 77 

  Various techniques for removing heavy metals and dyes from wastewater are available, 78 

including photocatalytic degradation, coagulation, liquid-liquid extraction, solvent extraction, 79 

reverse osmosis, oxidation, chemical precipitation, electrochemical treatment, adsorption, and 80 

membrane filtration. Many of these methods have drawbacks such as toxic sludge generation and 81 

waste products that must be disposed of safely, fouling, membrane scaling and blocking, and 82 

other disadvantages include high capital cost, incomplete metal removal, high energy 83 
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requirements, expensive equipment requirements, high operational costs, high reagent, and 84 

monitoring system requirements [24]. However, adsorption is regarded as the most effective of 85 

all the technologies listed as it provides adaptability in design and operation [25]. Furthermore, 86 

it is reversible, as suitable desorption processes can regenerate adsorbents for multiple uses [26].  87 

Many adsorbents have been employed for dye removal from aqueous solution, including 88 

processed ginger waste, NaOH-modified rice husk, powdered bark of coniferous pines, teak, 89 

bottom ash, and polyaniline/hollow manganese ferrite nanocomposites, cupuassu shell, jujuba 90 

seeds, Brazilian pine fruit shell, chitosan, algae, inorganic silicates, activated carbon, carbon 91 

nanotubes coir pith, parthenium, coconut shell, and peanut hulls [27,28]. 92 

Microwave-assisted synthesis of carbon nanotubes (CNTs) is considered a simple, 93 

economical, rapid, clean, non-invasive, and environmentally friendly method [22,29-31]. 94 

Microwave irradiation accelerates the reaction at targeted areas by uniform and rapid heating 95 

thus improving the yield and characteristics of the main product. In addition to that, microwave 96 

irradiation promotes the functionalization and removal of certain existing  functional groups in 97 

the treatment environment [32]. The CNTs are synthesized by microwave irradiation, which 98 

results in amorphous nanoporous surfaces with a high surface area that can potentially be 99 

employed as an adsorbent, allowing the adsorbent dosage to be reduced. Being an  adsorbent, 100 

CNTs have attracted much interest amongst researchers since they offer an appealing option for 101 

removing organic and inorganic pollutants from water [33,34]. CNTs are utilized in the 102 

adsorption process because of their unique qualities, including chemical, physical, electrical, 103 

mechanical, and structural capabilities, extremely high thermal conductivity, optoelectronic, 104 

large specific surface area, and semiconductor [35].  105 

This work investigates microwave-assisted CNTs for CV removal from aqueous solutions 106 

employing a batch column method. The effect of process parameters such as contact time, dye 107 
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solution pH, and initial concentration of dye removal efficiency were examined. In addition, the 108 

kinetic and isotherm studies for the adsorption of CV dyes were evaluated and explained. 109 

2. Materials and Methods  110 

2.1 Raw Materials  111 

The dye utilized in this study was a crystal violet acquired from Merck. 1.0M sodium hydroxide 112 

and 1.0M hydrochloric acid were used to modify the pH of the stock solutions. 113 

2.2 Synthesis of CNTs 114 

Microwave-assisted carbon nanotubes were created following the principles established in our 115 

earlier research [36]. Using a microwave model Synotherm-T1500, China reactor, a ferrocene 116 

catalyst was inserted through the chamber entrance, while a quartz boat size of 50 mm ID, 55 117 

mm OD, and 615 mm length was put in the middle of the reaction tube. Argon gas was used for 118 

flushing out the oxygen from the chamber. The C2H2 and H2 gases were then combined (in a 0.6 119 

ratio) and, employing a gas mixture apparatus (KM-20-2), circulated into the tubular microwave 120 

chamber. The reaction was carried out at 900 W reaction power and 35 min of radiation time. 121 

2.3  Stock solution preparation 122 

CV stock solutions with an initial concentration of 1000 mg/L were prepared for the adsorption 123 

investigation. The dye powder (1 g) and distilled water (1 L) were mixed and swirled to ensure 124 

a homogenous solution. Based on the experimental matrix produced from the Design-Expert 125 

version 11 (trial version), the dye solution was prepared with varied starting concentrations (2–126 

10 mg/L) and varying pH (4–10) values. 127 

2.4 Batch column adsorption experiments 128 

The experimental setup used in this study for removing CV from the aqueous solution is 129 

shown in Figure 1. Small-scale column tests were carried out to calculate the removal capacity 130 
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for removing CV from an aqueous solution. A plastic tube of 2.5 cm diameter and 5 cm height 131 

was used to conduct the adsorption tests at room temperature. The column was packed with the 132 

carbon nanotube at a certain height. The CV concentration was measured in the UV 133 

spectrophotometer.  134 

100 mL sample of 10 mg/L CV solution was used for the batch adsorption experiment. All 135 

studies were performed at standard temperature-pressure (STP) conditions with a 1 g of 136 

adsorbent dose. 1.0 M of hydrochloric acid or 1.0 M of sodium hydroxide were used to adjust 137 

the pH of the dye stock solutions, depending on the desired pH value. The adsorption capacity 138 

was determined at the time (t) using Equation (1). The equilibrium of dye adsorption was 139 

calculated using Equation (2). 140 

qt  =  
(Co-Ct)V

m
[(Co – Ct) V]/m        (1) 141 

qe  =  
(Co-Ct)V

m
[(Co – Ce) V]/m        (2) 142 

Where Co is the initial concentration of dye solution (mg/L), Ct is the concentration of dye 143 

solution at time t (mg/L), Ce is the concentration of dye solution at equilibrium, m is the weight 144 

of carbon nanotube adsorbent employed (g), and V is the dye solution volume (L). 145 
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 146 

Figure 1: Column studies experimental set-up for removal of the CV 147 

2.5 Characterization of CNTs 148 

The CNTs were examined using a Philips XL30 scanning electron microscope (SEM). 149 

The imaging was performed in high vacuum mode at an operating voltage of 15kV, a spot size 150 

of 4.5-5, and a working distance of 10 mm. Moreover, the Fourier transform infrared (FTIR) 151 

spectroscopy was performed using a Perkin Elmer FTIR Spectrometer (TA 8000), with 32 scans 152 

per sample were recorded from 4000-550 cm-1 at a resolution of 4 cm-1. 153 

2.6 Isotherm and Kinetic studies conducted on CV adsorption using CNTs 154 

The equilibrium data obtained from the experiments were fitted to different isotherm 155 

models to understand the inherent mechanisms in the CV adsorption process. The conventional 156 
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solid-liquid adsorption isotherm models (single component) evaluated in this study are 157 

presented in Table 1. This table shows non-linear forms of isotherm models. It is a common 158 

practice by most researchers to linearize the non-linear model expressions, as it is not 159 

straightforward to calculate constants in the non-linear models. Even though the linearized 160 

model equation adequately fits the equilibrium data, providing higher R2, the predicted values 161 

gave low values after the isotherm parameters were substituted in the non-linear model form. 162 

Similarly, to understand the kinetic of the CV adsorption onto CNT, the experimental 163 

values were validated with four prominent non-linear kinetic models, shown in Table 1. Also, 164 

the parameters in these kinetic models were evaluated by linearizing the non-linear model 165 

expressions. However, linearizing the non-linear models would depict wrong interpretation and 166 

undervalues the kinetic models.  167 

Further, to statistically validate the performance of predicted values with the 168 

experiments, various prominent statistical (error) functions were chosen, as shown in Table 2. 169 

These metrics confirm and validate the suitability of respective non-linear isotherm models and 170 

evaluated parameters. For instance, if the metrics result in a smaller value (with the exception 171 

of R2) this means that the model-predicted values are in close agreement with the experimental 172 

values; however, they vary distinctly if it produces a higher metrics results.  173 

Table 1: Different prominent isotherm and kinetic models (along with a number of parameters 174 

they have in respective models) that were investigated in CV removal using CNT’s 175 

Isotherm & Kinetic 
Models Non-Linear Equations Number of 

parameters 

Isotherm Models 

Linear (Henry's Law) 
model  

1 

Langmuir model 
 

2 

Freundlich model 
 

2 
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Redlich-Peterson model 
 

3 

Sips model 
 

3 

Toth model 
 

3 

Kinetic Models 

Pseudo 1st order 𝑞𝑞 = 𝑞𝑞𝑒𝑒(1− 𝑒𝑒−𝑘𝑘1𝑡𝑡) 2 

Pseudo 2nd order 𝑞𝑞 = �
𝐾𝐾2𝑞𝑞𝑒𝑒2

1 + 𝑡𝑡𝐾𝐾2𝑞𝑞𝑒𝑒
� 𝑡𝑡 2 

Weber - Morris model 𝑞𝑞 = 𝑘𝑘𝑖𝑖𝑖𝑖√𝑡𝑡 1 

Boyd model 

𝑞𝑞
𝑞𝑞𝑒𝑒

= 1 −
6
𝜋𝜋2

𝑒𝑒𝑒𝑒𝑒𝑒( − 𝐵𝐵𝑡𝑡) 

𝐵𝐵 =
𝜋𝜋2𝐷𝐷𝑖𝑖
𝑟𝑟2

 
2 

 176 

Table 2: Different prominent statistical (error) functions evaluated in this study 177 

Statistical (Error) functions 

 

 

 

 

 

Coefficient of correlation (𝑅𝑅2) =
∑ ��𝑞𝑞𝑒𝑒,𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖

𝑖𝑖 − 𝑞𝑞𝑒𝑒,𝑒𝑒𝑒𝑒𝑝𝑝
𝑖𝑖 �

2
�𝑛𝑛

𝑖𝑖=1

∑ ��𝑞𝑞𝑒𝑒,𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖 − 𝑞𝑞�𝑒𝑒,𝑒𝑒𝑒𝑒𝑝𝑝

𝑖𝑖 �
2
�𝑛𝑛

𝑖𝑖=1

 

Sum of absolute error (𝑆𝑆𝑆𝑆𝑆𝑆) = ��𝑞𝑞𝑒𝑒,𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖 − 𝑞𝑞𝑒𝑒,exp

𝑖𝑖 �
𝑛𝑛

𝑖𝑖=1

 

Pearson′𝑠𝑠 Chi-square measure (𝜒𝜒2) = �
(𝑞𝑞𝑒𝑒, 𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖

𝑖𝑖 − 𝑞𝑞𝑒𝑒,exp
𝑖𝑖 )2

𝑞𝑞𝑒𝑒, 𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 

Root mean square error (𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆) = �
1

𝑛𝑛 − 1
�(𝑞𝑞𝑒𝑒, 𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖

𝑖𝑖 − 𝑞𝑞𝑒𝑒,exp
𝑖𝑖 )2

𝑛𝑛

𝑖𝑖=1

 

Hybrid fraction error function (𝐻𝐻𝐻𝐻𝐵𝐵𝑅𝑅𝐻𝐻𝐷𝐷) =
100

(𝑒𝑒 − 𝑛𝑛)
�

(𝑞𝑞𝑒𝑒, 𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖 − 𝑞𝑞𝑒𝑒,exp

𝑖𝑖 )2

(𝑞𝑞𝑒𝑒,𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖 )2

𝑝𝑝

𝑖𝑖=1
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Where ‘𝑛𝑛’ is the number of experimental runs and ‘𝑒𝑒’ is the number of parameters; 𝑞𝑞𝑒𝑒,𝑒𝑒𝑒𝑒𝑝𝑝
𝑖𝑖  is qe 178 

(mg/L) experiment value for each run; 𝑞𝑞𝑒𝑒,𝑝𝑝𝑝𝑝𝑒𝑒𝑖𝑖
𝑖𝑖  is qe (mg/L) predicted (calculated) value for each 179 

run and 𝑞𝑞𝑒𝑒,𝑒𝑒𝑒𝑒𝑝𝑝
𝑖𝑖  is mean of all qe,exp (mg/L) values.  180 

3. Results and Discussion  181 

3.1 Statistical analysis for the removal of the CV 182 

Design-Expert 11 (trail version) software was used to analyze the percentage removal of dye 183 

from pre-prepared stock solutions. The experimental matrix with factors (actual & coded) and 184 

crystal violet removal percentage using CNTs is given in Table 3. The highest percentage 185 

removal was 85% for a pH value of 4.0, an initial concentration of 10 mg/L, and a contact time 186 

of 10 min. The lowest value observed is 40% at a pH of 4.0, an initial concentration of 2 mg/L, 187 

and a contact time of 10 min. The quadratic regression model equation is found using the variance 188 

analysis (ANOVA) summarized in Table 4. The Fisher (F) value is used to demonstrate the 189 

model's efficiency. As the F-value increases, so does the model's efficiency. The F value was 190 

obtained by the regression mean square (MSR) ratio and mean square of the error (MSE). 191 

Freedom of 1 for pure error ensures that the lack of fit test was valid. The lower the probability 192 

(p) value, the more significant the model. It can be observed from Table 4 that the p-value for 193 

the removal of crystal violet was <0.0001; this implies that the model is significant. The R-194 

squared and Adj R-squared values were critical in determining the importance of a model. The 195 

R-squared and Adj R-squared values for removing CV were 0.98 and 0.97, respectively. 196 

The developed equation for removing CV from the prepared stock solution using CNTs 197 

is shown in Equation (3). 198 

Removal % = 52.324 - 12.602 * A + 2.424 * B + 2.209 * C - 0.344 * AB - 0.0306 * AC - 0.0354 199 

* BC + 1.187 * A2 + 0.388 * B2 - 0.0347 * C2      (3) 200 

Whereas A represents the bar-coded value for the pH of the stock solution, B represents 201 

the rate of concentration, and C represents the duration of contact value, respectively. The above 202 
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equation represents the coded factors that may be utilized to interpret the different results of 203 

each element. For the positive values, these factors are represented by default as +1, while for 204 

the negative values, the factors are depicted as -1, respectively. Hence, the given equation is 205 

handy for determining relative elemental significance by contrasting the factors of the 206 

coefficients.  The positive sign denotes that the parameters work together, whereas the negative 207 

sign represents resistance to the parameters. 208 

Table 3:. Experimental matrix with factors (actual & coded) along with crystal violet removal 209 
percentage using CNTs 210 

Run Factor 1 
A: pH 

Factor 2 
B: Concentration (mg/L) 

Factor 3 
C: Contact Time (min) Response (% Removal) 

1 10 (+1) 10 (+1) 40 (+1) 81 

2 7 (+0) 6 (+0) 40 (+1) 52 

3 4 (+-1) 2 (+-1) 40 (+1) 51 

4 10 (+1) 10 (+1) 10 (+-1) 84 

5 4 (+-1) 10 (+1) 40 (+1) 83 

6 7 (+0) 10 (+1) 25 (+0) 81 

7 10 (+1) 2 (-1) 40 (+1) 61 

8 10 (+1) 2 (-1) 10 (-1) 60 

9 10 (+1) 6 (+0) 25 (+0) 75 

10 7 (+0) 6 (+0) 25 (+0) 58 

11 7 (+0) 2 (-1) 25 (+0) 51 

12 4 (-1) 6 (+0) 25 (+0) 66 

13 7 (+0) 6 (+0) 10 (-1) 52 

14 7 (+0) 6 (+0) 25 (+0) 58 

15 4 (-1) 2 (-1) 10 (-1) 40 

16 4 (-1) 10 (+1) 10 (-1) 85 
Table 4: ANOVA for removal of crystal violet using CNTs 211 

Source Sum of 
Squares df Mean 

Square F-value p-value 
Prob > F 

 

Model 3173.07 9 352.56 113.24 < 0.0001 significant 
A-pH 129.60 1 129.60 41.63 0.0007  
B-Concentration (mg/L) 2280.10 1 2280.10 732.36 < 0.0001  
C-Contact time (min) 4.90 1 4.90 1.57 0.2563  
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AB 136.13 1 136.13 43.72 0.0006  
AC 15.13 1 15.13 4.86 0.0697  
BC 36.13 1 36.13 11.60 0.0144  
A² 301.25 1 301.25 96.76 < 0.0001  
B² 101.00 1 101.00 32.44 0.0013  
C² 160.82 1 160.82 51.66 0.0004  
Residual 18.68 6 3.11    
Lack of Fit 18.68 5 3.74    
Pure Error 0.0000 1 0.0000    
Cor Total 3191.75 15     

 212 

3.2 The effect of process parameters on CV removal percentage 213 

The influence of pH, contact time, and initial CV concentration on the CV removal percentage 214 

was investigated. The effect of pH was studied to determine the best pH where it exhibits the 215 

highest removal percentage. The pH was controlled by adding hydrochloric acid or sodium 216 

hydroxide to the stock solution. The pH values were adjusted using the pH meter model (Eutech 217 

Instruments). The pH is an essential factor for the uptake of CV because the medium pH 218 

influences the magnitude of the electrostatic charges imparted by the ionized dye molecules. 219 

The CV solution's initial concentration, adsorbent dosage, and temperature were 10 mg/L, 1.0 220 

g/L, and 25 °C, respectively. The effect of pH ranges from 2 to 10 on CV dye removal by 221 

adsorption is shown in Figure 2 (a). Adsorption of dye increased with increasing pH. As the pH 222 

increased, H+ ions decreased, making the process more favourable. Lower adsorption of CV at 223 

acidic pH was probably due to an excess of H+ ions competing with the dye anions for the 224 

adsorption sites [37]. An increase in pH causes a decrease in the surface charge density. This 225 

lowers the electrostatic repulsion between the surface of the CNTs and the charge of CV. As a 226 

result, the rate of adsorption rises [38].  227 

 228 
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 229 

Figure 2: Effect of different a) pH values (b) contact times on CV removal 230 

With the initial concentration of 10 mg/L by utilizing CV solutions, different experiments 231 

were employed to optimize the adsorption time of dye. This study used a wide range of contact 232 

times, such as 10, 20, 30, 40, and 50 mins, to determine the removal efficiency. As shown in 233 

Figure 2 (b), the percentage removal of CV increased in the first 10 min until the equilibrium 234 

reached 30 min approximately, and it started decreasing after the equilibrium point (i.e., 30 min). 235 

At the initial stages, the acceleration of adsorption rate is facilitated due to the presence of a 236 

positively charged adsorbent surface for the transfer of anionic species present in the reaction 237 

solution. A decline in CV removal after the equilibrium point could be attributed to the fact that 238 

the remaining surface spaces were not occupied due to the dye molecules' strong repulsive 239 

interactions at the adsorbent surfaces and in the bulk solution [39]. It is reported that a rapid 240 

increase at the initial adsorption period is because the adsorbent surface performs fast initially 241 

and starts blocking adsorption sites indicating a gradual decrease in adsorption rate. However, a 242 

reduction in adsorption rate (after achieving equilibrium) is explained by phenomena explaining 243 

that adsorption sites are initially active. However, they get occupied gradually with time, leading 244 

to blockage of adsorption sites and a significant decrease of free sites, decreasing the adsorption 245 

rate [40]. The outcome obtained in this study about the effect of time on adsorption rate is in 246 
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agreement with previous studies recommending similar behaviour of adsorption rate with time 247 

[41-43]. 248 

The effect of the initial CV concentration was investigated while all other parameters 249 

remained constant. It was found that the removal percentage was more significant at lower initial 250 

concentrations of CV and vice versa. It was noted that 82% removal of CV was observed at 2 251 

mg/L of initial concentration of CV, but it decreased to 49% at 10 mg/L of initial concentration 252 

of CV. The relative availability of adsorption sites can explain a higher CV removal percentage 253 

at 2 mg/L of initial concentration of CV and a lower CV removal percentage at 10 mg/L of initial 254 

concentration. The amount of dye molecules was less for 2 mg/L of CV solution, whereas the 255 

lower adsorption was due to an increase in the amount of dye molecules for the 10 mg/L. A 256 

decrease in the removal of CV at a higher initial concentration of CV is mainly due to the 257 

saturation of adsorbent sites at the surface of the adsorbent [44]. The removal percentage of CV 258 

was compared with the literature, as shown in Table 5. Similar results for higher CV removal at 259 

a lower initial concentration of CV and lower CV removal at a higher initial concentration of CV 260 

were reported in the literature [45] . A similar interaction mechanism as previously reported in 261 

the literature between CNTs and CV was observed in this study, thus suggesting that when the 262 

CV dye is adsorbed on CNTs, OH- from glycerol reacts with CNTs forming C-O-C-H bonds 263 

[34]. Based on a recent literature, Abbas et al. [46] proposed the rate of adsorption at four stages: 264 

(1) transfer of pollutants from the outer surface to the inner surface (rapid process), (2) 265 

displacement of pollutants once it reaches with an adsorbent surface (fast process), (3) diffusion 266 

of pollutants into the adsorbent surface under the action of initial concentration (prolonged 267 

process), and (4) adsorption of pollutant towards micropore (very fast process). 268 

  269 



 
 

15 
 
 

 

 

Table 5: Comparison of % CV removal observed this study with the relevant literature 270 

Material pH Concentration 
(mg/L) 

Contact 
time (min) 

CV Removal 
(%) Reference 

CNT 4 10 10 85.0 This study 
MWCNT 3-8 25-48 30-45 31 [47] 
CNT 2-10 - 10-180 85 [34] 
Titanate 
nanotube 

6.8 20 120 80 [48] 

Pumice  6.5 30 120 86.7 [49] 
Formosa 
papaya seed 
powder 

2-8 10-40 60 41.0 [50] 

Grapefruit 
peel 

1-10 10-600 30-240 96.1 [51] 

Apple stem 10 100 20 96% [52] 
Date palm 
leaves 

10 16.35 21.10 99.5% [53] 

mango leaves 
biochar 

8 2500 48 99.85% [54] 

titanate 
nanotube 

6.8 20 - 75% [48] 

 271 

The interaction between three parameters (pH, contact duration, and CV initial 272 

concentration) on the overall CV removal efficiency by CNT is shown in Figure 3. Three 273 

different concentrations for the investigation were used with three different pH values, 4, 7, and 274 

10, respectively. The initial concentration was increased from 2 mg/L to 10 mg/L; the lower 275 

concentration showed a lower removal rate at any value of pH and contact time.  When the 276 

initial concentration was increased to 6 mg/L, the rate mechanism improved at any pH value. 277 

The optimum condition for the high removal rate was a pH of 10 and a residence time of 25 min 278 

at 10 mg/L; after that, the removal rate decreased. From this study, the optimal parameter values 279 

for CV removal are a pH value of 7.0, a contact time of 25 min, and an initial concentration of 280 

10 mg/L, 81% of CV removal using CNT. 281 
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 282 

Figure 3: Interaction of various parameters a) pH, b) Contact time (min), and c) Initial concentration 283 

(mg/L) on the overall CV removal 284 

3.3 CV adsorption kinetic studies  285 

 The study of kinetics is important in determining the chemical process rate. The kinetic 286 

study experiments lasted up to 40 min, with three distinct pH values and initial concentrations of 287 

dye solution. The solutions volume was kept constant at 100 mL, while the mass of the adsorbent 288 

was maintained at 1g. A UV-Vis Spectrophotometer was used to assess the concentration of the 289 

dye solution every 5 min. 290 

It was found (Figure 4) that the CV removal from the stock solution increases with the contact 291 

time. Figure 4 (a) shows the influence of pH values, with pH 10 removing the most within a 292 

contact time of 25 minutes. Similarly, Figure 4 (b) represented the initial concentrations 293 

adsorption capacities against the contact time as observed. The initial concentration of 10 mg/L 294 
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showed the highest adsorption rate in contrast to other concentrations factors. The feedstock, 295 

which had the maximum initial concentration, showed the maximum removal efficiency over 296 

adsorbent CNTs compared to different initial feedstock concentrations. It showed that the 297 

increase in dyes' anion influenced the removal rate. The active dye site leads to the maximum 298 

active site and removes maximum CV anions. 299 

 300 

Figure 4: Kinetic studies of crystal violet a) pH b) initial concentration 301 

To understand the adsorption mechanism of CV onto CNT, the equilibrium data was is 302 

validated with four isotherm models for each pH value. As mentioned earlier, the parameters in 303 

each isotherm model were evaluated using the non-linear approach. The fit of the isotherm model 304 

was is validated by computing various statistical metrics, as shown in Table 6. These metrics 305 

confirm the fitness of the non-linear model. For pH 4, besides R2 being high, all other statistical 306 

metrics are lower, thus ensuring pseudo-first-order (PFO) suitability. A similar trend was is 307 

observed for different pH values. Therefore, the kinetic parameters thus evaluated from non-308 

linear expression are more reliable and correctly depict the inherent mechanisms. The 309 

comparative plots of fitting different kinetic models for different pH values are shown in Figure 310 

5. It can be noticed from these plots that, except for the Weber & Moris model, the remaining 311 

three kinetic models are in close agreement with the experimental values. However, PFO kinetic 312 

model is more suitable among these models. As previously stated, pH rises, enhances crystal 313 

violet removal, and has higher qe values. 314 
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Table 6: Comparison of various kinetic parameters along with different statistical metrics 315 

Statistical Metrics 
PFO PSO Weber & 

Morris Boyd 

Non-Linear Non-Linear Non-Linear Non-Linear 

Kinetic Parameters pH 4 K1: 0.175 
qe: 6.725 

K2: 0.033 
qe: 7.49 Kid: 1.228 B:  0.25 

qe: 6.7 

 
pH 7 K1: 0.25 

qe: 6.858 
K2: 0.105 
qe: 7.144 Kid: 1.301 B:  0.292 

qe: 7.0 

pH 10 K1: 0.229 
qe: 7.198 

K2: 0.462 
qe: 7.233 Kid: 1.375 B:  0.933 

qe: 6.8 

Correlation coefficient 
of determination (R2) 

pH 4 0.9888 0.9996 0.9077 0.9856 

pH 7 0.9879 0.9979 0.8355 0.9992 

pH 10 0.9882 0.9946 0.7728 0.9942 

Average relative error 
(ARE) 

pH 4 3.6791 1.5610 24.0842 9.4707 

pH 7 3.0208 0.2599 29.1451 2.4980 

pH 10 7.8074 4.8995 35.9026 6.4748 

Sum of the squares of 
errors (SSE) 

pH 4 0.0881 0.0153 3.2747 0.7593 

pH 7 0.1076 0.0005 6.6293 0.0603 

pH 10 0.4286 0.2076 10.3869 0.5227 

Sum of the absolute 
errors (SAE) 

pH 4 0.4198 0.1964 2.8424 1.0385 

pH 7 0.3857 0.0352 3.8094 0.3218 

pH 10 1.1069 0.7049 5.0233 0.9506 

Root-mean-square error 
(RMSE) 

pH 4 0.2098 0.0875 1.2796 0.6162 

pH 7 0.2319 0.0160 1.8206 0.1737 

pH 10 0.4629 0.3222 2.2789 0.5112 

Marquardt's percentage 
std dev (MPSD) 

pH 4 4.0138 1.5493 23.9879 11.9928 

pH 7 10.3200 14.5573 24.9267 17.8246 

pH 10 19.1860 25.8304 28.2291 21.0955 

Pearson’s Chi-square 
measure 

pH 4 0.9924 0.9988 0.7105 0.9404 

pH 7 0.9538 0.9147 0.7314 0.8786 

pH 10 0.8572 0.7736 0.7093 0.8414 

Hybrid fractional error 
(HYBRID) 

pH 4 0.1790 0.0267 6.3935 1.5981 

pH 7 1.1834 2.3546 6.9038 3.5302 

pH 10 4.0900 7.4134 8.8542 4.9447 

 316 
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 317 

Figure 5: Comparison of different kinetic models for pH values of 4, 7 and 10   318 
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The experimental kinetics of CV adsorption on CNT observed a rapid increase in 319 

adsorbed concentration during the first 1–2 min, followed by a slower absorption rate, as 320 

suggested by the Weber & Morris model. The initial part is accompanied by faster mass exchange 321 

through the limit layer and adsorption on the solid surface, followed by moderate dispersion 322 

within the particles. Hence, both the intra-particle and mass transfer rates are governed as the 323 

rate-limiting steps in this step. The transport rate is affected by the solid's structure and its 324 

interaction with the dispersing agent. The adsorbent might be permeable impediments and solute 325 

development by dispersion from one liquid body to the other via the concentration slope. In Intra-326 

particle diffusion, the species move from the bulk of the solution towards the solid phase. This 327 

model was proposed to anticipate the process of adsorption rate occurring on a porous adsorbent 328 

surface in a well-stirred batch adsorption process. 329 

3.4 CV adsorption isotherm studies 330 

The adsorption isotherm tests used three different initial concentrations to remove crystal 331 

violet. Three volumetric flasks of 100 mL were employed, each with a dye solution of 2 mg/L, 6 332 

mg/L, and 10 mg/L, respectively. Adsorbent dosage, pH, and temperature variables were kept 333 

constant at 1g of CNTs, pH value of 6.0, and room temperature. 334 

These adsorption studies are verified against 6 prominent isotherm models. As stated 335 

earlier, most researchers linearize the non-linear model expressions. Even though the linearized 336 

model equation adequately fits the equilibrium data, providing higher R2, the predicted values 337 

give low values after the isotherm parameters are substituted in the non-linear model form. Hence 338 

non-linear analysis is used to evaluate the model parameters without linearizing the non-linear 339 

expressions. The comparison of various isotherm parameters and different statistical metrics is 340 

given in Table 7. Among the validated isotherm models, Langmuir isotherm models seem to be 341 

more appropriate, resulting in an R2 value of 0.998. Besides the highest R2, all other statistical 342 

metrics resulted in lower values. The amount of qm was observed to be 2.615 mg/g, and the KL 343 
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value was noted to be 8.034 L/mg. The comparison of the performance of different isotherm 344 

models investigated in this study is shown in Figure 6. The best fitting of Langmuir and 345 

Freundlich isotherm models suggests that they can be used to estimate the adsorption of CV dye 346 

from an aqueous solution using carbon nanotubes. 347 

Table 7: Comparison of various isotherm parameters along with different statistical metrics 348 

Nonlinear models Parameters R2 SSE RMSE χ2 HYBRID 
Henry (Linear) model K: 13.73 0.9788 0.0142 0.0596 0.0456 -19.1389 

Langmuir model KL: 8.034  
qmax: 2.615 0.9979 0.0005 0.0027 0.0001 -0.9566 

Freundlich model KF: 7.021  
n: 1.311 0.9883 0.0010 0.0155 0.0020 -0.3548 

Redlich-Peterson model 
aRP: 6.178  

KRP: 22.621  
g: 0.875 

0.9849 0.0033 0.0287 0.0037 11.4289 

SIPS model 
Ks: 8.117  

qms: 2.787  
ns: 0.999 

0.9855 0.0079 0.0443 0.0093 19.8341 

TOTH model 
aT: 0.165  
KT: 2.772  
nT: 0.908 

0.9839 0.0063 0.0396 0.0089 -22.7050 

 349 

 350 

Figure 6: Comparison of performance of fitting different isotherm models 351 
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3.7 Characterization of CNTs before and after adsorption 352 

The CNTs used in this study were characterized through SEM analysis and FTIR analysis 353 

before and after the adsorption of CV dye. The SEM images of CNTs before and after adsorption 354 

of CV dye are shown in Figure 7. The surface texture of the raw CNTs (before adsorption) is 355 

smooth, and there are only a few pores visible on the surface, as seen in Figure 7 (a). On the 356 

other hand, the CNTs, after being used for the adsorption of CV dye (see Figure 7 (b)), showed 357 

that the tubes opened up, resulting in a less smooth surface when compared to the raw CNTs,  358 

possibly due to the attachment of some functional groups during adsorption. 359 

 360 

 361 
Figure 7: SEM images of CNT (a) before adsorption and (b) after adsorption of CV dye 362 

The chemical reactivity on the adsorbent surface, noticeably in the form of chemisorbed 363 

oxygen in the different functional groups, is an essential factor that regulates the function of 364 

CNT. The FTIR spectra, before and after CV dye adsorption is shown in Figure 8. The results 365 

show that the functional groups appeared on the adsorbent's surface following adsorption. The 366 

peak seen at approximately 3500 cm-1 for CNTs before adsorption, demonstrating the present 367 

of hydrogen-bonded O–H stretching  on the CNT’s surface. After adsorption, a broad peak 368 

appears on the functional group side of the O–H bond due to the water adsorption on the CV. 369 

C–H stretching vibrations resulting from the adsorbent causes a strong peak to appear between 370 

2850-3000 cm−1. A sharp peak of C = O stretching vibration at approximately 1600–1750 cm−1 371 
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resembles the carbonyl groups in the CNTs, e.g., carboxylic acid, ketones, and aldehydes. C = 372 

C stretching vibrations occur at approximately 1650 cm-1 due to an aromatic compound, e.g., 373 

benzene. Furthermore, the C–H bending vibration at 1150 cm-1 indicates the presence of an 374 

alkane group and this was confirmed by the presences of a strong absorption peak at about 700–375 

610 cm-1.  376 

 377 

Figure 8: FTIR analysis of CNTs (a) before adsorption and (b) after adsorption 378 

8. Conclusions 379 

This study aimed to synthesize carbon nanotubes (CNTs) to remove CV dye from wastewaters. 380 

Three crucial variables studied in this research were contact time, initial concentration of dye 381 

solution, and pH of dye solution, respectively. The constant variables were the adsorbent dosage 382 

(1g), the temperature (room temperature), and the initial dye/ion solution of 10 mg/L for the 383 

isotherms. CNTs have demonstrated a good affinity for the removal of crystal violet dye.  For 384 

maximum crystal violet adsorption, the process parameters were pH of 7, initial concentration 385 

of 10 mg/L, and contact time of 25 min, resulting in an 81.0% removal. This study's equilibrium 386 

data perfectly fits both the Langmuir and Freundlich isotherms. As for the reaction order, the 387 
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pseudo-first-order kinetic model was accurate. As a result of their particular features, carbon 388 

nanotubes showed great potential for use in wastewater treatment in removing CV dyes.  389 
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