Adsorption of Acid Violet 17 onto acid-activated pistachio shell: Isotherm, kinetic and thermodynamic studies
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Abstract
The pistachio shell was modified using different chemical agents and utilized as an adsorbent for the adsorption of AV 17 dye in an aqueous solution. Maximum removal of 93.04% was obtained for pistachio shell activated with 10 N H2SO4. The physicochemical properties of activated pistachio shell were characterized by pHpzc, FTIR, and SEM-EDX analysis. The best fit of kinetic data to pseudo-second-order kinetic was determined. The adsorption follows both the Langmuir and Temkin isotherms. The Langmuir adsorption capacity was determined to be 26.455 mg/g at the initial dye concentration of 160 mg/L. The endothermic nature of adsorption was confirmed by the acquired thermodynamic data. Maximum desorption of 97.33% was achieved in 0.2 M NaOH for AAPS in the first cycle. This is very important for the economic use of the adsorbent. The findings demonstrate that activated pistachio shell may be a good alternative for color removal from industrial effluents.
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1. Introduction
Colored compounds containing pigments and dyes are commonly utilized in the food, textile, pharmaceutical, plastic, paper, leather, and cosmetics industries. These dyes form an aesthetically unacceptable color in the receiving waters. Furthermore, they cause serious environmental problems, carcinogenic and mutagenic effects on aquatic life due to their possible accumulation in the environment and high toxicity even at very high concentrations. 1,2 Most of these dyes, acid dyes, in particular, are highly soluble in water because of the presence of sulphonic acid groups. Acidic dyes are commonly utilized to color products in the textile, leather, paper, printing and plastic industries. 
It is necessary to treat such colored wastewaters to protect the environment and aquatic life. Due to the complex structures they have, it is quite difficult to discolor such wastewaters by conventional chemical and biological wastewater treatment methods (e.g. chemical flocculation, flotation, sedimentation, chemical oxidation and biological techniques). 3 Because dyes are resistant to heat, light and microbial attacks due to their complex aromatic molecular structure and synthetic origin. 4 Therefore, alternative treatment methods should be considered. Adsorption is a widely preferred method in the treatment of dyed wastewaters due to the absence of hazardous by-product formation, simplicity of design, ease of use, non-sensitivity to toxic substances, the ability to treat dyes in a more concentrated form, being cheaper and more efficient than other methods, and flexibility in operation. 5 Activated carbon is among the most effective and most common adsorbents used for the adsorption process because of its effect and versatility. Nevertheless, commercially available activated carbon is quite expensive. Agricultural waste-based biomass can be used as an alternative to commercial activated carbon in the treatment of such dyed wastewaters with adsorption because the economic value of such agricultural waste materials is either absent or very little. It is observed that such adsorbents used in many studies provide effective results in color removal originating from dyes. 1, 2, 5–7
Pistachio takes place among the most favorite tree nuts in the world. Pistachio trees naturally grow in dry and desert climate areas and represent native species to Iran, Syria, Greece, Turkey, the United States, China, Afghanistan, Pakistan, and Turkmenistan. 8 In 2016, the United States and Iran were the main producers of pistachio, and they accounted for 68% of the total world production of pistachio, which was 1.1 million tonnes. Turkey and China were determined to be the secondary producers of pistachio. Pistachio shell is generally used as a boiler fuel or sent to landfill as a waste. Thus, it will be useful to develop a new low-cost adsorbent from the pistachio shell, an agricultural waste. In this study, the acid-activated pistachio shell selected after different activation procedures was utilized as an adsorbent for the color removal of Acid Violet 17. The impacts of various operating parameters, including pH, the dosage of adsorbent, time, initial dye concentration, temperature, ionic strength, and desorption, on the extent of adsorption in batch operation were examined, and optimal experimental conditions were determined. This study aimed to evaluate the adsorption capabilities of acid-activated pistachio shell in liquid media against Acid Violet 17 dye that is considered to be a model of acidic dye due to the presence of sulfonic groups in its structure. 

2.  Material and Methods
2.1.  Adsorbent
Pistachio shell utilized in the present research was obtained from pistachios purchased from the local market. Firstly, the shells were washed with tap water and then washed several times with distilled water for the removal of dirt, dust and other impurities on their surface. At the end of washing, they were dried in the oven at 103-105oC until a constant weight was achieved. The dried shells were then milled and sieved. The particles -1.0+0.71 mm (USA standard mesh chart) in size were used both as a raw material and in the preparation of acid-activated pistachio shell (activated carbon materials). All adsorbents were washed a few times using distilled water until the neutral pH of the filtrate was achieved. Afterward, the washed materials were dried at a temperature of 80 °C for a period of 24 hours in the oven. 
2.1.1. Activation with H2SO4
25 mL of 1, 5, 10 and 15 N H2SO4 solution was taken, and 4 g of pistachio shell prepared for use in the experiments was added to it and mixed in a 250 mL Erlenmeyer flask. It was kept in a muffle furnace at a temperature of 353 K for a period of 24 h with the closed mouth of the Erlenmeyer flask. Following the treatment, cooling of all the samples to room temperature was performed; they were washed using distilled water until the neutral pH of the filtrate was achieved. The obtained activated carbon materials were dried in the oven at the temperature of 80oC. 9 The adsorbent was placed in an airtight container for use in further studies. The obtained material was called as an acid-activated pistachio shell (AAPS). 
2.1.2. Activation with NaOH
4 g of pistachio shell ready for use in the experiments and 100 mL of 0.25 M NaOH solution were mixed at 300 rpm at 30oC for 4 hours. To remove excess NaOH from the adsorbent’s surface separated by the filter at the end of the process, it was washed a few times using distilled water until neutral pH was achieved and allowed to dry overnight in the oven at 80oC. 10 The adsorbent was placed in the airtight container for use in further studies. 
2.1.3. Activation with CTAB
20 g of pistachio shell ready for use in the experiments and 200 mL of 4% of cetyl trimethyl ammonium bromide (CTAB) solution were mixed at 150 rpm at 30oC for 24 hours. The adsorbent separated by filtration at the end of the process was washed a few times using distilled water and allowed to dry in the oven at 70oC. 11 The adsorbent was placed in the airtight container for use in further studies. 
Furthermore, the adsorption capacity of the new adsorbent obtained by reactivating with 5 and 10 N H2SO4 solution as described in section 2.1.1 of the adsorbent activated with CTAB was investigated. 
2.2. Pollutant Dye 
C. I. Acid Violet 17 (MF, C41H44N3NaO6S2, MA=761.93 g/mol, λmax=542 nm) dye is an anionic azo dye chosen as a model dye in the present research. The dye has a dark purple/dark violet color. The stock dye solution was prepared by weighing the dye and dissolving it in distilled water at the concentration of 1 g/L. Dilutions were made from the stock solution to the desired concentration and used in the studies. The chemical structure of Acid Violet 17 (AV 17) dye is presented in Fig. 1. 
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Fig. 1: Chemical Structure of Acid Violet 17. 2

2.3.  Instruments and Analysis Method
A scanning electron microscope (SEM, Tescan Mira3 XMU) was utilized to determine the morphological properties and surface characteristics of the acid-activated pistachio shell adsorbent. Fourier transform infrared spectroscopy (FTIR, Bruker Tensor II) was employed to identify functional groups on the adsorbent. The solid addition method was employed for determining the point of zero charge (pHpzc) of the acid-activated pistachio shell. Preparation of a series of 0.1 M KNO3 solutions (50 mL each) was performed, and their pH was set in the interval of 1.0 - 12.0 as a result of adding 0.1 N HCl and NaOH. Addition of 0.1 g of the adsorbent was performed to every solution, and the suspensions were shaken, and the resulting solution was shaken for the period of 48 h. The resulting pH of the solution was recorded, and a graph of the difference between the initial and final pH (ΔpH) (Y-axis) was plotted against the initial pH (X-axis). The point of zero charge was obtained at the point of intersection of the mentioned curve. 12
The concentration of the residual dye was analyzed by the UV-Visible spectrophotometer (Spectroquant Pharo 300, Merck) at a maximum wavelength of 542 nm. The unknown AV 17 concentration was determined by using the standard curve obtained from the relationship between absorbance and concentration for AV 17. The correlation coefficient, R2 value, was determined to be 0.9997.
2.4. Adsorption Experiments
Batch experiments were performed in a thermoshake incubator shaker (Gerhardt, Germany) operating at a constant speed of 125 rpm with a working volume of 75 mL prepared at the desired conditions at 30oC. The effects of various working parameters such as contact time, pH, adsorbent dose, initial dye concentration, temperature, and ionic strength on AV 17 dye removal were investigated. The study conditions of the adsorption experiments carried out under different experimental conditions are presented in Table 1.
Table 1: Experimental conditions of the adsorption study. 
	Process parameter varied
	Initial dye conc. (mg/L)
	Dose (g/L)
	Contact time
	Initial pH
	Temperature (K)

	Contact time
	40
	10
	0-360 min
	Solution pH
	303

	Initial pH
	40
	10
	4 h
	2-12
	303

	Initial dye concentration
	40, 80, 160
	4-20
	4 h
	Solution pH
	303

	Dose
	40, 80, 160
	4-20
	4 h
	Solution pH
	303

	Temperature
	20-400
	10
	4 h
	Solution pH
	303, 313, 323

	Ionic strength (0.05-0.25M)
	80
	10
	4 h
	Solution pH
	313



Dye concentration in supernatant samples after agitating for 4 h was determined spectrophotometrically by monitoring the absorbance change of the dye solution that was separated from the adsorbent by centrifugation of the mixture at 5000 rpm for 10 min for all studies except for determining the equilibrium time. The experiments were performed in duplicate, and the negative controls (without the sorbent added) were conducted at the same time for the purpose of ensuring sorption by the adsorbent material, not by the flask. During the analysis, the values of percentage removal and the amount of dye adsorbed were computed by utilizing the equations presented below:
Dye removal (%)=  100				 (1)

					 (2)
Where qe denotes the adsorption capacity (the dye that is adsorbed onto the mass unit of the adsorbent, mg/g), Ci and Ce denote the initial dye concentration and the equilibrium dye concentration, respectively (mg/L), and m denotes the adsorbent dose (g), and V denotes the volume of dye solution (L).


2.5. Impact of Ionic Strength
Generally, a higher salt concentration is determined in textile wastewater. Therefore, the impacts of ionic strength on the adsorption of dye must be investigated. 13 The additional agents including salts and surfactants are commonly found in the textile industry wastewater. Adsorption is sensitive to the alteration in ionic strength. Two possible impacts of salts during wastewater treatment are as follows: (i) The equilibrium dye removal generally decreases (ii) Contrary to expectations, dye removal increases as the dye dissolution may be increased by the presence of the foreign salts. 13 Hence, the impact of ionic strength on the adsorption efficiency of the adsorbent was investigated in the present research. The impact of ion strength on the adsorption of dyes was tested with the addition of NaCl, SDS, and CTAB in the range of 0.05-0.25 M to the solution. 
2.6. Desorption Studies
Desorption studies help to explain adsorbate and adsorbent recovery and the adsorption mechanism. Since the regeneration of the adsorbent makes the treatment process economical, desorption studies were performed to regenerate the spent adsorbent. 75 mL of AV 17 solution with a concentration of 60 mg/L was taken and mixed with 1 g of fresh AAPS until equilibrium was reached (4 h). The AAPS adsorbent was then removed from the medium by centrifugation. 1 g of the dye-loaded adsorbent obtained (0.1, 0.2, 0.4, 0.8 M) was mixed separately with 100 mL of HCl, NaCl, CH3COOH, NaOH desorption agents prepared at different concentrations (0.1, 0.2, 0.4, 0.8 M) and solvents (ethanol and distilled water) in the orbital mixer operating at 125 rpm. Desorption was performed in two different time periods, 24 and 48 hours. After this process, the solution was separated by centrifugation, and the concentration of AV 17 that passed to the solution was determined spectrophotometrically. The percentage of the dye desorbed from the adsorbents is computed by means of the following formula:
% Desorption = (Amount released to solution (mg/L)/Total adsorbed (mg/L))*100	(3)
Successive adsorption desorption studies were conducted in three cycles for the purpose of checking the reusability of the regenerated adsorbents. All the experiments, adsorption and desorption, were carried out in a batch setup in two replicates, and the mean values were acquired.


3. Results and Discussion
3.1. Adsorbent Characterization
An IR spectrum scan was performed in the wavelength interval of 400-4000 cm-1 to acquire information about the functional groups on the adsorbent’s surface and its structure. Figure 2(a,b) demonstrate the FTIR spectra of acid-activated pistachio shell prior to and following its use in the adsorption of Acid Violet 17. The peak at a wavelength of 3338.53 cm-1 shows that the O-H and N-N (Amines) groups are present on AAPS, which is shifted to a wavelength of 3342.20 cm-1 following the dye adsorption. The peak at a wavelength of 2895.79 cm-1 originates from C-H stretching vibrations of the alkane, which is shifted to a wavelength of 2913.59 cm-1 following the dye adsorption. The peak at a wavelength of 2114.56 cm-1 originates from CC stretching, and the peak at a wavelength of 1701.79 cm-1 originates from C=O (Aromatics) stretching. O-H vibrations at 1606.36 cm-1 once again proved the presence of H2O, which is shifted to a wavelength of 1610.7 cm-1 following the dye adsorption. The broad band at a wavelength of 1218.39 cm-1 confirms the presence of strong C-O stretching. 2 A peak at a wavelength of 1021.23 cm-1 is obtained as a result of the C-N vibration of ester, which is shifted to a wavelength of 1019.87 cm-1 in the adsorbent’s image following the dye adsorption. The peak that appeared at 577.19 cm-1 originates from the C-X stretching vibrations of alkyl bromide, which is shifted to a wavelength of 565.98 cm-1 because of the C-X stretching vibrations of alkyl chloride after the adsorption of the dye. Before (Fig. 2a) and after (Fig. 2b) adsorption, the FTIR spectra of the adsorbent showed similar features, and only peak shifts and changes in peak intensity were observed. Only two new peaks, the one at a wavelength of 2348.65 cm-1 attributed to the CN stretch of alkyne and the other one at a wavelength of 1422.91 cm-1 attributed to the C-H stretch of AV 17 dye in Fig. 2b also proved the adsorption of the dye.
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Fig. 2: FTIR spectra of (a) uncoated AAPS and (b) AV 17 coated AAPS.

The surface texture and morphological characteristics of the H2SO4 activated pistachio shell used as an adsorbent were viewed by a scanning electron microscope (SEM). Figure 3(a,b) demonstrate SEM images of acid-activated pistachio shell prior to and following its use in the Acid Violet 17 adsorption. The images presented in Fig. 3a for the adsorbent before adsorption demonstrate that the adsorbent’s porous and rough structure was effective in the dye adsorption. Furthermore, the adsorbent’s surface appears to be uneven and irregular and have cavities which may promote the interaction of the dye ions with the surface of the adsorbent causing good dye adsorption. An alteration in the rough surfaces of the adsorbent was determined following the usage in the adsorption proving the suggested mechanisms of good dye interactions causing the dye adsorption on the acid-activated pistachio shell.
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Fig. 3: SEM photograph of (a) uncoated AAPS and (b) AV 17 coated AAPS.
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Fig. 4: EDX spectra of AAPS (a) prior to adsorption and (b) following adsorption.

Energy dispersive X-ray analysis, abbreviated as EDX, represents a common tool for accompanying SEM as well as TEM. The mentioned technique is usually employed for determining relative abundance, the composition of elements, and distribution in a sample. 14 Using EDX, the composition of the acid-activated pistachio shell was studied. Fig. 4 shows that carbon, oxygen, chlorine, sulphur, and bromine atoms are the main chemical elements on the material’s surface.
The point of zero charge, in physical chemistry, is a concept used to understand the mechanism of adsorption better. As shown in Fig. 5, the point of zero charge, pHpzc, is 9.6 whereas the adsorption of cations is preferred when pH>pHpzc, otherwise, anions are adsorbed. 15 According to the results, since pH<pHpzc, AV 17, which is an anionic dye, is preferred by the adsorbent. 


Fig. 5: pHpzc of AAPS.

3.2. Batch Studies
3.2.1. Impact of Activation Procedures on Adsorption Efficiency 
In the study, the natural pistachio shell, pistachio shell activated with 0.25 N NaOH solution, pistachio shell activated with 1-5-10 and 15 N H2SO4, pistachio shell activated with CTAB, and pistachio shells that were again subjected to a chemical activation process with 5 and 10 N H2SO4 solutions after activation with CTAB were evaluated in terms of their adsorption efficiency. 75 mL of 40 mg/L AV 17 solution was taken in each Erlenmeyer flask prepared, and 0.75 g of the adsorbent was added to it. The prepared mixture was subjected to adsorption at a stirring rate of 125 rpm at 30oC for 24 hours at the natural pH of the dye solution. At the end of 24 hours, samples taken from each Erlenmeyer flask were analyzed, and the adsorbent which could be used most efficiently for the removal of AV 17 dye was determined. The results of the study are presented in Table 2. 
Activated pistachio shells and natural pistachio shell were used as adsorbent in the adsorption process for AV 17 dye removal. As a result of the studies, it was observed that efficiency of 24.35% was obtained with the natural pistachio shell and activation of the adsorbent was effective in increasing the efficiency. The best results were obtained after activation with H2SO4. The efficiency of AV 17 removal after activation with CTAB was 79.5%. In order to increase this efficiency, the adsorbent activated with CTAB was also reactivated with 5 N and 10 N H2SO4, and the removal efficiency of the new material was analyzed, and 81.4% and 93.36% efficiency was obtained, respectively. Since the same efficiency was obtained after the activation of the adsorbent with 10 N H2SO4, it was decided that it would be appropriate to continue working with pistachio shells activated with 10 N H2SO4 in future studies. 

Table 2: AV 17 removal efficiency and adsorption capacity after activation. 
	Activation procedures
	(%)
	qe (mg/g)

	Natural pistachio shell
	24.35
	1.004

	Activation with 0.25 N NaOH 
	67.81
	2.797

	Activation with 1 N H2SO4 
	72.99
	3.011

	Activation with 5 N H2SO4 
	79.43
	3.276

	Activation with 10 N H2SO4 
	93.04
	3.838

	Activation with 15 N H2SO4 
	94.23
	3.887

	Activation with CTAB 
	79.49
	3.279

	Reactivating with 5 N H2SO4 of the adsorbent activated with CTAB
	81.40
	3.361

	Reactivating with 10 N H2SO4 of the adsorbent activated with CTAB
	93.36
	3.855




3.2.2. Impact of Contact Time (Kinetics Study)
The effect of contact time on the removal of AV 17 by adsorption was studied under the conditions given in Table 1, and the relevant data are given in Fig. 6. It is observed from Fig. 6 that the process was initially very rapid and 54% color removal was obtained in the first 5 minutes. 92% removal was achieved at the end of 4 hours. The relative increase in the extent of dye removal following 240 min of contact time was found to be insignificant. This is probably because of the accumulation of dyes on the available adsorption sites on the adsorbent material. Hence, 240 min contact time is fixed as the optimal contact time.


Fig. 6: Impact of agitation time on the adsorption of AV 17 by AAPS.

3.2.2.1. Kinetics of Adsorption
The adsorptive uptake of dye at various time intervals was analyzed for the purpose of determining the kinetics of adsorption. The data acquired from adsorption kinetic studies were assessed with the help of various kinetic models selected for the purpose of investigating the adsorption dynamics that control the sorption process, including diffusion control, chemical reaction and mass transfer. The kinetic parameters that can help in predicting the adsorption rate provide significant information to design and model the adsorption process. 16 Thus, models including pseudo-first-order, pseudo-second-order, intra-particle diffusion, and Elovich, which are commonly utilized for the adsorption of pollutants from liquid solutions, were implemented for the data obtained from experimental studies to determine the adsorption kinetics. A summary of the models and constants and the determination coefficients for the linear regression plots of AV 17 dye are presented in Table 3. As is seen in Table 3, higher R2 values were acquired for pseudo-second-order compared to the other adsorption rate models, which demonstrated that the pseudo-second-order rate could describe the adsorption rates of AV 17 onto the AAPS adsorbent more appropriately in comparison with the other models because of its high correlation coefficient (R2 = 0.9995).
The ∆q (the standard deviation between the experimental and computed adsorption capacities) values in Table 3 also prove the perfect fit of experimental results to the pseudo-second-order model. However, the pseudo-second-order kinetic model cannot describe the diffusion mechanism alone. The transfer of the dissolved matter in an adsorption system can be characterized by intra-particle diffusion or by both models. 17 Therefore, the intra-particle diffusion model was also implemented for the data obtained from kinetic studies for the purpose of explaining the diffusion mechanism. However, the low R2 value obtained demonstrated that the adsorption process alone does not depend on the intra-particle diffusion model and that the diffusion mechanism can be characterized by both models together. 
When C is zero, the intra-particle diffusion represents the sole rate-limiting step, and with an increase in the value of C, the contribution of surface adsorption increases. The plots were determined to be not linear in the whole time range. However, it was possible to separate them into two-three linear regions, indicating the presence of multiple stages to the adsorption process. 16 The R2 values are <0.9 (Table3), which demonstrates that intra-particle diffusion cannot describe the adsorption of AV 17 on AAPS, and due to the fact that the mentioned lines do not pass through the origin, it is possible to conclude that intra-particle diffusion does not represent the sole rate controlling step.

Table 3: Modeling of adsorption kinetics.
	Model
	Pseudo-first-order equation
	Pseudo-second-order equation 
	Weber-Morris
	Elovich 

	Equation
	ln (qe − qt) = ln qe − k1 t
[18]
	t/qt = (1/k2qe2) + t/qe
[18]
	qt = kd t1/2 + C
[19]
	qt = β ln(α) + β lnt
[20]


	Plot
	ln (qe − qt) vs. t
	(t/qt) vs. t
	qt vs. t1/2
	qt vs. lnt

	Fitted model
	ln (qe − qt) = -0.0146t + 0.2768
	t/qt = 2.091 + 0.2573t
	qt = 0.0883 t1/2 + 2.4123
	qt = 0.3766ln(α) + 0.3766lnt

	R2
	0.9762
	0.9995
	0.8698
	0.9868

	Constant
	k1 = 0.0146 dk−1
	k2 = 0.0318 mg/(g dk)
	kd = 0.0883 mg/g dk1/2
	α = 93.344 mg/g dk
β = 0.3766 g/mg

	qe, (qe,cal)
	1.319 mg/g
	3.886 mg/g
	-
	-

	qe, (qe,exp)
	3.776 mg/g
	3.776 mg/g
	-
	-

	
	1.737
	0.077
	
	





 
3.2.3. Impact of Initial pH
The pH value of the solution is very significant in the process of adsorption since it affects the surface loads of dye and adsorbent materials. The impact of the initial pH of the dye solution on the amount of adsorbed AV 17 dye was investigated by changing the initial pH value between 2-12 while the other parameters were kept constant (Table 1). Dilute HCl or NaOH (0.1 M) solutions were utilized to adjust pH. The results are shown in Fig. 7. After pH 6, some decrease (2%) was observed in the removal efficiency. The change in adsorption capacity was also slight. The pH of the dye solution is 6.1. In accordance with the findings presented above, a pH of 6.1 was selected as the optimum pH to remove AV 17 in the future experiments.
Due to the presence of the sulphonate group, AV 17 carries a negative charge in the aquatic solution. Therefore, for effective dye removal, the adsorbent surface must have positive charges. 5 Since the AAPS surface has negative charges, it is observed that the removal efficiency increases when the pH value of the solution is in the range of 5-6 because pH affects the surface characteristics of the adsorbent and dissociation of the dye molecules. The adsorbent’s zero-point charge (pHzpc) was found to be 9.6. Fig. 7 shows that the maximum dye removal is at pH 6, i.e. pH <pHzpc. In this case, because the positive charge density on the AAPS increases, the adsorption of an anionic dye AV17 also increases. If the exact opposite situation occurred, i.e. pH> pHzpc, the adsorption of anionic dyes on AAPS would not be possible due to the propulsive electrostatic force caused by the same charges, since the negative charge density on the adsorbent would increase. 


Fig. 7: Impact of pH on the removal of AV 17 onto AAPS.
3.2.4. Impact of Dye Concentration and Adsorbent Dosage
Since the adsorbent determines the adsorbent capacity for the given initial concentration, the adsorbent dosage is a significant parameter. The impact of AAPS quantity on the removal of AV 17 was examined, and the findings are presented in Fig. 8. As stated, the amount adsorbed in the unit mass of the adsorbent decreased with an increase in the adsorbent dosage. A decrease in qe with the increasing dose may be caused by the overlapping of adsorption sites as a result of overloading the adsorbent particles. Likewise, as the concentration of the dye solution increased, the amount of the adsorbed dye also increased. In the adsorbent dosage of 4 g/L, the adsorption capacity was 8.173 mg/g at the dye concentration of 40 mg/L, while this value became 23.551 mg/g at the concentration of 160 mg/L. Garg et al. obtained similar results in 2003. The dye removal data obtained at three different concentrations are presented in Fig. 8. This figure indicates that the AV 17 removal increased up to a 10 g/L adsorbent dosage and then reached saturation. The increase in dye removal with a certain increase in the adsorbent dosage may be related to the availability of more adsorption sites and increased surface area. 9 
The dye removal was not affected by a further increase in the adsorbent dose. Thus, in other parameter experiments, the adsorbent amount of 10.0 g/L was selected. It was determined that, in case of providing sufficient adsorption sites, the removal of AV 17 remains independent of the amount of the adsorbent for AAPS.
The initial dye concentration represents another significant parameter that may influence the process of adsorption. Fig. 8 also presents the findings with regard to removal efficiency versus initial dye concentration. As can be seen in Fig. 8, a slight decrease was observed in AV 17 removal at the initial dosage of 4 g/L from approximately 80% at a 40 mg/L concentration to 60.84% with an increase in the concentration to 160 mg/L. However, when the initial dosage was 10.0 g/L, the removal efficiency was constant at values higher than 93% in the whole range of the studied dye concentrations, which demonstrated that its adsorption was independent of the initial concentration. 






Fig. 8: Impact of adsorbent dosage on the adsorption of AV 17 by AAPS.

3.2.4.1. Adsorption Isotherms
The adsorption isotherm is defined as the equilibrium relation between the quantity of adsorbate per unit of adsorbent (qe) and its equilibrium solution concentration (Ce) at a constant temperature. 21 It is crucial to develop a suitable isotherm model for adsorption for designing and optimizing the processes of adsorption. 22 Isotherms are frequently utilized for the purpose of describing the equilibrium behavior of the adsorption process. Equilibrium sorption is generally defined by the isotherm equation characterized by some parameters expressing the interest of the adsorbent in the substance to be adsorbed and the surface properties of the sorbent. 23
The equilibrium isotherm of a certain adsorbent demonstrates its adsorptive properties and is crucial for designing the adsorption process. 24 Experiments to estimate the adsorption isotherms of AV 17 onto AAPS were carried out with the addition of different quantities of AAPS, in the range of 4-20 g/L, to a series of Erlenmeyer flasks, each of which contained dye solution at a concentration of 160 mg/L. The adsorption isotherms were fitted using a few two- and three-parameter isotherms. The two-parameter models are the Langmuir, Freundlich, Dubinin–Radushkevich (D-R), and Temkin isotherms, whereas the three-parameter model is the Redlich and Peterson (R-D) isotherm. Fig. 9 exhibits the adsorption curves of 40, 80, 160 mg/L AV 17 concentration on the different adsorbent dosage (4-20 g/L).


Fig. 9: Adsorption isotherm of Acid Violet 17 at different adsorbent dosages.

In batch adsorption studies, it is common to fit the equilibrium uptake data to a number of isotherms, afterward to utilize R2 in order to compare the goodness of fit and choose the best isotherm model. If it is assumed that the best isotherm is determined, findings on the homogeneity of the adsorbent’s surface and the adsorption mechanism are generally presented. Nevertheless, a common drawback of certain studies is the use of R2 for the purpose of comparing two, three, and four-parameter isotherms. 25
Akaike’s information criterion (AIC) 26 is a statistical method that is well-established and can be employed for a comparison of models. Information theory and maximum likelihood theory constitute its basis, and therefore, it identifies which model has a higher probability of being correct and quantifies to what extent it is more probable. For a small sample size, AIC is computed for every model using Eq. (3):
AIC=N ln  + 2Np + 				(3)
where N represents the number of data points, NP represents the number of parameters in the model, and SSE represents the sum of the error squares.
A minimization process was applied for the solution of isotherms and kinetic equations as a result of the minimization of the sum of error squared (SSE) between the values predicted and the experimental data. 26
The errors represent the difference between the value observed and the value that the model has predicted (Eq. 4):
SSE= 					 (4)
where the subscripts “exp” and “cal” denote the experimental and calculated q values, respectively and N denotes the number of measurements.
It is possible to compare AIC values by utilizing the evidence ratio which is found as in (Eq. 5):
Evidence ratio= 						 (5)
where Δ represents the absolute value of the difference in AIC between the two models. 25
Table 4 presents the all isotherm parameters and the results of nonlinear regression. The present research reached a conclusion, based on R2 comparison, that the D-R isotherm had a smaller R2 value compared to the other models. The adsorption isotherm fits the Langmuir and Temkin models well. Nevertheless, it is considered to be more suitable to compare the goodness of fit to the Langmuir and Temkin isotherms using AIC. Therefore, AIC values were computed for the Langmuir (-2.908) and Temkin (-3.664) isotherms, respectively. A smaller AIC value indicates that there is a higher probability that the Temkin isotherm will be a better fit. The evidence ratio of 1.459 suggests that there is a 1.459 times higher probability that the Temkin isotherm will be the correct model in comparison with the Langmuir isotherm.
Furthermore, it is possible to determine the parameters of every isotherm equation as a result of minimizing the SSE. The best-fit model is required to have a minimum SSE value. Thus, it is possible to acquire the model in question as a result of comparing the SSE of every model. Table 4 presents a comparison of the SSE values. As a result of a comparison of the SSE of the Langmuir and Temkin isotherm models, the Temkin isotherm appears to be the best fit.
In accordance with the Langmuir model, the adsorption of AV 17 was the monolayer adsorption and occurred on a homogenous absorbing surface. The theoretical maximum of adsorption capacity computed by the Langmuir model was found to be 26.455 mg/g. In a study conducted by Kannan and Murugavel, 7 commercial activated carbon and cashew nut shell carbon were utilized for the removal of AV 17 dye at a concentration of 140 mg/L with adsorption, and qmax was obtained to be 72.01 and 1.975 mg/g, respectively.

Table 4: Equilibrium modeling for the adsorption of AV 17 by the AAPS.
	Isotherm 
	Unit 
	Information

	Langmuir model 
	
	Ce/qe =1/kLqmax + Ce/qmax 
[18]

	Plot
	-
	(Ce/qe) vs. Ce

	Fitted model 
	-
	Ce/qe = 0.319+ 0.0378Ce

	qmax 
	[mg/g] 
	26.455

	kL 
	[dm3/mg] 
	0.118

	R2
	-
	0.994

	RL = 1/1 + (kLCi)
SSE
AIC
	
	0.05
0.974
-2.908

	Freundlich model 
	
	ln qe = lnKF +1/n lnCe 
[18]

	Plot 
	-
	ln qe vs. ln Ce

	Fitted model 
	-
	ln qe = 1.7408 + 0.3586 lnCe 

	KF
	[mg/g]
	5.702

	n 
	[mg/g(dm3/mg)1/n]
	2.788

	R2 
SSE
AIC
	-
	0.963
0.907
-3.333

	Dubinin–Radushkevich model 
	
	ln qe = lnqm − KDR2
[27]

	Plot 
	-
	ln qe vs. ε2

	Fitted model 
	-
	ln qe = 2.8835−2E-062

	KDR 
	[mol2/kJ2] 
	2E-06

	E = 1/2KDR 
qm
	[kJ/mol] 
	0.5
17.876

	R2
SSE
AIC 
	-
	0.848
3.681
5.069

	Temkin model
	
	qe = BlnA + BlnCe 
[28]

	Plot 
	
	qe vs. ln Ce

	Fitted model 
	
	qe= 5.1316 ln Ce + 2.1246

	A
	[dm3/g]
	1.5129

	B 
	[J/mol]
	5.1316

	R2
SSE
AIC 
	
	0.992
0.485
-3.664

	Redlich-Peterson
	
	log = logCe + log( 
[27]

	Plot 
	
	log [(KRCe/qe) - 1] vs. logCe

	Fitted model 
	
	log = 1.1454 logCe – 1.1229

	KR= qmax kL 
	[dm3/g]
	3.1217

	
	
	1.1454

	
	
	13.27

	R2
SSE
AIC 
	
	0.987
14.811
23.422



Furthermore, the adsorption of AV 17 on the AAPS by utilizing a dimensionless parameter (RL) that was derived from the Langmuir equation was also evaluated. The RL value shows that the nature of adsorption is bad in case of RL>1, linear in case of RL=1, good in case of 0<RL<1 and irreversible in case of RL=0. 29 In Table 4, RL (the separation factor) is 0<RL<1 indicating that adsorption was good. The amount of “n” in the Freundlich equation was also shown in Table 4. The 𝑛 value demonstrates the nonlinearity degree between solution concentration and adsorption as presented below: in case of 𝑛=1, the adsorption process is linear; in case of 𝑛<1, adsorption represents a chemical process; in case of n>1, adsorption represents a physical process. The case of 𝑛>1 is the most frequently encountered and may be caused by a distribution of surface sites or any factor that leads to decreased interaction between adsorbent and adsorbate with an increase in surface density, and the 𝑛 values in the interval between 1–10 indicate favorable adsorption. 30 In the current research, the value of 𝑛 in the Freundlich equation was determined to be 2.788, which suggests the physical adsorption of AV 17 onto AAPS. Furthermore, it confirms that AAPS is appropriate as an adsorbent for AV 17 removal.
The E value for the D-R isotherm is very beneficial for predicting the adsorption type. The values below 8 kJ/mol demonstrate that adsorption is a physical process, and the E value in the range of 8-16 kJ/mol demonstrates that adsorption is caused by the exchange of ions. 31 In this research, E was found to be 0.5, so the sorption mechanism was physical.
It is possible to implement the R-P isotherm in homogenous as well as heterogeneous systems 32 There are two restricting behaviors; the Langmuir form for ≥1 and Henry's law for =0. The  value is in the range of 0 - 1, which indicates favorable adsorption. 33 As the exponent, =1.1454 and adsorption is in the Langmuir form.
The Temkin isotherm model estimates that a linear decrease occurs in the adsorption energy with the surface coverage because of interactions between adsorbent and adsorbate. 34 Linear plots for the Temkin adsorption isotherm, considering chemisorption of an adsorbate onto the adsorbent, fit considerably well with the correlation coefficients of 0.992 (Table 4). This further defends the idea that the adsorption of AV 17 dye onto AAPS represents chemisorption. The Temkin model represents a suitable model for the chemical adsorption on the basis of powerful electrostatic interaction occurring between positive and negative charges. 35
As a result of the evaluation of the coefficients obtained for the isotherms (Table 4), the adsorption process conformed to the Langmuir and Temkin isotherms, so that the physical and chemical adsorption mechanisms were applied together, and since chemical adsorption reached the boundary zone in the adsorption of AV 17 dye at the selected concentration of 160 mg/L by AAPS, adsorption was observed to be affected by both mechanisms. 
3.2.5. Impact of Temperature
The sorption of AV 17 by AAPS was studied depending on temperature and dye concentration. The research was conducted in the concentration range of 40-400 mg/L at 3 different temperatures, being 303-313-323 K. Fig. 10 shows the sorption capacities obtained at different temperatures. The adsorption capacity of AAPS did not change significantly with increasing temperature at a low dye concentration (≤160 mg/L). However, at dye concentrations above 160 mg/L, the increase in temperature caused an increase in adsorption capacity. Probably due to increased mobility of ions at a high concentration and high temperature, the diffusion of dyes into pores increased. Furthermore, the increased adsorption capacity of AAPS with temperature increase may have contributed to the adsorbent surface activation. Therefore, the process was understood to be endothermic and spontaneous, especially at high concentrations. Moreover, there is not a very significant difference between 313 and 323 K. Thus, the adsorption of AV 17 by AAPS appears to be more effective in the mesophilic temperature range. 


Fig. 10: Impact of temperature on the adsorption of Acid Violet 17 onto AAPS.



3.2.5.1. Thermodynamic Parameters
The equations presented below were used to determine the thermodynamic parameters, including a change in standard free energy (ΔGo), enthalpy (ΔHo), and entropy (ΔSo) of adsorption:
ΔGo = -RT ln Kc 						 (6)
Kc = qe / Ce							 (7)
ΔGo= ΔH° - T ΔS°						 (8)
ln Kc = 						 (9)

where Kc represents the distribution coefficient of the adsorbate, qe and Ce represent the equilibrium dye concentration on AAPS (mg/g) and in the solution (mg/L), respectively. R denotes the universal gas constant (8.314 J/mol K), and T denotes the temperature (K). It is possible to compute ΔH◦ and ΔS◦ parameters from the slope and intercept of the plot ln Kc vs. 1/T, respectively (Fig. 11), and the findings are presented in Table 5. 


Fig. 11: The estimation of thermodynamic parameters.

The positive values of ΔH◦ indicated the endothermic nature of adsorption. 2 The enthalpy (ΔH◦) values above 40 kJ/mol for >160 mg/L dye concentration indicated that the adsorption of AV 17 by AAPS was chemisorption. Furthermore, the positive ΔS◦ value demonstrates that an increase occurred in the degrees of freedom at the solid-liquid interface in the course of adsorption. Positive ΔS◦ values also suggested an increase in the randomness and affinity of AV 17 dye toward the AAPS adsorbent. 36 Therefore, adsorption is favored on AV 17. More negative values of ΔG◦ were determined at increased temperatures, which indicates that adsorption is feasible and more spontaneous under natural conditions at higher temperatures. 37

Table 5: Thermodynamic parameters.
	 
	ΔGo (kJ/mol)
	ΔSo (kJ/mol.K)
	ΔHo (kJ/mol)

	Co (mg/L)
	303K
	313K
	323K
	 
	 

	80
	-3.673
	-5.302
	-6.081
	0.121
	32.956

	120
	-3.063
	-4.627
	-5.723
	0.134
	37.325

	160
	-2.873
	-3.756
	-5.926
	0.151
	43.171

	240
	-1.439
	-3.769
	-5.539
	0.206
	60.768

	320
	-0.998
	-3.663
	-5.211
	0.212
	63.005



3.2.6. Impact of Ionic Strength
The effect of ionic strength on the adsorption of AV 17 onto AAPS was studied at different NaCl, SDS and CTAB concentrations. Figure 12 shows that the impact of NaCl salt is weak as the dye removal decreased only a bit (from 93.87% to 92.06%) with an increase in NaCl concentration from 0.05 to 0.25 mol/L. It is possible to attribute the slight decrease mentioned to the competition between AV 17 and chloride anions for the sorption sites. However, studies were also conducted with two different surfactants, anionic and cationic, such as sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB), respectively. As shown in the Fig. 12, when SDS and CTAB were added, the increase in the ionic charge of the solution caused a decrease in the adsorption percentage of the dye. These findings demonstrate that electrostatic attraction takes a significant part in the removal of AV 17. The reason for this situation can be attributed to the decrease in the affinity of dye molecules and sorption zones. In case electrostatic attraction represents the major adsorption mechanism, ionic strength has a considerable negative impact on adsorption. 16 The impact of NaCl concentration on the adsorption of acidic dyes was investigated by using brick kiln ash, and similar results were obtained. 4 


Fig. 12: Influence of ionic strength on efficiency.

3.2.7. Desorption and Recyclability of the Adsorbent
Desorption studies help to explain the recovery of adsorbate and adsorbent and the adsorption mechanism. The regeneration of the adsorbent makes the treatment process economical. It is, therefore, necessary to study whether the adsorbent can be reused after adsorption. 0.05-0.25 M NaCl, SDS, and CTAB solutions were utilized as a desorbing agent for the purpose of determining the desorption behavior of the AAPS. Normally, the addition of 0.1 g of the fresh adsorbent was performed to 75 mL of 60 mg/L AV 17 solution at pH 6.1, and the mixture was shaken for the period of 4 h. Afterward, the AV 17 that was adsorbed by AAPS was separated, and a spectrophotometer was utilized to measure the residual AV 17 concentration. The dye-loaded adsorbent was washed gently using water for the removal of any dye not adsorbed and dried. The desorption process was carried out by mixing the dried adsorbent with 100 mL of water and ethanol as a solvent and solutions prepared at different concentrations. After the mixture was shaken for 24 h and 48 h of contact time, the spectrophotometric determination of the desorbed AV 17 concentration was performed. The results are presented in Figs. 13(a,b). The desorption efficiency was very low in desorption processes performed separately with water and ethanol. Upon examining the results, it was decided to perform regeneration with 0.2 M NaOH for 48 hours.



Fig. 13: Desorption of AV 17 dye from the adsorbent using different eluting agents a) 24 h b) 48 h.

Successive adsorption desorption studies were conducted in three cycles for the purpose of checking the reusability of the regenerated adsorbents. All the studies, adsorption and desorption, were carried out in a batch setup in two replicates, and the mean values were acquired. Figure 14 shows the simultaneous adsorption-desorption of the dye onto AAPS. The dye-loaded adsorbents were put in 0.2 M NaOH as the stripping solution and mixed for the period of 48 h at the temperature of 303 K to determine the final dye concentration. The percentage of desorption observed for 0.2 M NaOH was 97.73% for AAPS in the first cycle.

Fig. 14: Simultaneous adsorption-desorption cycles using AAPS.

The AV 17 dye adsorption efficiency after three cycles of desorption decreased from 94.76 to 75.84%, which represents a promising result for the possible recovery of the adsorbate and re-usage of the adsorbent. The higher desorption percentage may help in recycling the adsorbent spent and also shows that physical forces take the major part in the dye removal for the studied concentration.

4. Conclusion
The present study indicates that it is possible to use the activated carbon prepared from acid-activated pistachio shell efficiently in order to remove Acid Violet 17 from aqueous solution. The use of locally available pistachio shell is cost effective since it is abundantly available in Turkey at a low cost. The AIC value suggests that the Temkin isotherm described adsorption better. The behavior of adsorption was better described by the pseudo-second-order model. The enhanced sorption at higher temperature indicates an endothermic process and is spontaneous in nature, and the use of acid activated pistachio shell to remove AV 17 from industrial waste solutions at high temperatures would be more efficient. Desorption study demonstrates that the recycling of adsorbent and adsorbate may be possible for low dye concentrations. However, the mentioned studies should not include only lab-scale batch studies, it is necessary to scale them up to pilot plants for the purpose of assessing their feasibility on a commercial scale. 
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Figure Captions
Fig. 1: Chemical Structure of Acid Violet 17. 
Fig. 2: FTIR spectra of (a) uncoated AAPS and (b) AV 17 coated AAPS.
Fig. 3: SEM photograph of (a) uncoated AAPS and (b) AV 17 coated AAPS.
Fig. 4: EDX spectra of AAPS (a) prior to adsorption and (b) following adsorption.
Fig. 5: pHpzc of AAPS.
Fig. 6: Impact of agitation time on the adsorption of AV 17 by AAPS.
Fig. 7: Impact of pH on the removal of AV 17 onto AAPS.
Fig. 8: Impact of adsorbent dosage on the adsorption of AV 17 by AAPS.
Fig. 9: Adsorption isotherm of Acid Violet 17 at different adsorbent dosages.
Fig. 10: Impact of temperature on the adsorption of Acid Violet 17 onto AAPS.
Fig. 11: The estimation of thermodynamic parameters.
Fig. 12: Influence of ionic strength on efficiency.
Fig. 13: Desorption of AV 17 dye from the adsorbent using different eluting agents a) 24 h b) 48 h.
Fig. 14: Simultaneous adsorption-desorption cycles using AAPS.
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3.3003300330033004E-3	3.1948881789137379E-3	3.0959752321981426E-3	40	
3.3003300330033004E-3	3.1948881789137379E-3	3.0959752321981426E-3	60	
3.3003300330033004E-3	3.1948881789137379E-3	3.0959752321981426E-3	
3.3003300330033004E-3	3.1948881789137379E-3	3.0959752321981426E-3	1/T (K-1)


ln Kc




NaCl	0.05	0.1	0.15	0.2	0.25	93.869151930327661	93.842599968137648	92.873453348202432	92.435345972067324	92.063618501407248	SDS	0.05	0.1	0.15	0.2	0.25	43.911635069831661	35.760182677499856	33.370506080399352	31.166693218628861	29.918750995698584	CTAB	0.05	0.1	0.15	0.2	0.25	24.010939408422281	23.493176145717172	15.368275715575376	14.027401624980095	10.349954861664278	Triton x-100	0.05	0.1	0.15	0.2	0.25	44.124050767351704	40.220912325420862	36.928469013860123	35.574318942169832	33.84844139981945	Concentration (mol/L)

% AV 17  removal


24 h

HCl	0	0.1	0.2	0.4	0.8	0	4.1820508133796324	4.0358252604642644	3.9992688722354188	3.9992688722354188	NaCl	0	0.1	0.2	0.4	0.8	0	4.2917199780661832	4.3282763662950003	4.5110583074392139	4.3282763662950003	CH3COOH	0	0.1	0.2	0.4	0.8	0	5.4615244013891413	4.5476146956680736	4.5110583074392139	4.4013891427526914	NaOH	0	0.1	0.2	0.4	0.8	0	52.765490769511963	56.457685980625108	59.564978980076752	59.857430085907509	Water	0	0.1	0.2	0.4	0.8	11.93201	Ethanol	0	0.1	0.2	0.4	0.8	30.75855	Molar


recovery efficient [%]




48 h

HCl	0	0.1	0.2	0.4	0.8	4.2186072016084779	4.1089380369219555	4.0358252604642644	4.0358252604642644	NaCl	0	0.1	0.2	0.4	0.8	4.4379455309815512	4.3648327545238459	4.3282763662950003	4.3648327545238459	CH3COOH	0	0.1	0.2	0.4	0.8	5.4980807896179869	4.5841710838969192	4.5110583074392139	4.3282763662950003	NaOH	0	0.1	0.2	0.4	0.8	88.078961798574298	97.729848290988841	98.49753244379454	98.607201608481077	Water	0	0.1	0.2	0.4	0.8	11.93201	Ethanol	0	0.1	0.2	0.4	0.8	38.764389999999999	Molar


recovery efficient [%]



Desorption (%)	90.79292809839167	91.618221397846426	94.429407723989087	Adsorption (%)	94.764210148825541	90.641617969478787	75.842359142227664	Cycle adsorption-desorption 


% of adsorption and desorption of dye
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SEM HV: 10.0 kV WD: 10.09 mm
View field: 41.5 pm BI: 14.00
SEM MAG: 5.00 kx Det: SE, BSE
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