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Abstract
Sandpaper waste was used as adsorbent after pyrolysis at 500 and calcination at 800 °C for the removal of brilliant green and malachite green cationic dye from an aqueous solution. The effects of the pH, the adsorbent dose, the contact time, and the initial dye concentration on the removal efficiencies were investigated. The isotherm studies were conducted by using the Langmuir, Freundlich, and Dubinin-Radushkevich models, and thermodynamic studies were also performed. The adsorption of the Brilliant green and malachite green were found to comply with the Langmuir isotherm model and the Freundlich isotherm model, respectively. The thermodynamic studies showed that the adsorption of dyes were endothermic. The E values obtained from the Dubinin-Radushkevich isotherm showed that the adsorption mechanism was chemical in nature. Furthermore, the three kinetic models (pseudo first-order, pseudo second-order, and intraparticle diffusion) were investigated. It was found that the pseudo second-order kinetic model fitted well for adsorption of dyes.
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1. Introduction
Brilliant green and malachite green are cationic (basic) dyes. Many industries such as paper, textile, furniture, and food industries use dyes for coloring purposes.1,2 Furthermore, in fish farming, brilliant green is used to protect fish from fungi, from parasites and from infections. However, the consumption of fish produced in this way is not recommended. 2–5 Cationic dyes have toxic, carcinogenic and mutagenic properties. 6 Significant risks arise after exposing these dyes to people. Therefore, the removal of the dyes prior to their discharge into the environment is crucial and essential.
Physical, chemical and biological methods are widely used for the removal of dyes from water. Among these methods, adsorption, the physical method has advantages such as simplicity, low cost, and ease of application. Natural materials, synthesized materials, nanomaterial based adsorbents, agricultural and industrial wastes, and activated carbon are the most used adsorbents for dye removal.1,7 Cost is an important parameter for choosing the adsorbent. Low-cost adsorbents include natural, agricultural and industrial by product wastes 8. Furthermore, the waste materials have little or no economic value and usually present a disposal problem.7 The use of these waste materials for the purpose of wastewater treatment can play a significant role in solving the disposal problems. Numerous inexpensive and abundant biosorbents especially agro waste materials, as well as industrial and municipal wastes, have been proposed by several researchers for the removal of malachite green and brilliant green dyes from aqueous solution.9 The usage of waste as an adsorbent helps to reduce environmental pollution by recycling. In the literature some of the low-cost adsorbents used for dye removal were NaOH treated saw dust, 10 waste rubber tire, 11 white rice husk ash, 12 Neem leaf powder, 13 kaolin, 2 peach stone, 14 and medical cotton waste 15 etc.
Sandpaper is an abrasive used in the sanding process to correct the rough surfaces. It consists of sheets of paper or cloth with abrasive material glued with resin to one face. Formerly, sand and glass were used as abrasive surfaces, but nowadays materials such as aluminum oxide, zirconium oxide, and silicon carbide etc. are used.16 The storage and disposal of the sandpaper waste is a problem in terms of time, space, and cost. With this work, a useful area for sandpaper waste has been created, which will be beneficial for the environment and waste water remediation.
The aim of the study is the removal of brilliant green and malachite green dyes from water by using sandpaper waste. Two adsorbents were prepared by applying pyrolysis and calcination process. To the best of our knowledge, it is the first study on brilliant green and malachite green removal using sandpaper waste based adsorbent. The important point of the study is that the pollution is reduced both by recycling of sandpaper waste, which is an industrial waste material and by removing the dyes from water. The effects of the experimental parameters such as the pH, the adsorbent dose, the contact time and the initial dye concentration were examined. The isothermal models (Langmuir, Freundlich and Dubinin-Radushkevich), thermodynamic and kinetic parameters (pseudo first order, pseudo second order and intraparticle model) were also evaluated.
2. Experimental
2.1.  Materials and apparatus
All the reactive used was of an analytical grade. Distilled water was used throughout the study. Cationic dye Brilliant Green (BG) (CI 42040, MW: 462.65), malachite green oxalate (MG) (CI 42000, MW: 463.5) hydrochloric acid, sodium hydroxide, acetic acid, and sodium acetate were obtained from Merck. The chemical structure of brilliant green and malachite green are presented in Figure 1. The working dye solution was prepared daily by diluting 1000 mg/L stock dye solution. The spectrophotometric measurements were carried out by TG 80+ model double beam UV/Vis spectrophotometer with PG Instruments. The pH was measured using a Mettler Toledo Five Go FG-2 pH meter. A Biosan OS-10 orbital shaker at 350 rpm and Nuve ST-402 vibration water bath were used for the adsorption studies. The FTIR analyses of the adsorbents were carried out by using the Perkin Elmer 100 spectrum FT-IR spectrometer in the range of 4000-400 cm-1. The pore and surface morphology images were captured by using the Thermo Scientific Apreo S LoVac model scanning electron microscope (SEM). The chemical compositions of SW500 and SW800 were analyzed by X-ray Fluorescence spectrometer (Spectro Xepos, Ametec). The sandpaper was supplied by a fibre disk pad production company in Izmir, Turkey, as sheets.
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Figure 1. The chemical structure of brilliant green (a) and malachite green (b)
2.2. Preparation of adsorbent from sandpaper wastes
Two kind of adsorbent were obtained after pyrolysis and calcination processes. Pyrolysis and calcination processes were separately applied to the sandpaper sheets. The sandpaper sheets were cut into small pieces (≤ 2 cm) before the experiments. For pyrolysis, firstly, a quantity of 50 g of sandpaper was loaded into the reactor, and then the reactor was heated with a temperature rate of 7°C per minute up to 500°C and held at this temperature for 1 h. The reactor was continually purged with nitrogen at a flow rate of 25 mL/min. The nitrogen gas swept the volatile products from the reactor into the ice-cooled traps. The condensable volatiles, which were collected in the traps, were released. After pyrolysis, the furnace was cooled to room temperature in a nitrogen gas stream and the reactor content (carbonized residue) was withdrawn from the reactor.14 The obtained adsorbent was named SW500. Then, another part of the sandpaper sheets was calcined at 800°C in a furnace up to 16 h and then stored in desiccators. The obtained adsorbent was named SW800.
2.3. Adsorption studies
All of the adsorption studies were examined in batch mode. In order to find out the optimum experimental conditions, 25 mL of dye solutions were used. The initial concentration used was 20 mg/L. The contact time was 24 h unless otherwise stated. In the pH study, the adsorbent amounts were 10 mg for both adsorbents. The optimal sorbent doses were found to be 1.2 g/L of SW500 and 0.4 g/L of SW800 for the BG removal, while 2.4 g/L for SW500 and 0.6 g/L for SW800 for the MG removal after optimization study. The pH effect for the removal efficiencies was studied in the pH range between 3 and 10. The initial pH of the solutions was adjusted to the desired value using NaOH or HCl. The optimization studies, such as adsorbent dose (0.2, 0.4, 0.6, 1.2, 1.8 and 2.4 g/L), contact time (1, 5, 10, 15, 20, 40, 60, 120, 180, 240, and 1440 min), initial dye concentrations (5, 10, 25, 50, 100, 200, and 400 mg/L), and temperature (298 K, 303 K, 313 K, and 323 K) were performed. The adsorption isotherms were evaluated in the range of 5-500 mg/L of dyes. Kinetic studies were investigated between 1-1440 min. The remaining BG and MG dye concentrations after sorption were measured at 624 nm and 617 nm by using UV-Vis spectrophotometer, respectively. Before the spectrophotometric measurements, the pH of the dye solutions and standard solutions for the calibration were adjusted to 5.5 by using an acetic acid/acetate buffer. The removal efficiencies (R, %) and adsorbed dye amounts (q, mg/g) were calculated, respectively;
									(1)
										(2)
Here, Ci and Ce are dye concentrations at an initial and equilibrium (mg/L), w is the amount of the adsorbent (g), and V is the volume of the dye solutions (L).
3. Results and discussion
3.1. Characterization of the sandpaper waste adsorbent
The morphology of the bare SW500 and SW800 are depicted in Figure 2a and 2b, respectively. The morphology of the SW500 surface was irregular and porous. In Figure 2b, it was seen that the particles of SW800 were spherical and aggregate. The higher number of pores increased the adsorption of the dyes. 
[image: ]
Figure 2. SEM images a of bare adsorbents) SW500 and b) SW800
The FTIR spectra of the adsorbents before and after dye adsorption are shown in Figure 3a and 3b. In the spectrum of SW800, the peak at 3454.78 cm-1 could indicate –OH stretching of the phenolic structure and crystal water. The intense peak at 1439.07 cm-1 was attributed to the aliphatic C-H stretching band. The peaks belonging to the crystal water and aliphatic C-H stretching band could also be seen in the other spectra. The two bands at 873.67 and 577.56 cm−1 could be Al–O vibration bands in Al2O3. After the adsorption for both the adsorbents, the C=C bands belonging to the aromatic ring of BG and MG appeared in the range of 1600-1700 cm-1. After BG adsorption on SW500, a peak assigning N-C band at 2969 cm-1 appeared. Besides, several adsorption peaks that emerged in the range of 1550-1380 cm-1 might be ascribed to the N-C groups after BG adsorption on SW500.9,10,17–22
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Figure 3. FTIR spectra of adsorbents before and after dye adsorption a) SW500 and b) SW800
The chemical compositions of SW500 and SW800 were determined by X-ray fluorimeter. It was found that SW500 contained 1.43% Al2O3, 0.31% SiO2, 0.72% P2O5, 0.16% SO3, 12.47% CaO, 0.68% TiO2, 0.74% Fe2O3, 0.03% CuO, 0.24% ZnO, 0.03% SrO and 0.05% ZrO2, while SW800 contained 3.6% Al2O3, 0.97% SiO2, 0.67% P2O5, 0.16% SO3, 44.06% CaO, 1.27% TiO2, 1.99% Fe2O3, 0.01% CuO, 0.03% ZnO, 0.08% SrO and 0.09% ZrO2. The amount of CaO in SW800, which was prepared by calcination, was found higher than that of SW500. Furthermore, higher dye removal efficiencies were obtained for SW800 in the adsorption studies. Therefore, that result could be a conclusion of existence of higher amount of CaO in SW800. 
3.2 Adsorption studies for BG and MG removal
3.2.1. Effect of pH on BG and MG removal 
In order to define the optimum adsorption pH, the pHs of the solutions were set in the range of 3-10 by 0.01 mol/L HCl and NaOH. The removal efficiencies are shown in Figure 4. The optimum pH range of BG was found to be between 3 and 10, and the optimum pH of MG was in the range of 4-10 for SW800. The removal efficiencies of BG were reached to 96% at pH 5, while the removal efficiencies of MG reached 91.4 % at pH 7 for SW 500. The point of zero charge (pHpzc) was determined according to the following procedure 23. 25 mL of 0.1 mol/L of KNO3 solution was adjusted to different pH values using HCl or NaOH and was added to the adsorbents. Thereafter, the suspension was shaken for 24 h to obtain the equilibrium pH. The change of the pH during the equilibrium was calculated by subtracting the initial pH values from the final pH values. The ΔpH values were then plotted against the initial pH values. The initial pH at which the ΔpH was zero was taken to be the pHpzc. The pHpzc values were 7.30 for SW500 and 10.1 for SW800. At the pH values higher than pHpzc, the surface charge was negative and attracted positively charged dye while at lower pH values, the surface charge was positive and attracted negatively charged dye. 23,24 It was found that the final pH of the solutions at the end of the adsorption was found to be 7.5 after the initial pH of 5 for SW500, and about 10.8 for SW800 in all the studied initial pHs., Before the pHpzc, the adsorption efficiencies of BG and MG for SW500 were as low as expected because of electrostatic repulsion. As seen in Figure 4, the adsorption efficiencies of BG were above 98% for SW500 after the initial pH of 5 (final solution pH 7.5 for SW500). Furthermore, the same trend was observed for MG removal. Therefore, it was thought that electrostatic forces were effective for BG and MG removal. SW800 provided a wider working range than that of SW500 for BG and MG removal.

Figure 4. Effect of initial pH on the removal of BG and MG (adsorbent amount 10 mg, initial dye concentration 20 mg/L, volume 25 mL, contact time 24 h, pH range 3-10)
3.2.2. Effect of adsorbent dose on BG and MG removal
The effect of the sorbent dose was investigated in the range of 0.2-2.4 g/L. The results are presented in Figure 5. As seen in the Figure, for SW800, the removal efficiencies of BG in the studied range did not change significantly; therefore, the optimum dose was selected as 0.4 g/L. For SW500, the removal efficiencies of BG and MG increased slightly and then reaching a constant value of 1.2 g/L and 2.4 g/L, respectively. The optimum sorbent dose was found to be 0.6 g/L for MG removal for SW800. That situation may be attributed to an increase in the number of active sites with the increase in the adsorbent dose 2.

Figure 5. Effect of adsorbent dose on the removal of BG and MG (adsorbent dose range 0.2-2.4 g/L, initial dye concentration 20 mg/L, volume 25 ml, contact time 24 h)
3.2.3. Effect of contact time on BG and MG removal
Figure 6 shows the effect of the contact time on the removal of BG and MG by SW500 and SW800 adsorbents in the range of 1-1440 min. It was observed that the adsorption equilibrium is reached faster for SW500 than for SW800 for BG removal. Within the first 40 minutes, 89% of BG dye was adsorbed by SW500 and reached 94% of the removal efficiency at 120 min. Meanwhile, 90% of BG dye adsorption took place within 120 min and equilibrium was reached at 180 min with 98.8% of the removal efficiency for SW800. The optimum contact times of BG dye were selected to be 120 min and 180 min for SW500 and SW800, respectively. The optimum contact times of MG removal were found to be 180 min and 240 min for SW500 and SW800, respectively. Taking into account the adsorbent doses used in the study, SW800 was superior to SW500. At the initial contact time, the rapid increase in adsorption was explained by the excess of vacant areas on the adsorbent surface, and as the sorption continues, the adsorption rate decreases with the decrease of the active areas on the sorbent surface.3,10 

Figure 6. Effect of contact time on the removal of BG and MG (adsorbent dose of BG and MG 0.4 and 0.6 g/L for SW800 and 1.2 and 2.4 g/L for SW500, initial dye concentration 20 mg/L, volume 25 mL, contact time 1-1440 min)
3.2.4.	Effect of initial concentration on BG and MG removal
The variations in removal efficiencies were investigated with initial dye concentrations ranging from 5 to 400 mg/L. The results are depicted in Figure 7. Sudden sharp increases were observed at the lower concentrations of BG and MG for both the adsorbents. The removal efficiencies became constant and then decreased at higher concentrations. These trends attributed to the availability of existing active sites of the sorbents at first; however, at higher concentrations, the dye molecules occupied the active surfaces and the removal efficiency begins to decrease.2,25 The removal efficiencies of BG reached equilibrium by 100 mg/L with 99.4% and 50 mg/L with 99.3% for SW500 and SW800, respectively. The removal efficiencies of MG reached equilibrium by 100 mg/L with 98.1% and 100 mg/L with 95.5% for SW500 and SW800, respectively.

Figure 7. Effect of initial concentration on the removal of BG and MG (adsorbent dose of BG and MG 0.4 and 0.6 g/L for SW800 and 1.2 and 2.4 g/L for SW500, initial dye concentration range 5-400 mg/L, volume 25 mL, contact time 24 h)
3.2.5.	Thermodynamic studies
The effect of the temperature on BG and MG removal was investigated at 298, 303, 313 and 323 K. In order to calculate the thermodynamic parameters associated with the adsorption process, a change in Gibb’s free energy (ΔGº), enthalpy (ΔHº) and entropy changes (ΔSº), used the equations below. The parameters exhibit spontaneity, randomness, and endothermicity/exothermicity of the adsorption processes.
										(3)
											(4)
										(5)
										(6)
ΔGº is the free energy change (kJ/mol), R is the gas constant (8.314 J/mol K), KL is the thermodynamic equilibrium constant, and T is the temperature (K). KL values were found from the ratio of the adsorbed dye concentration (mg) and equilibrium dye concentration in the solution (mg/L). The parameters of ΔH and ΔS were obtained from the slope and the intercept of the Van’t Hoff graph between lnKL and 1/T, respectively 10.
The negative value of ΔGo indicates the adsorption is spontaneous and favorable. ΔHo values are positive whether the adsorption is endothermic, or vice versa. The positive ΔSo reveals that randomness increased at the solid-liquid interface. The positive ΔSo also indicates the affinity of the adsorbent for BG and MG.26,27 The calculated thermodynamic parameters are depicted in Table 1. As seen in Table 1, the adsorptions of BG and MG by both adsorbents were endothermic, favorable, and spontaneous. It was understood that the degree of randomness increased during the adsorption (ΔSo>0). The value of ΔHo presents an idea about different physical forces being involved in the adsorption process such as van der Waals forces (4–10 kJ/mol), hydrophobic bond forces (5 kJ/mol), hydrogen bond forces (2–40 kJ/mol), coordination exchange (40 kJ/mol), dipole bond forces (2–29 kJ/mol), and for chemical forces (>60 kJ/mol).28 Our results indicated that the forces affecting the adsorption of BG could be hydrogen bond forces and dipole bond forces because of ΔHo values belonging to BG being calculated in our study as 2.65 and 14.8 kJ/mol for SW800 and SW500, respectively. However, ΔHo values of MG were calculated to be 28.4 and 38.3 kJ/mol for SW800 and SW500, respectively. Hence, it was thought that the adsorption of MG could be affected by hydrogen bond forces.


Table 1 Thermodynamic parameters for adsorption of BG and MG onto SW500 and SW800.
	
	T (K)
	ΔHº (kJ/mol)
	ΔSº (J/mol.K)
	ΔGº (kJ/mol)

	Brilliant Green
	
	
	
	

	SW800
	298
	2.65
	52.9
	-13.1

	
	303
	
	
	-13.4

	
	313
	
	
	-13.9

	
	323
	
	
	-14.4

	SW500
	298
	14.8
	79.9
	-8.97

	
	303
	
	
	-9.37

	
	313
	
	
	-10.2

	
	323
	
	
	-10.9

	Malachite Green
	
	
	
	

	SW800
	
	
	
	

	
	298
	28.4
	123.3
	-9.0

	
	303
	
	
	-8.2

	
	313
	
	
	-9.8

	
	323
	
	
	-11.9

	SW500
	
	
	
	

	
	298
	38.3
	107.3
	-9.2

	
	303
	
	
	-2.9

	
	313
	
	
	-2.9

	
	323
	
	
	-5.4


3.2.6.	Isotherm studies
The isotherm studies display the way of interactions between the dye molecules and the adsorbent, and also provide information about the nature of interactions. Experimental data was applied to the Langmuir, 29 Freundlich and Dubinin Radushkevic (D-R) isotherm models.30 The Langmuir isotherm is based on the acceptance that the adsorption occurred at specific homogenous sites within the adsorbent while the Freundlich isotherm mentions the acceptance of a heterogeneous surface with a non-uniform distribution of heat of adsorption over the surface.27 D-R isotherm expresses the mechanism of adsorption onto a heterogeneous surface.31 In order to evaluate the adsorption isotherm, the used parameters were 25 mL of volume, an adsorbent dose of BG and MG 0.4 and 0.6 g/L for SW800 and 1.2 and 2.4 g/L for SW500, respectively and 24 h of contact time. Initial concentrations were in the range of 5-500 mg/L. Results and related equations were presented in Table 2 and Figure 8.
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Figure 8. Adsorbed amount of dye as a function of initial concentration (a), Langmuir isotherms (b), Freundlich isotherms (c) and DR isotherms (d) for adsorption BG, (initial dye concentration range 5-500 mg/L, volume 25 mL, adsorbent dose of BG and MG and 0.6 0.4 g/L for SW800 and 1.2 and 2.4 g/L for SW500, contact time 24 h) 


Table 2 The isotherm parameters of Langmuir, Freundlich, and DR isotherms for BG and MG adsorption using SW500 and SW800.
	
	
	Brilliant Green
	Malachite Green

	
	
	SW800
	SW500
	SW800
	SW500

	Langmuir Isotherm
	
	
	
	
	

	
	Qmax(mg/g)
	555.6
	294.1
	222.2
	185.19

	
	b (L/mg)
	0.0833
	0.0854
	0.1372
	0.1013

	
	R2
	0.9981
	0.9963
	0.9739
	0.9732

	
	Separation factor
	0.02-0.71
	0.02-0.07
	0.014-0.59
	0.019-0.66

	Freundlich Isotherm
	
	
	
	
	

	
	1/n
	0.4271
	0.7233
	3.7805
	0.7041

	
	K (mg/g)
	59.01
	10.15
	0.3975
	14.3

	
	R2
	0.9541
	0.9289
	0.9882
	0.9746

	D-R Isotherm
	
	
	
	
	

	
	E (kJ/mol)
	11.95
	9.535
	10.43
	4.360

	
	Qm (mol/g)
	0.0041
	0.0079
	0.0044
	4.251.106

	
	k (mol2/kJ2)
	0.0035
	0.0055
	0.0046
	0.0263

	
	R2
	0.9741
	0.8421
	0.9351
	0.95


C2 is the equilibrium concentration of the solution (mg/L), q is the amount of adsorbed dye/amount of adsorbent (mg/g), b is the Langmuir constant (L/mg), Qmax is the monolayer adsorption capacity (mg/g), K is the Freundlich constant (adsorption capacity (mg/g)), and 1/n is a dimensionless Freundlich constant for the intensity of the adsorbent, Ɛ (Polanyi potential) is (RTln(1 + 1/C2)), Q is the amount of dye adsorbed per unit weight of adsorbent (mol/g), Qm is the adsorption capacity (mol/g), k is a constant related to adsorption energy (mol2/kJ2), R is the gas constant (kJ/mol K), and T is the absolute temperature (K).
The correlation coefficients were evaluated to find the best fit isotherm model for the system. As seen in Table 2, the highest correlation coefficient (R2) of BG was obtained for the Langmuir isotherm model while the highest R2 of MG was for Freundlich isotherm model. Thus, the adsorption of BG by SW500 and SW800 were monolayer on homogeneous sites. However, the adsorption of MG was a multilayer adsorption on a heterogeneous site. The maximum monolayer adsorption capacities of BG and MG were calculated to be 294.1 mg/g and 185.19 mg/g for SW500 and 555.6 mg/g and 222.3 mg/g for SW800. 1/n values indicate the adsorption intensity. The higher 1/n values mean the higher affinity between the dye molecules and adsorbent.27 The separation factor (RL) shows whether the adsorption is favorable (0<RL<1), unfavorable (RL>1), linear (RL=1) or irreversible (RL=0).32 The separation factor is calculated by the equations given:
											(7)
where C1 is the initial concentration and b is the Langmuir isotherm constant. Seeing that the RL values were in the range of 0-1, adsorption was favorable for both the adsorbents.
The mechanism of adsorption can be determined by assessing E value (kJ/mol). The mean free energy of adsorption (E), which is defined as the free energy change when one mole of ion is transferred to the surface of a solid from the infinite space in the solution. Physical adsorption is valid if the value is below 8 kJ/mol. When the E value is between 8 kJ/mol and 16 kJ/mol, chemisorption or ion exchange occurs.33 Since the values of BG (11.95; 9.54 kJ/mol for SW800; SW500) and MG (10.43; 4.36 kJ/mol for SW800; SW500) were between 8 and 16 kJ/mol, the presence of chemisorption or ion exchange could be mentioned.
3.2.7.	Adsorption kinetic studies
In this study, to understand the adsorption mechanism, three simplified kinetic models were elucidated: Lagergren pseudo first order, pseudo second order and intraparticle diffusion model 30. These models define the stages of the adsorption to be external film diffusion, adsorption, and intraparticle diffusion.34 Figure 9 presents the time effects on the adsorption, pseudo first-order kinetic model, pseudo second-order kinetic model, and intraparticle diffusion kinetic model for the adsorption of BG and MG onto SW500 and SW800 adsorbents. The calculated parameters belonging to the kinetic models are depicted in Table 3. As can be seen from Table 3, the closest R2 values to unity were obtained for the pseudo second order kinetic model for the studied dyes. The calculated (qe, cal) and experimental (qe,exp) values of adsorption capacities of BG and MG were very close to each other for the pseudo second order kinetic model. These findings indicated the adsorption fitted well with pseudo second order kinetic model and adsorption was chemisorption controlled.35 In the intraparticle diffusion model, the plot qt versus t0.5 gives k and I as slope and intercept, respectively. The intercept indicates the effect of the boundary layer thickness. The higher the intercept length, the more the adsorption is boundary layer controlled.35 Also, if the line passes through the origin (I=0), the rate limiting mechanism is solely controlled by the intraparticle diffusion. Thus, it was concluded that the intraparticle diffusion was not the only rate limiting step. Since two separate regions were obtained for both the adsorbents, the adsorption process was affected by two or more steps. The initial region is ascribed to the bulk diffusion while the second to the intraparticle diffusion.27
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Figure 9. Kinetic studies for BG and MG adsorption a) pseudo first-order kinetic model, b) pseudo second-order kinetic model, c) intraparticle diffusion kinetic model (initial dye concentration 20 mg/L, volume 25 mL, adsorbent dose of BG and MG 0.4 and 0.6 g/L for SW800 and 1.2 and 2.4 g/L for SW500, contact time 24 h, temperature 25 °C) 

Table 3 The constants of the pseudo first-order, pseudo second-order kinetic models, and intraparticle kinetic model for BG and MG removal.
	Kinetic Models
	
	Adsorbent

	
	
	SW800
	SW500

	
	
	qe, exp
(mg/g)
	qe, cal
(mg/g)
	k1
(1/min)
	R2
	qe, exp 
(mg/g)
	qe, cal (mg/g)
	k2 
(1/min)
	R2

	Pseudo first order


	BG
	
	49.67
	6.792
	0.002303
	0.9706
	14.84
	4.429
	0.005758
	0.8335

	MG
	
	33.33
	5.36
	0.001.2
	0.7796
	8.33
	2.65
	0.0006.9
	0.5749

	Pseudo second order


	BG
	
	49.67
	50
	0.005076
	0.9999
	14.84
	12.89
	-0.00735
	0.9990

	MG
	
	33.33
	32.26
	0.005128
	0.9999
	8.33
	7.369
	0.01363
	0.998

	Intraparticle diffusion model


	
	
	
	I (mg/g)
	k (mg/g min0.5)
	R2
	
	I (mg/g)
	k(mg/g min0.5)
	R2

	BG
	
	Step 1
	41.63
	0.6047
	0.8893
	
	10.19
	0.7498
	0.7789

	
	
	Step 2
	49.483
	0.0082
	0.2363
	
	14.522
	0.0647
	0.5396

	MG
	
	Step 1
	25.967
	0.3118
	0.8969
	
	4.5719
	0.1621
	0.8509

	
	
	Step 2
	29.652
	0.0654
	0.9851
	
	6.5568
	0.0207
	0.7878

	qe and qt indicate the adsorption capacity at equilibrium (mg/g) and at time t; k1 and k2 are the pseudo first-order (1/min) and pseudo second-order rate constants (g/mg min); t is the contact time (min) and kint (mg/g min0.5) and I (mg/g) are the intraparticle diffusion constants.
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Table 4 Comparison of the maximum adsorption capacities of BG and MG with the reported adsorbents in the literature.
	 BG
	
	
	
	
	MG
	
	
	
	

	Adsorbent
	Capacity (mg/g)
	Isotherm
	Kinetic model
	Ref.
	Adsorbent
	Capacity (mg/g)
	Isotherm
	Kinetic model
	Ref.

	Tannin gel (TG)
	8.55
	Langmuir
	Pseudo second order
	6
	AMP clay
	130.64
	Langmuir
	Pseudo first order
	1

	Amine modified TG
	2.41
	Langmuir
	Pseudo second order
	6
	Coconot coir activated carbon
	27.44
	Langmuir Freundlich
	Pseudo second order
	7

	Acorn
	2.01
	Langmuir
	Pseudo second order
	35
	Rattan sawdust
	62.71
	Langmuir
	Pseudo first order
	8

	Peganum harmala-L seeds
	35.97
	Langmuir
	Pseudo second order
	3
	EM based compost
	159.22
	Sips
	Pseudo second order
	9

	Saklıkent mud
	1.18
	Langmuir
	Pseudo second order
	34
	Potato peel
	35.61
	Redlich-Peterson
	Pseudo-nth order
	36

	White rice husk ash
	85.56
	-
	Pseudo second order
	12
	GO-Fe3O4
	160.7
	Langmuir Freundlich
	Pseudo second order
	37

	Red clay
	125
	Redlich-Peterson
	Pseudo second order
	25
	Citrus limetta peel
	8.733
	D-R
	Pseudo second order
	18

	Kaolin
	65.42
	Langmuir
	Pseudo second order
	2
	Zea mays cob
	16.72
	D-R
	Pseudo second order
	18

	NaOH treated saw dust
	58.48
	Redlich-Peterson and Temkin
	Pseudo second order
	10
	Organically modified hydroxyapatite
	188.18
	Langmuir
	-
	17

	Ni/NixB nanoparticle-coated resin
	147.1
	Langmuir
	Pseudo second order
	38
	SW800
	222.2
	
	Pseudo second order
	This study

	SW800
	555.6
	Langmuir
	Pseudo second order
	This study
	SW500
	185.19
	
	Pseudo second order
	This study

	SW500
	294.1
	Langmuir
	Pseudo second order
	This study
	
	
	
	
	



4. Conclusion
The adsorbents used in this study were obtained from the sandpaper wastes. Hazardous and toxic reagents were not used during the preparation of the adsorbents. Thus, environmentally friendly adsorbents were obtained. Furthermore, the removal of brilliant green from aqueous solutions was successfully carried out using both the adsorbents. Optimization studies (pH, adsorbent dose, contact time, and initial concentration etc.) were carried out to investigate the removal performance of both adsorbents. According to the pH study, SW800 provided a wider pH range than that of SW500 for both dyes. The optimum adsorbent doses of BG and MG were selected as 0.4 and 0.6 g/L for SW800 while 1.2 and 2.4 g/L for SW500, respectively. The removal efficiencies of BG and MG reached a plateau after 120 min and 180 min for SW500 and 180 min and 240 min for SW800, respectively. The adsorption kinetics of the dyes fitted well with the pseudo second-order kinetic model. The adsorption of the BG showed good agreement with the Langmuir isotherm model and indicated monolayer adsorption on homogeneous sites. However, it was found that the adsorption of the MG obeyed the Freundlich isotherm model. The values of E indicated the adsorption mechanism of dyes could be chemical or through ion exchange. The adsorption of BG and MG were found to be favorable for both SW500 and SW800. The thermodynamic studies indicated that the process was endothermic, spontaneous, and feasible. The comparison of the maximum BG and MG adsorption capacities with the reported adsorbents in the literature can be found in Table 4. By comparing the maximum adsorption capacities in Table 4, the highest capacity values belonged to the sandpaper waste. As a result, environmentally friendly adsorbents were developed that facilitate fast and efficient removal.
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BG SW800	3	4	5	6	7	8	9	10	97.627849661121388	98.028342575477524	97.920517560073932	98.012939001848423	97.920517560073932	97.612446087492302	96.056685150955019	97.720271102895865	BG SW500	3	4	5	6	7	8	9	10	26.340110905730132	87.15341959334566	96.210720887245827	98.074553296364755	97.350585335797916	98.428835489833645	98.351817621688241	98.505853357979049	MG SW800	3	4	5	6	7	8	9	10	88.859649122807014	93.662280701754383	93.223684210526315	93.903508771929836	92.412280701754383	93.859649122807014	94.429824561403507	92.30263157894737	MG SW500	3	4	5	6	7	8	9	10	10.526315789473681	11.118421052631575	70.635964912280699	81.030701754385959	91.425438596491233	89.780701754385959	92.192982456140342	93.289473684210535	Initial pH
Removal Efficiencies (%)

BG SW800	2.4	1.8	1.2	0.6	0.4	0.2	98.69863013698631	97.492555092316863	98.43061346039309	98.013698630136986	98.400833829660513	98.013698630136986	BG SW500	2.4	1.8	1.2	0.6	0.4	0.2	98.534842167957123	98.028588445503274	98.519952352590821	96.033353186420499	94.589041095890408	91.893984514592006	MG SW800	2.4	1.8	1.2	0.6	0.4	0.2	98.10288065843622	96.600823045267504	98	98.534979423868307	96.86831275720165	91.518518518518519	MG SW500	2.4	1.8	1.2	0.6	0.4	0.2	90.201646090534979	82.609053497942398	85.674897119341566	85.65432098765433	63.226337448559669	27.650205761316869	Sorbent Dose (g/L)

Removal Efficiencies (%)



BG SW800	1440	240	180	120	60	1	99.553140096618364	99.637681159420282	98.804347826086953	89.371980676328491	85.495169082125614	83.128019323671495	BG SW500	1440	240	180	120	60	40	20	10	5	1	94.898077792853911	94.818928086838525	94.853007688828583	93.767526006331977	90.058796924468567	89.289914066033461	84.213025780189966	78.570782451379472	76.987788331071911	64.504748982360923	MG SW800	1440	240	180	120	60	40	20	10	5	1	94.243909685086166	93.738859180035647	93.36749851455734	86.905822935234696	86.48989898989899	85.658051099227578	83.920083184789064	81.305704099821753	79.976232917409391	77.941176470588232	MG SW500	1440	240	180	120	60	40	20	1	88.815448418869892	84.804302747537577	80.041472265422499	78.836184551581127	71.766459305339552	65.104976671850693	58.158372213582169	52.721617418351471	Contact time (min)

Removal Efficiencies (%)



BG SW800	5	10	25	50	100	200	400	91.356913183279744	97.028938906752416	98.695819935691318	99.347909967845652	99.127331189710617	99.184244372990349	99.649196141479095	BG SW500	5	10	25	50	100	200	400	85.697749196141473	92.848874598070722	97.383922829581991	98.627652733118964	99.397427652733114	99.84019292604502	99.893569131832805	MG SW800	5	10	25	50	100	200	400	59.944903581267219	70.71625344352617	86.76584022038567	92.760330578512395	95.057851239669418	98.04132231404958	79.373278236914601	MG SW500	5	10	25	50	100	200	400	70.964187327823694	81.955922865013761	93.531680440771353	95.355371900826441	98.168044077134979	98.896694214876035	96.360192837465561	Initial Concentration (mg/L)
Removal Efficiencies (%)
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