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ABSTRACT

The adsorption of malachite green (MG) from aqueous solution by waste green tea (WGT) biomass was investigated. A series of experiments in batch conditions were conducted in order to assess the MG removal on WGT, following adsorbent quantity and temperature influences. Maximum removal efficiency for untreated WGT was 89%, at 4 g biomass and 316 K. It was found that the adsorption of MG increased by increasing temperature from 296 to 316 K. Thermodynamic parameters (ΔHº, ΔSº, ΔGº) were calculated, and indicated that dye adsorption onto studied biomass was endothermic and non-spontaneous. Six chemical treatments were tested (four acidic – H3PO4, H2SO4, HCl and tartaric acid, one oxidant – H2O2 and one basic – NaOH) in order to study the chemical groups responsible for MG adsorption onto WGT biomass. The FTIR spectroscopy showed that some functional groups (hydroxyl, carboxyl, amino) on the WGT surface could be the potential adsorption sites for MG adsorption.
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1. Introduction

Dyes are usually used in industries such as textile, paper, drug, rubber, food, cosmetic, plastic, printing, etc., practical activities, which have as result considerable amount of colored wastewater. Color is the first contaminant to be recognized in wastewater, because not only damage the aesthetic nature of freshwater, but also is a serious threat for human beings, aquatic life and for environment, in generally. 1
The presence of very small amounts of dyes in water (less than 1 ppm for some dyes) is highly visible and undesirable.2 Thus, the development of clean-up technologies for the treatment of water contaminated with dyes is of major interest.3 A number of technologies are available to control and reduce the water pollution with dyes contaminants. Among them are coagulation4, filtration5, ion-exchange6, electrolysis7, advanced oxidation processes8, foam flotation9, etc. The removal of dyes in an economic way remains an important problem, although a number of systems have been developed using adsorption techniques.10 Adsorption is a well-known equilibrium separation process and an effective method for water decontamination applications. Adsorption has been found to be superior to other techniques for water re-use in terms of initial cost, flexibility and simplicity of design, ease of operation and insensitivity to toxic pollutants.11 Adsorption also does not result in the formation of harmful substances.12 Adsorption of most of the adsorbents including agricultural by-product is controlled by physical forces, with some exception of chemisorption.1 The main physical forces controlling adsorption are van der Waals forces, hydrogen bonds, polarity, dipole-dipole π-π interactions, etc.13
Many low-cost adsorbents, such as rice husk, wheat bran, coconut bunch waste, orange peel, banana peel, garlic peel, papaya seed, pineapple stem waste, sunflower stalks, silk cotton hull, maize cob, etc., which are able to bind dyes molecules, have been extensively researched and evaluated.14
Between tested adsorbents, waste green tea, a cellulosic material, could be an economical alternative for dyes removal from wastewater. Tea plant, called Camellia sinensis15, is native to South-East Asia, but is cultivated today in over 30 countries in several areas of the world and belongs to the genus Camellia, Theaceae family.16 White tea, green tea, oolong, pu-erh tea and black tea are produced from this crop, but are processed differently, reaching different levels of oxidation. 

The main green tea producer is China, which provides somewhere around 80% of annual production. From a historical perspective, green tea has been used many centuries ago by the Japanese and the Chinese and Asian society is considered the second consumed beverage after water. It is estimated that between 18 and 20 billion cups of tea are drunk daily on our planet.17 Canned or bottled tea drinks as well as instant tea drinks are produced on industrial scale and the producers encounter a problem in disposal of the waste tea leaves. Hence, the utilization of such waste is extremely desirable.18
The cell wall of tea consist of cellulose and hemicelluloses, lignin, condensed tannins and structural proteins. In short, tea waste have a good potential as dyes scavengers from solution and wastewater since its constituents contain functional groups.19
Numerous studies have centered their attention to observing the adsorption capacity of biomaterials in their natural or modified forms (physical or chemical treatments) to increase their adsorption capacity.17, 20-25
The aim of this study was to realize malachite green (MG) adsorption onto waste green tea (WGT), an economical alternative to more expensive adsorbents. Influence of the adsorbent quantity and temperature over the MG removal were considered in order to investigate the WGT potential as a good cellulosic biosorbent. Influence of carboxyl, carbonyl, sulfonate, sulfhydryl, phosphate and hydroxyl groups from the biomass surface over the adsorption of MG onto untreated and chemically modified WGT were detailed. 
2. Materials and methods
2.1. Adsorbent

The adsorbent, WGT, was collected from a local tea shop. The used green tea leaves were washed several times with distillate water to remove any adhering dirt and repeatedly boiled in distillate water until the filtered water was clear. Then it was oven dried at 80ºC for 48 h. Finally, the WGT sample was ground and sieved to obtain grains in the 200-400 μm range, that will be further used in the adsorption experiments.

2.2. Characterization of the biosorbent
2.1. Elemental analysis
In order to obtain information about the elemental composition of the studied materials, the C, H, N, S and O content of untreated and chemically modified WGT, before and after MG adsorption was determined. Elemental analysis was carried out using Thermo Finnigan Flash EA 1112 Series equipment. The biosorbent sample was added into a tin capsule and analyzed at 900°C under O2 atmosphere.
2.2.2. SEM analysis

Scanning electron microscope is an extremely useful tool for visual confirmation of surface morphology and the physical state of the surface. The images were obtained with a JEOL (USA) JSM 5510 LV apparatus. Prior to analyze, the cellulosic biosorbent samples were mounted on a stainless stab with a double stick tape. Then they were coated with a thin layer of gold under vacuum to improve electron conductivity and image quality.

2.3. Preparation of MG solutions

MG is a cationic (basic) dye. Its structure and characteristics are illustrated in Table 1.26
Table 1. The structure and characteristics of MG dye.
	Generic name
	Malachite Green oxalate salt

	International name
	Basic Green  4 (BG4) 

	Chemical name
	N,N,N′,N′-Tetramethyl-4,4′-diaminotriphenylcarbenium oxalate

	Chemical formula
	(C23H25N2)2 × 3C2H2O4 

	CAS
	2437-29-8 

	EINECS
	219-441-7 

	Solubility
	Soluble in water (60 mg/mL at 20ºC), methanol, ethanol (50 mg/mL), 

2-methoxyethanol (40 mg/mL)

	Color index
	42000

	Molecular weight (g/mol)
	927.03

	Wavelength (λmax)
	618 nm

	Chemical structure
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MG has a positive charge that is delocalized on the entire compound by resonance.

It belongs to triphenylmethanes family and is amphipathic (behaves as a polar and non-polar compound).

MG is commonly used for dyeing textiles and paper, as well as is an antiparasitic and antifungal agent in aquaristics.14 Malachite green was purchased from Penta (Czech Republic) and used without further purification. Stock solution (1000 mg/L) of MG were prepared using distilled water and stored in the refrigerator. Experiments were carried out using solutions obtained by dillution of stock solution to the desired concentration. MG concentration was determined using a double beam UV-visible spectrophotometer (GBC Cintra 202), at λ = 618 nm.

2.4. Adsorption experiments

Adsorption process was conducted in batch conditions, in dynamic regime (300 rpm), through the contact of a certain amount of adsorbent (1-5 g) with a volume of 100 mL MG dye aqueous solution 94 mg/L. The adsorption process was realized until equilibrium was reached (240 min, established from preliminary experiments). Residual dye concentration in solution was determined, at established time intervals after a preliminary centrifugation (5 min at 10000 rpm) and appropriate dilution. 

In order to determine the effect of temperature on the adsorption process, experiments were caried out at three different temperatures 296, 306 and 316 K.  The experiments were realized using 100 mL solution of 94 mg/L and 4 g WGT.

Adsorption efficiency expressed as percentage was calculated with equation (1):27,28
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where, C0 and Ce are MB initial and equilibrium concentrations, respectively (mg/L).

The amount of the adsorbed dye (MG) onto the WGT cellulosic biomass was expressed as adsorption capacity (qe, mg/g) and calculated as shown in equation (2):16,27
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where, V is solution volume (L), and m is WGT quantity (g).

All the experiments were repeated three times, the values presented were calculated using averaged concentration values.

2.5. Chemical treatments for WGT biomass
2.5.1. H3PO4 Treatment

10 g of WGT were mixed with 50 mL 50% H3PO4 solution at room temperature for 24[image: image4.png]


h in 500[image: image5.png]


mL beaker with a stirring speed of 150[image: image6.png]


rpm so that the reagents was fully incorporated into the raw material.29 After this treatment, the modified cellulosic WGT was filtered and washed with distilled water several times until 7 pH and filtered. Later on, the adsorbent was oven-dried at 105°C for 12[image: image7.png]


h. Finally, the H3PO4-treated WGT was ground and sieved to obtain grains in the 200-400 μm range. The obtained material was preserved in an airtight jar for further use.

2.5.2. H2SO4 Treatment (Preparation of activated carbon from WGT)

The activated carbon was prepared by contacting WGT with H2SO4 98% for 24 h (1:1 acid volume to WGT weight). After that, the charred material was washed several times in distilled water until the pH of the solution becomes neutral (pH 7).30,31 Chemical treated WGT was dried first in air, overnight, and then in an oven at 90-100°C for 8-10 hours and finally powdered. The homogeneous powder was then passed through several sieves in order to obtain the desired particle size (200-400 μm). The obtained material was preserved in an airtight jar for further use.
2.5.3. HCl Treatment

10 g of WGT were slowly stirred (150 rpm) in 100 mL HCl 1N for 4 hours. The treated cellulosic WGT was left overnight in contact with HCl solution and thereafter was washed with distilled water several times until neutral pH and filtered. The HCl-treated WGT biomass was dried in a hot air oven at 80°C until constant weight (24 hours), and then was homogenized in a blender to break cell aggregates into smaller fragments. The final material was then passed through several sieves to obtain particles of 200-400 μm in diameter. The obtained material was preserved in an airtight jar for further use.

2.5.4. Tartaric acid treatment
15 g of WGT were mixed with 100 mL of 2 M tartaric acid. The mixture was stirred at 200 rpm for 4 hours. The modified cellulosic WGT was subsequently washed with distilled water until neutral and filtered.  The treated WGT was dried at 80°C for 24 h, and then passed through several sieves to obtain particles of 200-400 μm in diameter. The obtained material was preserved in an airtight jar for further use.
2.5.5. H2O2 Treatment

10 g of WGT were mixed with 50 mL of 25% H2O2 and kept in contact for 3 h at room temperature, in a closed vessel and then boiled for 15 min. The sample was washed with distilled water to neutral pH, filtered and dried in an oven at 80°C until constant weight. The obtained cellulosic material was preserved in an airtight jar for further use.32
2.5.6. NaOH Treatment

10 g of WGT were mixed with 150 ml 1% NaOH solution for 6 h at room temperature.30 The cellulosic sample was then washed thoroughly with distilled water until the sample was neutralized and dried in the oven at 80°C for 24 h. The NaOH-treated WGT was ground and sieved to obtain grains in the 200-400 μm range. Finally, the resulting material was stored in an airtight container for further use.

2.6. FTIR analysis

Untreated and treated cellulosic WGT samples were prepared by encapsulating 1.2 mg of finely ground particles in 300 mg KBr. The FTIR spectra were obtained using JASCO 615 FTIR spectrometer, 500–4000 cm−1, and resolution 2 cm−1.
3. Results and Discussion
3.1. Elemental analysis 
Untreated and chemically treated cellulosic WGT elemental analysis performed before and after MG adsorption showed that after treatment, in some cases (exception acidic treatments with H3PO4, H2SO4 and tartaric acid), carbon content deacreses from the initial 52.27% (untreated WGT) to values ranging from 44.83% for NaOH treatment to 45.80% for H2O2, Table 2. 
In case of NaOH treatment, organic content material decreases significantly due to the delignification process that takes place.32 In the case of H2SO4 treatment, carbon content increases to 56.83% due to the formation of a new active carbon type material. Elemental analysis of WGT samples after MG adsorption showed an increase of the carbon content in all cases, confirming the fact that organic dye is adsorbed onto the surface of the studied materials.

Table 2. Elemental analysis of WGT untreated and chemically modified, before and after MG adsorption 
	Nr. crt.
	Component
	C (%)
	H (%)
	N (%)
	O* (%)

	1
	WGT untreated – before adsorption
	52.27
	6.31
	3.86
	37.56

	2
	WGT untreated – after adsorption
	53.71
	5.92
	3.26
	37.11

	3
	WGT treated with H3PO4 – before adsorption
	54.06
	3.56
	1.76
	40.62

	4
	WGT treated with H3PO4 – after adsorption
	58.78
	4.07
	2.47
	34.98

	5
	WGT treated with H2SO4 – before adsorption
	56.83
	5.64
	3.46
	34.07

	6
	WGT treated with H2SO4 – after adsorption
	60.26
	5.72
	3.86
	30.16

	7
	WGT treated with HCl – before adsorption
	48.19
	6.59
	3.67
	41.55

	8
	WGT treated with HCl – after adsorption
	49.71
	6.60
	4.30
	39.39

	9
	WGT treated with tartaric acid – before adsorption
	53.23
	6.26
	3.34
	37.17

	10
	WGT treated with tartaric acid – after adsorption
	54.07
	6.49
	4.13
	35.31

	11
	WGT treated with H2O2 – before adsorption
	45.80
	6.28
	3.71
	44.21

	12
	WGT treated with H2O2 – after adsorption
	46.13
	6.15
	3.93
	43.79

	13
	WGT treated with NaOH – before adsorption
	44.83
	6.13
	3.28
	45.76

	14
	WGT treated with NaOH – after adsorption
	48.25
	6.34
	3.09
	42.32


*Calculated by difference
In case of NaOH treatment, organic content material decreases significantly due to the delignification process that takes place.32 
In the case of H2SO4 treatment, carbon content increases to 56.83% due to the formation of a new active carbon type material.
 Elemental analysis of WGT samples after MG adsorption showed an increase of the carbon content in all cases, confirming the fact that organic dye is adsorbed onto the surface of the studied materials.
3.2. SEM analysis

The surface morphology of untreated WGT, before (a) and after (b) adsorptive removal of MG was determined by SEM are shown in Figure 1.
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Figure 1. Scanning electron micrographs of untreated WGT before (a) and after (b) adsorptive removal of MG.
The raw cellulosic WGT surface is shown to be rough and consists of many strands of fibrous-like materials (Figure 1a). 
SEM image confirmed the amorphous and heterogeneous structure of WGT. Considerable changes in surface morphology after biosorption are noted as surface protuberances become less obvious, the surface becomes smoother (Figure 1b).
3.3. The effect of adsorbent quantity

The adsorption of MG onto WGT was investigated by charging the adsorbent quantity, from 1 to 5 g, with particles of 200-400 μm in diameter, 100 mL dye aqueous solution, 94 mg/L, under stirring (300 rpm), for 4 hours, until the equilibrium was reached. 
As presented in Figure 2 with the increasing amount of adsorbent the adsorption efficiency increase too, due to an increase of surface area and the availability of more adsorption sites, with more active functional groups.16,27
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Figure 2. The effect of untreated WGT quantity over the adsorption efficiency; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).
Taking into consideration that by changing the WGT quantity, the increase in adsorption efficiency values is small (E4g = 89% and E5g = 91%), and that higher quantities are difficult to handle, further experiments were carried on using 4 g of WGT.
3.4. The effect of temperature

It well known that temperature plays an important role in the adsorption processes. A study of temperature dependence for the adsorption process gives valuable information about the enthalpy and entropy changes accompanying the adsorption processes.28
The adsorption of MG onto WGT was investigated in the 23-43ºC (296-316K) range. As it can be observed from Figure 3 an increase in temperature led to a higher quantity of dye removed, indicating that in this system adsorption takes place as an endothermic process. Similar findings were reported for other sorbent types.33-36
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Figure 3. The effect of temperature on MG adsorption onto untreated WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).
3.5. Thermodynamic analysis
The thermodynamic data reflect the feasibility an favourability of an adsorption process. The parameters such as free energy change (ΔGº), enthalpy change (ΔHº) and enthropy change (ΔSº) can be estimated by the change of equilibrium constants with temperature.33
The Gibbs free energy change (ΔGº) was calculated from equations (3) and (4), while the change of enthalpy (ΔHº) and enthropy (ΔSº) can be obtained from the slope and intercept of the Van’t Hoff equation (5) of ΔGº versus 1/T:
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where, R is the universal gas constant (8.314(10-3 kJ/K(mol), T is absolute temperature (K), and Kd is the distribution coefficient (Kd = qe/Ce)  (L/g).9,37
From the slope and intercept  of ln(qe/Ce) versus 1/T plot, Figure 4, (H° and ΔS° were calculated. The values of the thermodynamic parameters are depicted in Table 3.
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Figure 4. ln(qe/Ce) versus 1/T plot for the estimation of thermodynamic parameters for MG adsorption onto untreated WGT.
The Gibbs free energy indicates the degree of spontaneity of the adsorption process.16 The values of ΔG° decrease with increasing of temperature, indicating that a better adsorption is obtained at higher temperatures, and the process is more spontaneous at 316 K. The relativelly small values of ΔG°, although positives, suggest that the adsorption process can be possible in a certain temperature range (between 296 – 316 K, in present work).38-40
Positive value of ΔH° (22.423 kJ/kmol) shows the endothermic nature of adsorption. This fact indicates the possibility of physical adsorption, since the heat of chemisorption generally falls into a range of 80-200 kJ/mol.41 The low value of ΔS( may imply that no remarcable change in enthropy occurred during the MG adsorption onto WGT. In addition, the positive value of ΔS( reflects the incresed of randomness at the solid-solution interface during adsorption.42
Table 3. Thermodynamic parameters for MG adsorption onto untreated WGT at various temperatures; (94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).
	ΔS(
(kJ/mol∙K)
	ΔH(
(kJ/mol)
	ΔG( (kJ/mol)

	
	
	296 K
	306 K
	316 K

	0.063
	22.423
	3.735
	3.103
	2.472


3.6. The effect of chemical treatments of WGT biomass onto MG adsorption process

The WGT biomass is a lignocellulosic material and has been called “photomass” (together with all lignocellulosic materials) because it is result of photosynthesis.43
As known, adsorption (biosorption) process primarily occurs on the surface of the biomass, so surface modification can greatly alter (increase/decrease) adsorption efficiency.44 The pre-treatments could modify the surface characteristics eather by removing or masking the functional groups or by exposing more binding sites.45
In this paper six types of chemical treatments were performed: a) four acidic treatments with H3PO4, H2SO4, HCl, and tartaric acid (HOOC-CHOH-CHOH-COOH), b) one treatment with an oxidant – hydrogen peroxide (H2O2), and c) one alkaline treatment with NaOH.

Is known that the acidic treatments could change the negatively charged surface of the WGT biomass to positively charged and thus decrease the electrostatic attractions between biomass surface and the cationic molecules (of MG, for example).46 Acid treatments allows the hemicellulose hydrolize, especially xylan present in the lignocelluloses. Hemicelulloses can be degraded into xylose, mannose, acetic acid, galactose, glucose, etc. Phenolic compounds are also formed during acidic treatments from the partial breakdown of lignin.47
Tartaric acid treatment of WGT biomass conducts to an increase of amount of MG removed from the synthetic wastewater aqueous solutions, this chemical pretreatment converting the biomass to highly adsorbing material in terms of higher percentage of MG removed onto the modified tea surface, probably due to an increase of carboxylic groups number on the WGT surface after chemical treatment, result that is in good agreement with others from literature.48,49
Two chemical activations were represented by the treatments with concentrated H3PO4 and H2SO4, due to the fact that different materials can be obtained – activated carbon (or biochar), which is commonly utilized due to its large adsorption capacity, fast adsorption kinetics and relatively ease of regeneration.19, 29
Gould’s original research50 demonstrated that hydrogen peroxide could be a good delignifying agent for some agricultural wastes, and this pre-treatment was extensively used to obtain biofuels (bioethanol).51
In the case of alkali treatment such as NaOH, the increasing of cationic dye adsorption can be explained by the fact that after treatment, hydrolysis reactions can occur, causing high dissolution of organic substances from the biomass.46 The hydrolysis reactions can lead to the formation of more hydroxylic (HO-) and carboxylate (COO-) groups in the treated biomass, which enhance the cationic adsorption.52 The mechanism of alkali treatment is believed to be saponification of intramolecular ester bonds crosslinking xylan hemicellulose and other component, for exemple, lignin.46 Dilute NaOH treatment of lignicellulosic materials caused swelling, leading to an decrease in the degree of polymerization, a decrease in crystallinity, separation of structural linkages between lignin and carbohydrates, and disrumption of the lignin structure.30 The influence of chemical treatments on adsorption efficiency of WGT is illustrated in Figure 5. 
WGT biomass treated with HCl conducted to a decrease of adsorption efficiency (from 89% for untreated material to 75% for HCl treatment), fact which can be attributed to the decrease in electronegativity of biosorbent surface due to the residual H+ ions on the acidic pretreated WGT biomass, results comparable with others papers from literature.[53,54] Because treatments with acids reduced in generally adsorption, we can conclude that adsorption efficiency was associated with the amount of organic matter present.55
As it was mentioned before, the treatment of cellulosic WGT biomass with tartaric acid (HOOC-CHOH-CHOH-COOH) conduct to an increase of carboxylic groups on the WGT surface after this chemical treatment, and thus, the adsorption efficiency of MG  increase from 89% (for untreated material) to 93% (after tartaric acid treatment).

The biochar obtained from WGT biomass after H3PO4 and H2SO4 treatments provided better results for the adsorption efficiency that increase from 89 (for untreated biomass) to 94% and 95%, respectively (Figure 5), facts that are in good agreement with other results from literature.16,56
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Figure 5. Effect of chemical treatments over the adsorption efficiency of MG onto WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).
After NaOH treatment it was found that WGT biomass has a better removal efficiency for MG, an increase from 89 to 92% was noted, this treatment being the most effective, with the biggest increase in adsorption efficiency, fact that can be attributed to the changes on the biomass surface (increase in surface area, average pore volume and pore diameter)57, in addition to the already described effects of alkali treatment.30,46,52,53
As it can be see in Figure 5, the treatment of WGT biomass with H2O2 leads to a decrease in efficiency (76% by comparison with 89%, for the case of untreated material), fact that confirm the hypothesis that if the concentration of oxidant agent is high (25% H2O2), the modification of functional groups of the basic structure of the material takes place and the delignification of cellulosic WGT begins to occur.58
3.7. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis is an important method for identifying the functional groups responsible for the retention of the dye molecules onto biomass surface. IR spectroscopy provides valuable information about the nature of the groups present and allows the identification of functional sites such as carboxyl groups, thiol, hydroxyl, amino, amido, due to their high nucleophilicity. 

FTIR spectra were obtained for MG dye removal onto untreated (Figure 6) WGT biomass and NaOH treated (Figure 7), before and after adsorption. 
The increasing, decreasing and shifted signals corresponding to different functional groups, were interpreted to indicate that these groups participated in the adsorption process. The fact that no significant reduction in number of bands after adsorption (for both untreated and treated WGT (Figures 6 and 7) was observed, could indicate that the studied process occurs mainly as physisorption and not as chemisorption (where literature reports bigger modifications in spectra aspect, for example, bands dissapearance after adsorption).32
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Figure 6. FTIR spectra of (a) untreated WGT (before adsorption) and (b) WGT after MG adsorption.
As it can see in Figure 6, the groups affected by the MG adsorption include –OH, N-H (stretching), secondary amines, SO3 (stretching), -C-C- and amines groups. In the spectrum of untreated WGT biomass (before adsorption) (Figure 6a) a broad band from 3600 to 3000 cm-1 for 
–OH groups of phenols/carboxyls was observed. The strong band attributed to the hydroxyl group (at 3426 cm-1) might be an indication of high cellulose content. Cellulose is a polysaccharide and therefore has many hydroxyl groups. After adsorption the aspect of this band is rather flat, and the maximum is shifted to 3405 cm-1, suggesting the MG adsorption onto WGT surface takes place. Alkane C-H vibrations  were also identified at 2919 and 2886 cm-1, and these bands have also been shifted at 2903 and 2842 cm-1, fact which can be explained by the change in the lignocellulosic structure of WGT after adsorption. Similar assignments were reported in some studies.[16,59] A distinct band at 1619 cm-1 was observed in spectra from Figure 6, that was shifted at 1609 cm-1 after MG dye adsorption, band that was probably, the result of the stretching vibration of C=O and C-N (Amide I) peptidic bond of proteins.60 Bands at 1020 cm-1 (before adsorption) and 1010 cm-1 (after adsorption) that could be attributed to the stretching vibration C-O-C groups, shifted and modified also, after adsorption. The finger region demonstrate the existence of sulfur or phosphate groups (800-400 cm-1).
All these changes in the spectra aspect support that MG dye adsorption onto WGT surface occurred.
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Figure 7. FTIR spectra of (a) WGT treated with NaOH (before adsorption) and (b) WGT (treated with NaOH) after MG adsorption.

In Figure 7 are depicted the spectra of WGT (treated with NaOH) before and after MG dye adsorption. The broad absorption peak at around 3397 cm-1 correspond to the O–H stretching vibrations due to inter- and intra-molecular hydrogen bonding of cellulosic polymeric compounds (macromolecular associations), such as alcohols, phenols and carboxylic acids, as in pectin, cellulose and lignin, thus, showing the presence of hydroxyl groups on the adsorbent surface53. After MG dye adsorption this band was shifted at 3414 cm-1, fact which supports the MG adsorption. The band at 2916 cm-1 is attributed to the symmetric and asymmetric C-H stretching vibration of aliphatic acids, while the band at 1635 cm-1 is due to asymmetric stretching vibrations of C=O, from carboxyl acid groups.17,31 The other prominent band at 1028 cm-1 was shifted at 1036 cm-1 and is due to C-O stretching vibration from cellulose. Moreover, in the case of treated WGT biomass after adsorption, a remarkable shift in positions of –OH and C=O bands was observed, which indicates that MG is binded mostly at these groups, and it can be seen that some of the characteristic absorption bands of WGT biomass after adsorption were shifted at higher values than those of WGT before adsorption.61-65 The changes in FTIR spectra confirm the binding of MG with functional groups present in the adsorbent. Similar observation were also reported by Pirbazari et al.25
ConclusionS

The efficiency of cellulosic waste green tea biomass in removing malachite green dye from aqueous solution has been investigated. The removal efficiency increases with the increase of biomass quantity and an increase in temperature and hence adsorption process is endothermic in nature. Six chemical treatments were tested (four acidic, one basic and one oxidant) in order to study, first, the chemical groups responsible for the adsorption of MG onto WGT biomass, and secondly, which chemical treatment gives better results in terms of adsorption efficiency by comparison to the untreated material. For WGT biomass, the alkali (NaOH) and acidic (H2SO4, H3PO4 and tartaric acid) treatments led to increases of adsorption effficiency from 89% (untreated WGT) to 92% for NaOH treatment and 93%, 94% and 95%, respectively, for acidic treatments (with tartaric acid, H3PO4 and  H2SO4, respecively). 

It can be concluded that this green aproach, eco-friendly and economic cellulosic biomass, can be a promising adsorbent in environmental pollution cleanup. Also, chemical treatments applied to lignocellulosic adsorbents, improve adsorption efficiencies. Further detailed economical analysis (eg. materials and operating costs) could be used in order to design practical engineering application in the future.
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Figure captions

Figure 1. Scanning electron micrographs of untreated WGT before (a) and after (b) adsorptive removal of MG.
Figure 2. The effect of untreated WGT quantity over the adsorption efficiency; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).

Figure 3. The effect of temperature on MG adsorption onto untreated WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).

Figure 4. ln(qe/Ce) versus 1/T plot for the estimation of thermodynamic parameters for MG adsorption onto untreated WGT. 

Figure 5. Effect of chemical treatments over the adsorption efficiency of MG onto WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 μm, 300 rpm, 240 min).

Figure 6.  FTIR spectra of (a) untreated WGT (before adsorption) and (b) WGT after MG adsorption.
Figure 7. FTIR spectra of (a) WGT treated with NaOH (before adsorption) and (b) WGT (treated with NaOH) after MG adsorption.
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