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Abstract
In this study, potential usage of Lentinula edodes biomass for hexavalent chromium biosorption was investigated. To examine the optimum conditions of biosorption, pH of hexavalent chromium solution, biomass dosage, temperature, contact time and initial hexavalent chromium concentration were identified. To clarify the biosorption mechanism process isothermal, kinetic and thermodynamic parameters were determined. To identified the functional groups and surface morphology of biomass FTIR and SEM analyses were done absence and presence of hexavalent chromium, respectively. According to the results, the maximum biosorption capacity was determined as 194.57 mg g-1 in acidic conditions at 45 ºC. From the kinetics studies biosorption process was well fitted to Freundlich isotherm model and pseudo-second order kinetic model. As a result, L. edodes biomass has potential usage area in wastewater treatment due to its effective biosorption capacity and low-cost biomaterial.
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1. Introduction 
Heavy metal impurity is one of the major problem with increasing the development of industry.1, 2 Chromium is one of the common pollutant that exists in different oxidation states (-2 to +6) in environmental samples, nevertheless trivalent chromium (Cr3+) and hexavalent chromium (Cr6+) forms are available, and tend to be the most stable oxidation states in water.3 Hexavalent form is more toxic rather than trivalent form and known as carcinogenic that causes liver damage, congestion in the lungs, changes the genetic code, and irritates the skin.4-6 The source of hexavalent chromium waste is industrial sectors like textile, metal finishing, leather tanning, electroplating, cement, and steel.7, 8
The traditional processes to remove hexavalent chromium are electrochemical reduction, solvent extraction, electro dialysis, ion exchange, reverse osmosis and chemical precipitation. Due to some disadvantages such as expense and time consumption of these methods some new procedures are developed. Biosorption is one of the alternative method for wastewater treatment and widely used in batch and continuous studies. Some advantages like economic, reusability, easy operation and cheap, make it more attractive.9, 10 Shell,11 leaves,12 fungi,9 bacteria,13 and yeast14 are reported as biosorbents for hexavalent chromium biosorption.
Lentinula edodes ranks second in the global mushroom market and is known as the ‘’shiitake mushroom’’15 - the most popular edible mushroom in Japan and China. Its nutritional components present L. edodes as traditional medicinal mushroom in eastern Asia. It grows in the deciduous forest of Asia under warm and humid climatic conditions. The goal of this study is, to identify the hexavalent chromium removal from water by L. edodes biomass. The effects of different parameters on the biosorption process, reusability of biomass and some physicochemical parameters were optimized. 
2. Materials and Methods 
2.1. L. edodes Biomass Preparation
L. edodes was obtained from commercial market in Izmir (Turkey), washed twice with deionized water and dehydrated at 30 ºC. The dried fungus was crushed with a grinder after cutting into small pieces. The biomass powder was stored in glass jar for biosorption studies.
2.2. Batch Biosorption Experiments
The stock solution of hexavalent chromium (1000 mg L-1) was prepared by dissolving K2Cr2O7 (Sigma-Aldrich) in pure water and diluted in the range of 10 mg L-1-1000 mg L-1. Approximately 0.01 g of L. edodes biomass was used in biosorption processes with the 25 mL total volume of known hexavalent chromium solutions. To obtain the optimum pH, ranging from 2 to 6 was maintained using 0.1 mol L-1 NaOH and 0.1 mol L-1 HCl. The impact of temperature performed at 4, 25 and 45 ºC. To optimize the contact time, biosorption process was occurred in the range of 10-180 min. Biomass was removed from solution before analyzing the remaining hexavalent chromium solution by centrifugation for 10 min at 5000 rpm and the supernatant was analyzed according to the 1,5-diphenylcarbazide spectrophotometric method at 540 nm (Perkin Elmer Lambda 35 UV/Vis Spectrometer).
The hexavalent chromium concentration at equilibrium was determined according to the Eq.1:      			           					           		    (1)
where, qe is the amount of absorbed hexavalent chromium ions (mg g-1), Co and Ce are the initial and final concentrations of hexavalent chromium (mg L-1), V is the total solution volume (mL) and m is the mass of biomass (g).
Desorption percentages with 0.1 mol L-1 HNO3 and 0.1 mol L-1 HCl were performed using the following equation:
 							                (2)
where, Cdes was the amount of hexavalent chromium ions desorbed to the desorption media and Cads was the amount of hexavalent chromium ions adsorbed onto the biomass. The adsorbed biomasses were shaken at 200 rpm on a magnetic shaker at 25 ºC for 24 h.
2.3. Characterization of Biomass
Fourier Transform Infrared Spectroscopy technique (Perkin Elmer Spectrum BX FTIR System) and Scanning Electron Microscopy system (SEM, ZEISS EVO 40) were used o identified the binding sites and functional groups on the fungal biomass surface and the surface morphology of the biomass in the absence and presence of hexavalent chromium, respectively.

3. Results and Discussions 
3.1. Effect of pH
The pH of aqueous solution is a crucial factor on biosorption processes that affects ion sorption efficiency. Charge of functional groups of biomass and the distribution of hexavalent chromium species are affected by the change of solution pH. Therefore, biosorption and reduction had different affinities.16 Maximum biosorption capacity (qe) of hexavalent chromium on L. edodes biomass was determined as 6.12 mg g-1 at pH 2.0 (Figure 1). 

Figure 1. Effect of pH for hexavalent chromium biosorption capacity (qe) onto L. edodes biomass.
The experiments were performed at the time of 120 min at 25 ºC for 10 mg L-1 initial hexavalent chromium concentration. Hence, the suitable pH was chosen as pH 2.0 for biosorption. Generally, in aqueous hexavalent chromium solutions, HCrO4-, Cr2O72-, CrO42-, and H2CrO4 are domain species.17 Under acidic condition (pH ≤ 4.0) HCrO4-, Cr2O72-, and H2CrO4 are the main forms of hexavalent chromium. HCrO4- is the domain form of hexavalent chromium at pH 2.0.18 Due to protonation of the functional groups like amino, cell surface become positively charged. Thus, acid chromate can perfectly interact with protonated biomass surface.3, 19
3.2. Effect of Biomass Dosage
To examine the effect of biomass dosage for the hexavalent chromium biosorption, different amount of biomass in the range of 0.025 g - 0.200 g were tested. 100 mg mL-1 initial hexavalent chromium concentrations at 25 mL total volume of ion solutions were used at 25 ºC. Increasing the biomass dosage from 0.025 g to 0.200 g, the qe was decreased from 24.46 mg g-1 to 3.94 mg g-1 (Figure 2). The total amount of hexavalent chromium biosorbed by the biomass increases, the qe per unit of biomass is reduced due to the fixed concentration.20

Figure 2. Effect of biomass dosage for hexavalent chromium biosorption capacity (qe) onto L. edodes biomass.

3.3. Effect of Initial Concentration of Hexavalent Chromium and Contact Time
To obtain the effect of initial hexavalent chromium concentration, 10-1000 mg L-1 initial concentrations were tested with the 25 mL total solution volume and the amount of 0.025 g biomass. The qe was increased from 4.56 mg g-1 to 110.96 mg g-1 with increasing the initial hexavalent chromium concentration from 10 mg L-1 to 1000 mg L-1 at 25 ºC. To identify the impact of temperature on biosorption process, 4, 25 and 45 ºC were studied at both initial concentrations. The total volume of hexavalent chromium solutions and the amount of biomass were 25 mL and 0.01 g, respectively. As seen in the Fig. 3 clearly, when the temperature increased from 4 ºC to 45 ºC, the qe increased from 1.33 mg g-1 to 11.26 mg g-1 at 10 mg L-1 initial hexavalent chromium concentration. Figure 3 also depicted that the qes at 4, 25 and 45 ºC were 87.67 mg g-1, 110.96 mg g-1 and 194.57 mg g-1, respectively.
[image: ]
Figure 3. Effect of initial concentration of hexavalent chromium for hexavalent chromium biosorption capacity (qe) onto L. edodes biomass.

To examine the effect of contact time, 0.025 g biomass with the 25 mL total volume of 100 mg L-1 hexavalent chromium solutions were tested at 4, 25 and 45 ºC in the range of 10-180 min. At 277 K, qe was increased from 6.19 mg g-1 to 12.38 mg g-1. With increasing the temperature from 25 ºC to 45 ºC, qe increased from 14.42 mg g-1 to 27.48 mg g-1. Related results are illustrated in Figure 4.

Figure 4. Effect of contact time for hexavalent chromium biosorption capacity (qe) onto L. edodes biomass.

3.4. Biosorption Isotherms
To identify the interactions between sorbate (liquid or gas) and sorbent, sorption isotherms can be used. Langmuir, Freundlich and Sips isotherms models were investigated. In Langmuir isotherm model sorbate molecules interact with sorbent molecules to form a monolayer, uniform and homogenous surface. In this model all sorption sites are unique and morphologically homogeneous. Langmuir equation can be expressed as: 
		       							           		    (3)
where KL is Langmuir constant (L mg-1), Ce is hexavalent chromium concentration under equilibrium (mg L-1), qe is the amount of biosorbed hexavalent chromium (mg g-1) and QL is the maximum Langmuir monolayer coverage capacity (L mg-1).21
Freundlich isotherm model is suitable for heterogeneous surfaces and a reversible sorption process for multilayer sorbents. Freundlich isotherm equality is given as:
   									    (4)
Here, KF represents Freundlich isotherm and n is the biosorption intensity. The value of 1/n characterizes the feasibility of the isotherm.22 To investigate the applicability of isotherm, a linear graph of ln qe versus ln Ce was plotted and KF and n values were calculated from intercept and slope of the plot, respectively.23
Sips isotherm equality is given as:
			     						    (5)
Where, Qmax is maximum biosorption capacity (mg g-1) and KS is Sips constant (L mg-1).
The calculated data were given in Table 1. As seen L. edodes was found to be fitting more to Freundlich model than Langmuir or Sips models. KF values were determined as 0.69 L mg-1, 0.20 L mg-1, and 0.19 L mg-1 at 4, 25, and 45 ºC, respectively. 1/n gives the heterogeneity of the surface.24 n values were calculated as 0.90, 0.75, and 0.65 at 4, 25, and 45 ºC, respectively. 

Table 1. Biosorption isotherm constants for hexavalent chromium biosorption onto L. edodes biomass.
	
	Langmuir Isotherm Constants
	Freundlich Isotherm Constants
	Sips Isotherm Constants

	T (K)
	KL x 102
(L mg-1)
	QL
(mg g-1)
	R2
	KF
(L mg-1)
	N
	R2
	KS x 102
(L mg-1)
	Qmax
(mg g-1)
	R2

	277
	0.35
	39.06
	0.88
	0.69
	0.90
	0.99
	0.30
	36.10
	0.99

	298
	3.43
	14.68
	0.95
	0.20
	0.75
	0.97
	2.84
	11.55
	0.83

	318
	7.41
	24.33
	0.99
	0.19
	0.65
	0.96
	3.72
	19.84
	0.95


3.5. Biosorption Kinetics
To clarify the transport mechanism of biosorption, kinetic analysis is important and have to identified. Langergeren’s first order (LFO), pseudo-second order (PSO), intraparticular diffusion (IPD) and Ritchie’s second-order (RSO) kinetic models were calculated to identify the biosorption processes.
The LFO and PSO models are expressed as: 25, 26
 						 			    (9)
							 		  	  (10)
Here, qe is the amount of biosorbed hexavalent chromium at equilibrium time (mg g-1), qt is the amount of biosorbed hexavalent chromium at t time (min), k1 (min-1) and k2 (mol kg min-1) are the LFO and the PSO rate constants, respectively. 
IPD model represents the rate-limiting steps and given as: 27
 											  (11)
where, qt is the amount of biosorbed hexavalent chromium at t time (mol kg-1), kid is the IPD rate constant (mg g-1 min-1/2), and t1/2 is the half-life time in second. Plots of biosorbate uptake qt versus the t1/2 would result in a linear relationship when intraparticular diffusion is rate-limited.
The RSO model is expressed as: 28
 										  (12)
Here, kR is the RSO rate constant (min-1), qe and qt are the amount of biosorbed hexavalent chromium at equilibrium time (mg g-1) and at t time (min), respectively. In this model, a number of surface sites, n, are bounded by each biosorbate. The kinetic models were summarized at Table 2. According to the calculated values PSO kinetic model is suitable for biosorption process. The R2 values were 0.99 for both three temperatures (4, 25 and 45 ºC) and calculated qe values which are similar to experimental qe (Eq. 1) values, are 1.63 mg g-1, 4.27 mg g-1 and 12.05 mg g-1, respectively.
Table 2. Biosorption kinetic models and parameters for hexavalent chromium biosorption onto L. edodes biomass.
	
	
	LFO
	PSO
	IPD
	RSO

	T (K)
	qe exp
(mg g-1)
	k1 x 102
(min-1)
	qe
(mg g-1)
	R2
	k2 x 102
(mol kg min-1)
	qe
(mg g-1)
	R2
	kid
(mg g-1 min-1/2)
	R2
	kR
(min-1)
	qeq
(mg g-1)
	R2

	277
	1.32
	1.60
	2.08
	0.93
	7.49
	1.63
	0.99
	0.60
	0.99
	4.37
	6.02
	0.85

	298
	4.56
	1.72
	2.07
	0.66
	7.01
	4.27
	0.99
	0.42
	0.88
	8.06
	4.23
	0.55

	318
	11.26
	1.38
	2.76
	0.98
	3.42
	12.05
	0.99
	1.25
	0.99
	10.49
	12.50
	0.79



3.6. Biosorption Thermodynamics
Van’t Hoff equation was used to calculate thermodynamic parameters at different temperature values. Free energy change (∆Gº), entropy changes (∆Sº) and enthalpy changes (∆Hº) were determined as:
 								 		  (13)
 							 			  (14)
where, T represents the absolute temperature (K), R is the universal gas constant (8.314 J mol-1 K-1) and KL is the Langmuir equilibrium constant.
Positive or negative values of ∆Gº bear out the spontaneity or non-spontaneity of biosorption process. ∆Hº supplies information about the process if it is exothermic or endothermic process. 29 Finally, another thermodynamic parameter ∆Sº gives information about randomness of biosorption process. Thermodynamic parameters were calculated using Eq. 14 and the data were given in Table 3. It is overtly seen that the biosorption is exothermic process (∆Hº= -4.587 kJ mol-1) and the randomness decreases during the process (∆Sº= -0.738 J mol-1 K-1). ∆Gº values were calculated as 3.61 kJ mol-1, 3.36 kJ mol-1 and 3.14 kJ mol-1 at 4, 25 and 45 ºC, respectively. Results indicate that ∆Gº decreases with increasing temperature and biosorption process is suitable for high temperatures. 

Table 3. Thermodynamic parameters for hexavalent chromium biosorption onto L. edodes biomass.
	∆Hº (kJ mol-1)
	
	-4.587
	

	∆Sº (J mol-1 K-1)
	
	-0.738
	

	
	277 K
	298 K
	318 K

	∆Gº (kJ mol-1)
	3.61
	3.36
	3.14



3.7. Desorption and Reusability of Biomass
0.1 mol L-1 HCl and 0.1 mol L-1  HNO3 were used as desorption agent and according to the results 0.1 mol L-1  HNO3 (96.37 %) was more effective than 0.1 mol L-1  HCl (35.89 %). To determine the reusability of the L. edodes biomass as a biosorbent, biosorption-desorption cycle was repeated five times and the biosorption capacity decreased 7 % during the process. 
3.8. Characterization of biomass
The effective functional groups of L. edodes biomass for the hexavalent chromium biosorption were examined by using FTIR spectroscopy technique. The FTIR spectra of biomass before and after biosorption in the range of 4000-600 cm-1 were given in Figure 5. The strong and broad bands at 3267 cm-1 and 3260 cm-1 were due to -OH and -NH groups before and after biosorption, respectively. The peaks at 2922 cm-1 were due to the C-H stretching and the peaks observed at 1628-1634 cm-1 correspond to carboxylate functional groups and carboxyl groups of biomass. Stretching of -COO represents at 1371-1364 cm-1 and the peaks observed at 1017-1019 cm-1 were assigned to N-H or C-O band absorption. 
[image: ]
(a)
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(b)
Figure 5. FTIR spectra of L. edodes biomass (a) before and (b) after biosorption of hexavalent chromium.
To identify the surface morphology of biomass SEM technique was used. As seen in Figure 6, the surface of the biomass has some heterogeneity and became more smooth after biosorption due to binding the hexavalent chromium ions to functional sites of the biomass.
[image: ]
Figure 6. SEM images of L. edodes biomass (a) before and (b) after biosorption of hexavalent chromium.

4. Conclusions
The main idea of the study was to examine the availability of L. edodes fungal biomass as a biosorbent for hexavalent chromium biosorption. Due to this approach, the optimum biosorption parameters such as pH, temperature, biomass dosage and contact time were determined. Optimum process parameters were detected as pH 2.0, 0.025 g of total biomass dosage and 194.57 mg g-1 as maximum biosorption capacity during 3 h biosorption process at 45 ºC. The obtained data were applied to some physicochemical parameters such as isotherm, thermodynamic and kinetic models to identified the biosorption process. The Freundlich isotherm model and PSO kinetic model were suitable for the biosorption process and were fitted well with the experimental data. Standard enthalpy and standard entropy were calculated as -4.587 kJ mol-1 and -0.738 J mol-1 K-1, respectively. In addition, L. edodes biomass, a low-cost and renewable biomaterial, was suitable for hexavalent chromium biosorption in aqueous solutions and reported as this biomass was performed high sorption capacity for the hexavalent chromium contaminated wastewater treatment.  
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