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			Abstract

			This work aims, optimization of simultaneous biosorption of Cr(III) and Cr(VI) onto Gelidilla acerosa, a marine macro algae using multiple response optimization combined with central composite  design of experiments. The three important physicochemical parameters of biosorption such as initial pH, initial concentration of metal solution and biosorbent dosage were optimized. The most favorable condition for simultaneous removal of Cr(III) and Cr(VI) were: pH 2.8, initial concentration 20 mg l-1 and biosorbent dosage 0.05g with maximum overall desirability of 1.0. Surface morphological features of biosorbent were studied using FTIR. The nature of biosorption was analyzed by fitting the equilibrium data to various adsorption isotherms and found that both Langmuir and Freundlich model were best fitted with R2: 0.99 for both chromium ions. The maximum biosorption capacities predicted from Langmuir model were 285.71 mg g-1 for Cr(III) and 270.27 mg g-1 for Cr(VI). The pseudo-second order kinetic model was found to be proper approach to demonstrate biosorption kinetics indicating chemisorption with film diffusion as the rate controlling mechanism. The results demonstrated that multiple response optimization combined with central composite design using desirability function was best approach for optimization of simultaneous biosorption of Cr(III) and Cr(VI) from aqueous medium. 
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			Introduction

			Water contamination with hazardous heavy metals is one of the most important issues due to its lethal effects to human beings and aquatic ecosystem. The key root of this heavy metal contamination is intensified industrial expansion as every industrial runoff carries toxic heavy metals at different concentrations. Chromium (Cr) is the one of the most profuse metals in the earth’s crust and has gained ample attention due its potential toxic nature to human health and environment [1,2]. Though chromium exists in different oxidation states ranging from 0 to +6, hexavalent (Cr(VI)) and trivalent(Cr(III)) oxidation states have significant importance as these two states are most stable in the natural environment [3]. At lower concentrations, Cr(III) is an essential element in the body metabolism as it plays a significant role in the insulin regulation. Little dose of Cr (III) is used in supplements to treat diabetes which is 

known to enhances the action of insulin [4,5]. Prolonged exposure to higher concentrations of Cr(III) becomes toxic and leads to skin allergic reactions. Moreover, the microorganisms of aquatic environment may oxidize Cr(III) into Cr(VI) which further enhances the toxicity. Contrary to Cr(III), Cr (VI) ions have high solubility and mobility in water, has no biological activity and penetrates into the human body 10,000 times quicker than Cr (III). Moreover Cr (VI) is mutagenic, carcinogenic and teratogenic to humans, animals and alters plant morphology [6-8]. 

			Chromium is widely used in various industrial and household applications. Across the globe 80% of chromium is used in metallurgical applications [1]. In view of hazards nature of chromium ions to human health and economic importance of recovering chromium from industrial wastewater, several treatment processes such as precipitation by alkaline treatment, electrochemical precipitation, ion exchange and adsorption onto nanofibers and activated carbon have been used to remove chromium from contaminated wastewater. However, all these treatment methods are either inefficient or expensive. In addition, these techniques may also generate toxic secondary sludge which needs further expensive sludge disposal strategy [9-11]. On the other hand, adsorption was emerged as a promising technology to treat large quantities of dilute effluents due to its viability, simplicity, inexpensive and eco-friendly nature [12,13]. Biosorption is adsorption of pollutants using naturally available biomasses such as agro waste, algae, microbial consortium and digested sludge. In recent decades biosorption emerged as an effective technique for removal of pollutants from dilute effluents [14,15]. Algae as a renewable, naturally abundantly available biomass, it is well reported by researchers as biosorbent for wastewater treatment. Some marine and freshwater algae (biosorption of Au, Ag, and Co) showed higher biosorption potential than synthetic adsorbents like activated carbon, nanofibers and ion-exchange membranes [16]. It was also reported that in case of highly toxic metals the uptake capacities of brown algae are higher than other algae (green and red algae) [17]. Hence marine brown algae Gelidilla acerosa(G.acerosa) was selected as biosorbent for this study. 

			In statistical optimization using response surface methodology (RSM), experimental matrix is generated from design of experiments (DOE), experimental results are fitted to various mathematical models and statistical analysis tools are used to verify the fitness of model and interactions among various variables and responses. Optimization of single response is comparatively simple and requires a smaller number of experiments [18]. However, in many times, more than one response must be optimized simultaneously. In multiple responses optimization, RSM is merged with Derringer’s desirability function. The desirability function transforms multiple responses into a single response case (desirability value), which can be optimized using univariate techniques [19]. Thus, this work aims to simultaneous biosorption of Cr(III) and Cr(VI) using Gelidilla acerosa (G.acerosa) as biosorbent. Independent process variables (pH, initial concentrations of chromium species and biosorbent dosage) were optimized by Central Composite Design (CCD) and multiple response optimizations. Biosorption kinetics and isotherms were also studied.

			Materials and Methods

			Chemicals and biosorbent

			Stock solutions of Cr(III) and Cr(VI) (1000ppm) were prepared by dissolving 11.690 & 3.373 g of Cr2(SO4)3.12H2O & K2CrO4 in 1000ml of Double distilled water. Working samples of both chromium solutions were prepared from stock solutions by making accurate dilutions for each batch experiment. Brown marine macro algae (G.acerosa) was collected from Gulf of manar, Tamil Nadu, India. Collected algal plants were washed several times with normal and distilled water. Sundried algae were grounded and sieved using standard mesh. Raw biomass without any further treatment was used as biosorbent.

			Experiments

			The biosorption experiments were conducted by taking 100ml of working samples of different concentrations (20 to 100ppm) in an Erlenmeyer flask, pH (1 to 5) was adjusted with 0.1 normal HCl and NaOH and then pre-determined quantity of alga biomass (0.01 to 0.05g) was added. Solutions were shaken in orbital shaker at 120rpm speed. After filtration, the filtrate was analyzed for remaining chromium using Atomic absorption spectroscopy. The chromium uptake was calculated as follows:

			[image: ] ----------------- (1)

			where C0 and Ct (mg l-1) are the initial and equilibrium chromium concentrations, qe is chromium uptake (mg g−1), V is working sample volume (ml) and m is weight of biosorbent (g). Triplicate experiments were performed, and average values were reported.

			Biosorption optimization

			Table 1: Levels of process variables used in CCD for biosorption of chromium species onto G.acerosa.
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							X3: G.acerosa dosage (g)
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			RSM is a multi-variable optimization tool used to find the optimal response of a process which is a function of several independent variables through fitting the experimental results to polynomial equations. The three major steps of RSM include design of experimental matrix, development of mathematical model and optimization of response of interest [20,21]. In this study, pH (X1), initial chromium concentration (X2) and dosage of biosorbent (X3) are independent variables and uptakes of Cr(III) Y1 and Cr(VI) Y2 are response variables. Experiments were designed using face centered central composite design (FCCCD) of RSM. The ranges and levels (-1, 0, +1) of independent variables are presented in Table 1. The regression equation relating the independent variables and the response of interest i.e., chromium uptake is presented in the form of following equation (2). 

			[image: ] ------- (2)

			Where Y is response of system, β0 is constant, βi is linear constant, βii is quadratic constant and is independent variable. MINITAB16 was used for experiments design, response fitness analysis and simultaneous response optimization. In multiple responses optimization, the responses were converted into equivalent desirability value (di) which varies from 0 (lowest) to 1 (highest desirability). In this study, maximum metal uptake is the desirability. The individual desirability function ( [image: ]) is shown below

			[image: ] --------------- (3)

			where [image: ] and [image: ] are minimum and maximum acceptable value of [image: ], respectively. The exponent s is scale of desirability. The desirability function is linear, when s=1. The individual desirability functions are then combined as the geometric mean for calculating overall desirability function (D):
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			where [image: ]and are the desirability of response and weight of various responses, respectively (Liu and Tang 2010). In present study, Cr(III) and Cr(VI) biosorption efficiencies had equal weight ( [image: ]= [image: ] = 1/2).

			Kinetics of biosorption

			Kinetic modeling of biosorption is very much essential to scale-up the process for industrial-scale operations. Moreover, kinetics of a reaction describes nature of the process, reaction pathways and exact interface resistance for mass transfer. Hence, fresh experiments were conducted for kinetics analysis by taking 100ml solutions (20 mg l-1) chromium species with biosorbent dosage of 0.01g at corresponding optimum pH and the data was fitted to pseudo-first-order, pseudo-second order, and intra-particle diffusion models.
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			Where [image: ] and [image: ] are the first and second order rate constants, [image: ] (mg g-1) and (mg g-1) are chromium uptake at equilibrium and time t(min) respectively, [image: ] is diffusion constant, C is the constant related to

			 film thickness.

			Biosorption isotherms

			Experimental equilibrium data was generated by conducting a set of experiments at room temperature, optimum pH and biosorbent dosage with variable initial metal ions concentrations and fitted to the Langmuir, Freundlich and Temkin isotherms and details of each isotherm are given below:
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			[image: ] -------------------------- (9)

			[image: ] --------------- (10)

			Where, Ceq is the concentration of chromium in residual solution (mg l-1), qeq is the equilibrium chromium concentration on G.acerosa (mg g-1), qmax is the maximum chromium uptake (mg g-1) and b is Langmuir constant (l/mg), Kf is Freundlich constant, n is adsorption intensity (heterogeneity of site energies), AT is the Temkin constant (l mg-1), b(J mol-1) is heat of sorption, R is universal gas constant (8.314 J mol-1 K-1) and T is temperature (K).

			Results and Discussion

			Central Composite Design (CCD) 

			Table 2: CCD and response of biosorption efficiency of chromium ions in coded and real values.
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							% biosorption of Cr(VI)

						
							
							% biosorption of Cr(III)

						
					

					
							
							1

						
							
							-1
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							0.01
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							57.45
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							30.39

						
							
							41.93
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							1
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							47.75
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							51.43

						
							
							62.44
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							35.46

						
							
							46.74
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							52.2
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							1
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							60

						
							
							0.03
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							53.02
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							60

						
							
							0.03

						
							
							27.56

						
							
							38.56
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							20

						
							
							0.03

						
							
							81.81

						
							
							93.2
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							87.62

						
					

					
							
							17

						
							
							0

						
							
							0

						
							
							0

						
							
							3

						
							
							60
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							86.93

						
					

					
							
							19

						
							
							0

						
							
							0

						
							
							0
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							87.15
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							60
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							87.18

						
					

				
			

			Effects of the three individual variables pH, initial chromium ions concentration and biosorbent dosage on biosorption efficiency (%) were examined using CCD. Complete design matrix generated using FCCCD in terms of coded, actual values of variables and responses reported from experiments were shown in Table 2. It shows that, bisorption of Cr (III) varied from 31.54% to 93.20% and 20.63% to 81.81% for Cr (VI). Significances of model and process variables were determined by ANOVA and found that all individual variables had significant effect, whereas quadratic and interaction terms had no effect on biosorption. Low value of lack of fit and high values of R2 and R2adj demonstrates the consistency of models. The regression models equations were:

			Y1 = 12.70 + 57.781 X1 - 0.2271 X2+ 166.7 X3 -10.2780 X1*X1 + 0.000868 X2*X2 - 1017 X3*X3 - 0.00061 X1*X2 + 1.97 X1*X3 - 0.014 X2*X3 -------------------------- (11)

			Y2 = 1.23 + 57.657 X1 - 0.2074 X2 + 173.0 X3 - 10.269 X1*X1 + 0.000722 X2*X2 - 1039 X3*X3 + 0.00005 X1*X2 + 1.03 X1*X3 + 0.020 X2*X3 ------------------------- (12)

			where [image: ] and [image: ] are biosorption efficiencies of Cr(III) and Cr(VI) respectively. X1, X2 and X3 are pH, initial concentration of chromium (mg l-1) and biosorbent dosage (g) respectively. The optimum conditions for the maximum efficiency were pH: 3; biosorbent dosage: 0.03g; initial concentration: 20mg l-1 for both Cr(III) and Cr(VI), can result in maximum biosorption efficiency 93.20% (185.12 mg g-1) and 81.81% (163.63mg g-1) for Cr(III) and Cr(VI), respectively.
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			Effects of process variables on biosorption efficiency

			Figures 1 & 2 A & B show the influence of initial pH of chromium solution on biosorption efficiency at constant chromium concentration and biosorbent dosage. The biosorption efficiencies of Cr(III) and Cr(VI) were increased with pH(1-3) and reached maximum at pH 3. At lower pH, in the acidic medium the biomass surface will be protonated; hence the positive surface of biomass effectively holds the chromium ions. Moreover, at lower pH large number of H+ ions present in the solution will be neutralized by the OH- ions present on the surface of biomass which promotes the migration of negatively charged chromium ions towards binding sites on biomass surface. Hence these two factors promote maximum biosorption at lower pHs [22]. With increase in pH(3-5), the surface of biosorbent becomes negatively charged which hinders biosorption through electro static repulsion, as a result biosorption efficiency decreases [23]. Effect of concentrations of chromium species on biosorption efficiency were shown in Figures 1 & 2 A & C. Biosorption efficiency was gradually decreased with the increase of concentration. At lower concentrations because of presence of good number of binding sites and less number of chromium ions biosorption efficiency is high, whereas at higher concentrations due to lack of sufficient binding sites and repulsion between biosorbed molecules and bulk phase the biosorption efficiency decreases [24]. Effects of G.acerosa dosage on chromium removal efficiency were presented in Figures 1 & 2 B & C. It was noticed that with increase of biosorbent, biosorption efficiency was increased. With the increase of biosorbent dosage number of available metal binding sites and therefore metal removal efficiency increases [25].

			Simultaneous responses optimization

			Optimization of single response using statistical optimization techniques is simple and well reported in literature, but in effluent treatment optimization of multiple responses is much needed. As shown in Table 2, maximum biosorption efficiency of Cr(III) and Cr(VI) was not under similar conditions. Therefore, multiple response optimization with desirability function was used to predict the common optimum point for simultaneous biosorption of Cr(III) and Cr(VI). The desirability values for maximum biosorption of Cr(III), Cr(VI) and overall desirability value for simultaneous maximum biosorption were calculated. Optimization of simultaneous biosorption of chromium ions with desirability function was depicted in Figure 3. As shown in the figure individual and overall desirability values of 1.0 indicate that optimization of individual responses and simultaneous biosorption of Cr(III) and Cr(VI) are effective. Hence, pH 2.8, initial chromium species concentrations 20 mg l-1 and G.acerosa dosage 0.05g were chosen as optimum conditions for simultaneous biosoprtion. At this optimum process conditions, maximal predicted responses for simultaneous biosorption were Y1 =95.73% and Y2 =84.51%. The validity of optimization process was examined by conducting a set fresh experiments (triplicate) at the above predicted values and reported 92.25% and 82.47% of Cr(III) and Cr(VI) removal respectively. The experimental results are very closer to the predicted values. Hence, the predicted values of independent variables at maximum chromium removal were considered as optimum process conditions for biosorption of chromium onto G.acerosa.

			[image: ]

			Kinetic study

			[image: ]

			Kinetic modeling is fundamental in order to determine the affinity or capacity of the sorbent which in turn governs the residence time in the design of biosorption process. The fitness of kinetic data to pseudo first, second order rate equations and intra particle model was described in Figure 4 and corresponding rate constants, predicted chromium uptakes and R2 values were reported in Table 3. Though the values of first order model are in the range of 0.99 to 0.98 but the predicted metal uptakes are far away from the experimental values. Hence, pseudo first order rate equation is not appropriate for determining kinetics. Whereas for pseudo second order, high correlation coefficients and very close predicted and experimental chromium uptake values shows the significance of the model for representing kinetics of biosorption of chromium. Therefore biosorption of chromium  ions onto G.acerosa follows pseudo second order model. The intra-pore diffusion of chromium ions was investigated by fitting the kinetic data to intra particle diffusion model Figure 5(a) shows that the kinetic data is not well correlated to the intra particle diffusion model and also plots are not passing through origin, indicating the biosorption of chromium is controlled by film diffusion. 

			[image: ]

			Table 3: Kinetic and isotherm models for biosorption of Cr(III) and Cr(VI).
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							Parameter

						
							
							Cr (III)

						
							
							Cr (VI)

						
					

					
							
							
							Kinetics

						
					

					
							
							Pseudo-first order

						
							
							qe

						
							
							152.17

						
							
							132.55

						
					

					
							
							K1

						
							
							0.134

						
							
							0.122
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							0.992

						
							
							0.996

						
					

					
							
							Pseudo-second order

						
							
							qe

						
							
							185.18

						
							
							161.29
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							0.0011

						
							
							0.0014

						
					

					
							
							R2

						
							
							0.999

						
							
							0.998

						
					

					
							
							Intra particle

						
							
							Kid

						
							
							24.65

						
							
							22.11

						
					

					
							
							C

						
							
							47.5

						
							
							36.85

						
					

					
							
							R2

						
							
							0.925

						
							
							0.944

						
					

					
							
							
							Isotherms

						
					

					
							
							Langmuir

						
							
							Qmax

						
							
							285.71

						
							
							270.27

						
					

					
							
							b

						
							
							0.388

						
							
							0.185
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							0.996

						
							
							0.992

						
					

					
							
							Freundlich

						
							
							n

						
							
							6.41

						
							
							4.716
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							171.22

						
							
							119.58
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							0.997

						
							
							0.998

						
					

					
							
							Tempkin

						
							
							B

						
							
							65.16

						
							
							53.93

						
					

					
							
							AT

						
							
							68.03

						
							
							7.17
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							0.997

						
							
							0.987

						
					

				
			

			Biosorption isotherms

			Langmuir, Freundlich and Temkin isotherms were fitted to experimental equilibrium data to illustrate the biosorption nature of chromium onto G.acerosa. The plots pertain to Langmuir and Freundlich and Temkin models were shown in Figure 6 and the equilibrium constants, regression coefficients and were shown in Table 3. The Freundlich model was better approximation to describe the biosorption isotherms than the other models. 

			[image: ]

			Characterization of G.acerosa using FT-IR

			FT-IR spectra of G.acerosa before and after biosorption of chromium were recorded at frequencies from 4000 to 400 cm-1 and presented in Figure 5. The spectra disclosed presence of various functional groups like carboxyl, hydroxyl, amino and carbonyl on the biosorbent surface. Algal cell wall is composed of many functional groups like hydroxyl, carboxyl, amine, sulphate and phosphate that play major role in metal binding [26]. Several peaks observed in Figure 5(a) indicating the prevalence of various functional groups which are responsible for binding of chromium. The medium peak at 3319 cm-1 represents N-H stretching vibration that showed the presence of amine group on the surface of biosorbent. The peaks at 3003 and 2899 cm-1 represent C-H bonds that indicate the presence of carboxylic groups [26,27]. In most of the brown algae, 70% of cell wall functional groups are carboxylic and amino groups, these groups play vital role in metal binding [28]. The peaks at wave numbers of 1730, 1531 cm-1 are indicative of the presence of S, C=O and NO2 groups [29]. Strong stretching vibrations in the range of 1250-970 cm-1 are indication of the presence of alcohols and phenols. The peak at 830 cm-1 is associated with absorbance of O-H group indicating the presence of carboxylic groups. Therefore it is inferred that the sur¬face of G.acerosa comprises of functional groups like carboxylic acids, amino, alkenes and alkyl groups. Comparison of FTIR spectra of G.acerosa loaded with chromium (Figure 5(b)) with that of unloaded revealed significant changes. Formation of new peaks at 1438 and 1248 cm-1 and disappearance of peak at 1724 cm-1 are the clear indications of possible chemical reaction between chromium ions and surface functional groups. Further shifting of peaks in the range of 3500 to 2800 cm-1 pertaining to carboxylate group reveals that involvement of C-H group in adsorption of chromium ions onto the biosorbent. Moreover, shifting of peak from 830 cm-1 to 850 cm-1 also discloses the binding of chromium ions to amine group present on the surface of spent G.acerosa [31].

			Conclusion

			This work demonstrated the simultaneous optimization of biosorption efficiency of Cr(III) and Cr(VI) using G.acerosa by applying CCD and multiple response optimizations. The optimum process conditions for simultaneous biosorption of Cr(III) and Cr(VI) were pH 2.81, initial chromium  ions concentration 20 mg l-1 and G.acerosa dosage 0.05g. The maximum biosorption efficiencies of Cr(III) and Cr(VI) reported under this optimum process conditions were 95.73% (183.83 mg g-1) and 84.51% (160.47 mg g-1) respectively. Kinetic study showed that pseudo second order model provided better fit and fitness to the intra particle diffusion model reveled that film diffusion is the biosorption rate controlling step. Isotherm study showed that Freundlich isotherm model better explains biosorption equilibrium. The combination of RSM and multiple response optimization in present work led to finding optimized conditions for the simultaneous biosorption of Cr(III) and Cr(VI). These results indicate that marine algae G.acerosa without any pretreatment is a favorable sorbent material for biosorption of Cr(III) and Cr(VI).
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Figure 5: FTIR spectrograph of G.acerosa (a) before biosorption (b) after biosorption of chromium.
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Figure 1: Contour plot of effect of (A) pH/lnitial concentration, (B) pH/Biosorbent dosage, (C) Initial concentration/Biosorbent dosage on
biosorption efficiency of Crlll)
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Figure 6: Biosorption isotherm models (a) Langmuir, (b) Frendulich, (c) Temkin.
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Figure 3: Profiles for predicted values and desirability function for biosorption efficiency of Cr(lll) and Cr(V)
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Figure 2: Contour plot of effect of (A) pH/lnitial concentration, (B) pH/Biosorbent dosage, (C) Initial concentration/Biosorbent dosage on
biosorption efficiency of Cr(VI).
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Figure 4: Biosorption kinetic models (a) pseudo-first order, (b) Pseudo-second order, (c) Intra- particle diffusion.
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