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Abstract
The green adsorbents were prepared by using cranberry (Cornus mas) kernel shell (CKS), rosehip (Rosa canina) seed shell (RSS), and banana (Musa cavendishii) peel (BP) and were proved in removing Cr(VI). Several parameters to remove Cr(VI) such as pH, adsorbent dosage, contact time, initial Cr(VI) ions concentration, and temperature were tested. The functional groups in the matrix of CKS, RSS, and BP were detected by FT-IR for raw biomasses together with Cr(VI). The equilibrium results were inspected using four different isotherm models, with a better fitting to the Langmuir model. The maximum adsorption quantities for Cr(VI) ions were 10.42, 15.17, and 6.81 mg/g for BP, RSS, and CKS, respectively. The interrelationship coefficients were expressed by a pseudo-second-order kinetic model, assuming that the overall Cr(VI) adsorption rate is limited by the rate of adsorbate diffusion in the pores of biomass.
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Introduction
The discharge of heavy metals into drain water through industrial actions has become a big issue for humans and aquatic lives. The most familiar toxic pollutants are chromium, lead, cadmium, copper, and mercury. Chromium as a heavy metal is one of the top 16 toxic metals that have destructive effects on human health (Wang et al. 2011). Cr(VI) is extremely toxic than Cr(III) (Sarin and Pant 2006). Cr(VI) is a strong oxidizing agent. It defectively influences the human being by oxidizing the building block of DNA and some protein molecules. The toxicity of Cr(VI) has negative effects such as skin irritation, asthma, ulceration, and severe diarrhea. It harms the kidney, circulatory tissues, liver, and nerve tissues. Disclosure to high chromium quantity causes cancer in the digestive tract and lungs (Adurty and Sabbu 2015; Ofudje et al. 2014; Gupta et al. 2016; Rengaraj et al. 2003). Therefore, extensive discharge of Cr(VI) roughly into aquatic sources of potable water has to be regulated through the enactment of legal standards and strict environmental control mechanism (Garg et al. 2004). The maximum permitted concentration limit for Cr(VI) for drinking waters that is recommended by the Environmental Protection Agency (EPA) is 0.05 mg/L. Several techniques, such as membrane process, electrochemical precipitation, electrodialysis, ultrafiltration, reverse osmosis, and ion exchange, are possible to remove harmful metals from the aquatic medium (Moosavirad et al. 2015; Pshinko et al. 2014). But, these methods are inadequate or costly when Cr(VI) is present in the wastewater at a low concentration. The adsorption technique stays the most preferred procedure because of its efficiency, non-hazardous technique, and low-priced method (Altun and Pehlivan 2012; Kaya et al. 2014). The recent adsorbents supply an attractive material, especially if the adsorbent is cheap and ready for use. As a result, we should pay close consideration to the use of natural biomass feasible in large quantities.
In recent times, many researchers have achieved the sufficient elimination of Cr(VI) from wastewater, applying natural biomasses such as rice straw (Gao et al. 2008), Sterculia guttata shell (Rangabhashiyam and Selvaraju 2015), Gulmohar’s fruit shell (Prasad and Abdullah 2010), fish scales and egg shells (Bamukyaye and Wanasolo 2017), activated carbon derived from Leucaena leucocephala (Malwade et al. 2016), mangrove leaf powder (Sathish et al. 2015), garlic stem and horse chestnut shell (Parlayici and Pehlivan 2015), Juniperus procera sawdust, avocado kernel seeds and papaya peels (Mekonnen et al. 2015), and longan seed (Yang et al. 2015). The economic price of these adsorbents is insignificantly correlated to the price of ion-exchange resins or activated carbon. Most of these biomaterials consist of functional groups combined with polysaccharides, proteins, lignin, cellulose, and hemicellulose as major components. Cr(VI) uptake process is united with these functional groups (Aravind et al. 2015; Gao et al. 2008). The search for substituted advanced, cheap, eco-friendly, and sufficient biomass to replace the economically available biomasses is continuing.
In the current study, the adsorption was carried out with inexpensive CKS, RSS, and BP in the elimination of Cr(VI) from the liquid phase and was characterized using FTIR. The batch adsorption applications were implemented under different criterions like adsorbent quantity, influence time, temperature, initiative Cr(VI) concentration, and pH. Additionally, kinetic models, adsorption equilibrium isotherms, and thermodynamics were completed in this research.

Materials and methods
Equipment
UV-visible spectrophotometer (Shimadzu UV-1700) was used for the exploration of Cr(VI) amount in standard and treated solutions. pH meter (Orion 900S2) with a glass electrode and an internal reference electrode was implemented for pH measurements. Thermostated shaker of GFL 3033 model was applied for the shaking of the solutions in adsorption experiments. The FTIR spectrum was reported by using a Bruker VERTEX 70 FT-IR spectrometer.

Reagents
K2Cr2O7, NaOH, HCl, 1-5 diphenyl carbazide, and other essential chemicals were of analytical category picked up from Merck. One thousand parts per million of a standard Cr(VI) solution was adjusted by mixing 2.835 g of potassium dichromate in 1 L distilled water. The needed initial Cr(VI) concentration was arranged by the convenient addition of pure water to the standard solution. The adsorption process was tried in the incubated shaker.

Adsorbent preparation
The CKS, RSS, and BP were obtained from the market in Konya, Turkey, and they were applied for the removal of Cr(VI) as adsorbents. BP was washed several times with pure water to eliminate the surface impurities. CKS and RSS were physically isolated from the fruit. Then, the CKS and RSS were soaked in pure water and washed several times to remove the remaining fruit. After that, CKS, RSS, and BP were dried at 60 °C for 24 h. Each biomass was crushed to increase the surface area and sieved into a particle size of nearly 125 μm. The color of the original adsorbents was completely removed when washing several times with pure water and 0.1 M HCl. All impurities related to dust and other undesirable inerts can be removed from the adsorbent surfaces by washing with diluted HCl. CKS, RSS, and BP were air-dried and stored in a desiccant and then applied for the adsorption experiments.

Adsorption experiments
The adsorption of Cr(VI) was performed by mixing (0.1 g) of CKS, RSS, and BP with Cr(VI) solution of certain concentration in a 50-ml stoppered glass flask. The flasks were horizontally agitated in an incubated agitator at 200 rpm for 60 min at 25 °C. Then, the slurry was cleaned with a filter paper to separate the adsorbent. After filtration, the concentration of the solution was analyzed by previously calibrated UV-VIS spectrophotometer at 540 nm with 1,5-diphenyl carbazide as a complexing agent. Chromium(VI) adsorption capacity per mass unit of adsorbent (qe) was given by Eq. 1:

                  [image: $$ {q}_{\mathrm{e}}=\left({C}_0-{C}_{\mathrm{e}}\right)\ V\ {m}^{- 1} $$]

 (1)


                
Cr(VI) adsorption efficiency (E %) is given by (Eq. 2):[image: $$ E=\left[\left({\mathrm{C}}_{\mathrm{o}}-{C}_{\mathrm{e}}\right)/{C}_{\mathrm{o}}\right]\times 100 $$]

 (2)

where Co is the concentration of Cr(VI) ions at the initial concentration (mg L−1), Ce is the concentrations of Cr(VI) ions at equilibrium concentration (mg L−1), V is the volume of the aqueous phase (L), and m is amount of the adsorbent (g).
Kinetic equations were implemented for modeling the kinetics of Cr(VI) adsorption on CKS, RSS, and BP. The initial concentration of Cr(VI) solution was adjusted and placed in the flask. Then, 0.1 g of CKS, RSS, and BP were added to each flask at 298 ± 1 K, and then the solutions were agitated in a thermostat shaker at 200 rpm and original pH values was regulated to the ideal value of 2.0. The solution was filtered from the biomass at the equilibrium and was analyzed for the remaining Cr(VI) in the filtrate.

FT-IR analysis
The spectrum of CKS, RSS, and BP powder were tried to show some groups exist on the interior and exterior surface of the biomass. Figure 1 shows the FT-IR spectrum, and many functional groups were presented on the surface of adsorbents. The bands in the region of 3351 and 3294 cm−1 were assigned to O–H stretching (Altun et al. 2016), those at 2915 and 2933 cm−1 to C–H stretching of alkane, and the band appearing at 1731, 1724, and 1640 cm−1 was referenced to the C=O bond of carboxylic acids, 1610 and 1641 cm−1 to C–O stretches of ester or ether. Aromatic C–O stretching vibrations of the lignin component and –C–O–C– stretching appearing at 1025, 1027, and 1033 cm−1, respectively (Noeline et al. 2005; Kumar et al. 2010). The weak band in the region of 885 and 889 cm−1 was attributed to N–H deformation of amino groups. Looking at the spectrum, it shows carboxylic acid, and hydroxyl groups showed a dominant role in the removal of Cr(VI) ions. Some clear shifts from the matrix of the adsorbents were seen after the adsorption of Cr(VI). These were a changing of wavenumber from 3343 cm−1 (CKS) to 3323 cm−1 (Cr(VI)-loaded CKS), from 3351 cm−1 (RSS) to 3320 cm−1 (Cr(VI)-loaded RSS), and from 3294 cm−1 (BP) to 3324 cm−1 (Cr(VI)-loaded BP). The number of –OH groups in the dominant form in the structure of the adsorbents was decreased by interaction with Cr(VI). This caused the decrease in the intensity of the band and changed the existing band to a narrow band spectrum. FT-IR analysis of the adsorbents displayed that some bands shifted after Cr(VI) adsorption. The following are for CKS: the band in 1724 cm−1 to 1741 cm−1, the band in 1610 cm−1 to 1597 cm−1, and the band in 1224 cm−1 to 1226 cm−1; the following are for RSS: the band in 2924 cm−1 to 2933 cm−1, the band in 1729 cm−1 to 1731 cm−1, the band in 1560 cm−1 to 1641 cm−1, the band in 1224 cm−1 to 1226 cm−1, and the band in 1074 cm−1 to 1033 cm−1; and the following are for BS: the band in 2919 cm−1 to 2915 cm−1, the band in 1670 cm−1 to 1637 cm−1, the band in 1592 cm−1 to 1614 cm−1, and the band in 1025 cm−1 to 1022 cm−1. Changes in the band frequencies in the FT-IR spectrum correspond to the changes in the energy levels of the functional groups. The shifts in the FT-IR spectrum proved the complexation of Cr(VI) with functional groups existing in the biomass. Similar results were obtained by Aravind et al. (2015) and Brungesh et al. (2015).[image: A40543_2019_175_Fig1_HTML.png]
Fig. 1FT-IR spectrum of CKS, RSS, and BP before and after Cr(VI) adsorption






Results and discussion
Influence of pH
The elimination of Cr(VI) by CKS, RSS, and BP at different pH values of adsorption is shown in Fig. 2. The pH of the solution is a basic control parameter for the elimination of Cr(VI). The pH of these solutions was adjusted to 1.5–6.0 with diluted HCl and NaOH solutions. The Cr(VI) concentration, contact time, and adsorbent dose were kept constant (50 ppm, 10 g/L, and 60 min, respectively).[image: A40543_2019_175_Fig2_HTML.png]
Fig. 2Effect of pH on the adsorption of Cr(VI) by BP, RSS, and CKS (adsorption conditions: concentration of Cr(VI), 50 ppm; adsorbent dosage, 10 g/L; contact time, 1 h; temperature, 25 ± 1 °C; λ = 540 nm)




Figure 2 shows that the optimum elimination efficiency and adsorption capacity of Cr(VI) ions were higher at low pH. Cr(VI) adsorption increased at pH value of 2. The biomass surface can be protonated at low pH values. The positively charged ions existed on the surface of the adsorbent in acidic medium, and Cr(VI) can interact with the matrix of biomass by electrostatic interaction and complexion.
In acidic medium, the equilibrium can be demonstrated as follows:[image: $$ {\mathrm{H}\mathrm{Cr}}_2{\mathrm{O}}_7\to {\mathrm{H}}^{+}+{\mathrm{Cr}}_2{{\mathrm{O}}_7}^{2-} $$]


[image: $$ {\mathrm{H}}_2{\mathrm{CrO}}_4\to {\mathrm{H}}^{+}+{{\mathrm{H}\mathrm{CrO}}_4}^{-} $$]



The equilibrium in basic condition is given as follows:[image: $$ {\mathrm{Cr}}_2{{\mathrm{O}}_7}^{2-}+{\mathrm{O}\mathrm{H}}^{-}\to {{\mathrm{HCrO}}_4}^{-}+{{\mathrm{Cr}\mathrm{O}}_4}^{2-} $$]


[image: $$ {{\mathrm{H}\mathrm{CrO}}_4}^{-}+{\mathrm{OH}}^{-}\to {{\mathrm{CrO}}_4}^{2-}+{\mathrm{H}}_2\mathrm{O} $$]



It is probable that 1 mol of dichromate ion reacted with 2 mol of (−OH) ions present in the solution. At low pH values, the adsorption capacity was better. This can be a result of the formation of a large number of H+ ions at low pH environments. They neutralize the negatively charged hydroxyl groups (−OH) ions present on the matrix of biomass which causes the increasing hindrance to diffusion of positively charged dichromate ions. The functional groups present in the biomasses are efficient to hold Cr(VI) on the surface of biomass. Cr(VI) ion was converted to Cr(III) in the acidic environment, with the protons removed in the functional groups of the biomass, and was engaged in the adsorbent surface. The high protonated CKS, RSS, and BP of surfaces could easily coordinate with the oxyanion (Cr2O72−) present in the solution through electrostatic interaction (Gorzin and Bahri Rasht Abadi 2018). The maximum percent removal of Cr(VI), i.e., 93.83%, 99.96%, and 76.2% by BP, RSS, and CKS, were observed at pH 2.0, and all other experiments were done at this pH. The similar pH-depended trend was also observed by some other researchers for the Cr(VI) removal by various biosorbents (Bai and Abraham 2001; Goyal et al. 2003; Bai and Abraham 1998; Bishnoi et al. 2004).
At lower pH values, there was a formation of more polymerized chromium oxide species (Bai and Abraham 2001), which results in a decrease in Cr(VI) removal. When increasing the pH values from 2 to 6, the HCrO4− gradually converts to the divalent CrO42−. As the pH increases, the surface of biosorbent becomes more negatively charged. The number of positively charged sites decreased. This causes increased repulsion between Cr(VI) and biomass. The negative surface charges on the biomass matrix do not provide the adsorption of anions due to the electrostatic repulsion (Hiremath and Theodore 2016). The CKS, RSS, and BP surfaces protonated in the acidic situation, and electrostatic interactions were generated between the biomass surface and Cr(VI). For this reason, adsorption became more in the acidic conditions and the optimum pH value was found as 2.

Effect of contact time
Figure 3 shows the influence time on Cr(VI) adsorption by CKS, RSS, and BP at 25 °C and initial pH 2. The duration of adsorption was adjusted as 5, 15, 30, 60, 120, 240, 480, 720, 1080, and 1440 min. For the equilibrium study, the elimination of Cr(VI) increased from 0.072 to 0.090 mmol/g by BP, 0.081 to 0.095 mmol/g by RSS, and 0.062 to 0.075 mmol/g by CKS. The adsorption capacity increased immediately in the first 30 min, and the rate of adsorption decreased subsequent stages and then attained a plain value then remained stable. Initially, many empty surface sites may be usable for the adsorption. During the adsorption period, the vacant sites remaining on the surface of the biomass may be hard to bind due to repellent forces between Cr(VI) and the slurry (Saravanane et al. 2002). In Fig. 3, it can be easily seen that a plateau value was reached in 90 min for CKS, whereas for RSS and BP, the steady state condition arrived in 60 min.[image: A40543_2019_175_Fig3_HTML.png]
Fig. 3Effect of contact time on adsorption of Cr(VI) by BP, RSS, and CKS (adsorption conditions: concentration of Cr(VI), 50 ppm; pH 2; adsorbent dosage, 10 g/L; temperature, 25 ± 1 °C; λ = 540 nm)





Influence of adsorbent dosage
The adsorption of Cr(VI) onto CKS, RSS, and BP were studied by varying the adsorbent quantity (2.5, 5, 7.5, 10, 12.5, 25 g/L) in the initial Cr(VI) concentration (50 ppm), temperature (25 °C), and pH 2.
Figure 4 shows the retention of Cr(VI) ions against the amount of adsorbent. As shown in the graph, the adsorbent amount increased while the adsorption of Cr(VI) ions increased, and then a certain value was reached. After a certain amount, the adsorption did not change significantly and the stability of Cr(VI) on the biomass was attained at an adsorbent dose of 10 g/L. At equilibrium, the percent removal became constant probably because of the saturation of the available adsorption sites (Khan et al. 2017). The percentage adsorption of Cr(VI) was observed as 34.55% at 2.5 g/L and 94.15% at 25 g/L with the adsorbent dose of BP. When adsorption dose rose from 2.5 g/L to 25 g/l, the percentage changed from 42.47% to 98.70% with RSS, and in case of CKS, it was observed from 39.94% to 82.01%. The results showed that a slow increase in Cr(VI) elimination was observed after an adsorbent amount of 10 g/L for BP, RSS, and CKS. However, Cr(VI) adsorption capacity values showed a reverse trend. Adsorption capacities were found as 0.13, 0.16, and 0.14 mmol/g, for BP, RSS, and CKS, respectively.[image: A40543_2019_175_Fig4_HTML.png]
Fig. 4Effect of adsorbent dosage on adsorption capacity and percentage removal of Cr(VI) ions on the adsorption of Cr(VI) by BP, RSS, and CKS (adsorption conditions: concentration of Cr(VI), 50 ppm; pH 2; contact time, 1 h; temperature, 25 ± 1 °C; λ = 540 nm)





Adsorption isotherms
Cr(VI) adsorption experiments were carried out at different starting Cr(VI) ion concentrations (from 5 to 100 ppm), and adsorption capacities were calculated. When the equilibrium was reached, Cr(VI) ions that adsorbed and remained in the solution phase were measured and their compatibility with Freundlich, Langmuir, Scatchard, and D-R adsorption isotherms was investigated. The isotherm parameters and the regression coefficients (R2) corresponding to each model are given in Table 1.Table 1Parameters of Langmuir, Freundlich, Scatchard, and D-R isotherms for adsorption of Cr(VI) on 252 BP, RSS, and CKS


[image: A40543_2019_175_Tab1_HTML.png]


These isotherm equations are as follows:
Freundlich Eq. (3):[image: $$ q={K}_f{C}_e^n $$]

 (3)


where n is the heterogeneity factor, and Kf is the adsorption constant, q is the weight adsorbed per unit weight of adsorbent, and Ce is the metal concentration in bulk solution at equilibrium. Taking logs and reorganizing, the Eq. (4) was acquired.[image: $$ \log {q}_e=\log {K}_f+\frac{1}{n}\log {C}_e $$]

 (4)


The Freundlich equation of Kf and n values is calculated. Kf values were 3.53, 3.92, and 5.16 L/g, for CKS, RSS, and BP, respectively. The slope 1/n measures the surface heterogeneity. The values of 1/n were 0.72, 0.77, and 0.69, for CKS, RSS, and BP, respectively. The value for 1/n below 1 indicates a normal Freundlich isotherm.
Langmuir Eq. (5):[image: $$ \frac{C_e}{q_e}=\frac{1}{K_b{A}_S}+\frac{C_e}{A_S} $$]

 (5)

where As and Kb are coefficients, Ce is the metal concentration in bulk solution at equilibrium, and qe is the biomass capacity. The maximal biomass capability for holding Cr(VI) was determined as 15.17 mg/g with RSS, while it was 6.81 and 10.42 mg/g with CKS and BP, respectively. It has been suggested that for favorable adsorption, the values of the dimensionless separation factor RL should be 0 < RL < 1 (Eq. 6).

                  [image: $$ {R}_L=\frac{1}{1+{K}_L{C}_o} $$]

 (6)


                
The value of RL represents whether adsorption is favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1), or irreversible (RL = 0). In the present study, the values of RL were 0.0955, 0.0138, and 0.117, supporting a favorable adsorption.
Scatchard isotherm is a widely used technique in assessing the affinity of binding section taking a part in a specific adsorption process. For adsorption from solution, the Scatchard model expressed as Eq. (7).[image: $$ {q}_e/{C}_e={Q}_s\ {K}_s-{q}_e\ {K}_s $$]

 (7)

where Ks (L/mg) and Qs (mg/g) are the adsorption isotherm parameters of Scatchard. For Cr(VI) adsorption, the Scatchard curve was plotted, and from the equation, Qs and Ks constant values were obtained and are given in Table 1. The calculated R2 value 0.99 supports the appropriateness of Langmuir isotherms for CKS, RSS, and BP. Dubinin–Radushkevich (D–R) isotherm is generally applied to illuminate the sorption isotherms of a single dissolved mixture. The D–R isotherm, at a distance from being an equivalent of the Langmuir isotherm, is broader than the Langmuir isotherm as it discards the homogeneous surface or constant adsorption potential. For adsorption from solution, the D–R isotherm model expressed as Eq. (8).[image: $$ {\mathrm{lnq}}_e={\mathrm{lnq}}_m-{\beta \varepsilon}^2 $$]

 (8)


where ε represents Polanyi potential in Eq. (9). The constant β indicates the mean free energy.[image: $$ \varepsilon =\mathrm{RT}.\mathrm{In}\left(1+\frac{1}{C_e}\right) $$]

 (9)


E is the adsorption per molecule of the adsorbate when it is transported to the surface of the biomass from infinity in the liquid phase and can be computed using Eq. (10):[image: $$ E={(2K)}^{-1/2} $$]

 (10)


The convenience of the equilibrium curve for the Langmuir isotherm was investigated. Adsorption energy (Ead) was determined 9.05, 9.81, and 8.84 kJ/mol for BP, RSS, and CKS, respectively. The experimental results of our investigation revealed that BP has the highest sorption capacity. Many workers have tried various waste biomasses for Cr(VI) ion adsorption. The correlation of biomass capacity with the different biomasses reported in the references is given in Table 2 and compared with CKS, RSS, and BP. The experimental data of the current investigations are comparable with the reported values. The results showed that the maximum adsorption capacity obtained in this study was higher compared to other low-cost adsorbents.Table 2Cr(VI) removal using a variety of low-cost adsorbents


[image: A40543_2019_175_Tab2_HTML.png]



Thermodynamics of adsorption
Thermodynamic applications of an adsorption system are to understand whether the system is spontaneous or not. The adsorption of Cr(VI) onto CKS, RSS, and BP was easily carried out at different temperatures (25 °C, 35 °C, 45 °C, and 55 °C) for thermodynamic analysis. The experimental data obtained were used to calculate Gibbs free energy change (ΔG°), entropy change (ΔS°), and enthalpy change (ΔH°) from Eqs. (11, 12).[image: $$ {\Delta \mathrm{G}}^{{}^{\circ}}=-\mathrm{RT}\ \ln\ {K}_C $$]

 (11)

[image: $$ \Delta {\mathrm{G}}^{{}^{\circ}}={\Delta \mathrm{H}}^{{}^{\circ}}-\mathrm{T}{\Delta \mathrm{S}}^{{}^{\circ}} $$]

 (12)


R is universal gas constant (8.314 J mol−1 K−1), T is temperature (K), and KC is equilibrium constant. The calculated results are reported in Table 3.Table 3Thermodynamic parameters


[image: A40543_2019_175_Tab3_HTML.png]


The negative value of ΔH° indicates that the adsorption reaction is exothermic. The negative value of the standard entropy change reflects a decreasing in the variability at the biomass/solution interface throughout the elimination process. ΔG° values were found to be negative. The negative ΔGo values with temperature suggest that the mechanism is appropriate and spontaneous nature of adsorption with a high preference for Cr(VI) onto CKS, RSS, and BP.

Adsorption kinetics
To identify the mechanism of adsorption, some kinetic models have been applied and the possible rate-controlling step that consists of mass transport and a chemical reaction was determined for explaining the mechanism. Pseudo-first- and pseudo-second-order models are suitable for chemical kinetics. The kinetics of the adsorption of Cr(VI) can be described by the pseudo-first-order equation and is usually given as (Eq. 13):[image: $$ \ln \left({q}_e-{q}_t\right)=\ln {q}_e-{k}_1t $$]

 (13)


k1 is the rate constant of pseudo-first-order adsorption, and qe and qt are the adsorption capacities (mg/g) of Cr(VI) at equilibrium and at a time (t). The pseudo-second-order adsorption kinetic rate equation is indicated as:[image: $$ \frac{t}{q_t}=\frac{1}{k_2\ {qe}^2}+\frac{t}{q_e} $$]

 (14)

[image: $$ h={k}_2{q}_e $$]

 (15)


k2 is the rate constant of pseudo-second-order adsorption (g mg−1 min−1), and h (mg g−1 min−1) is the initial adsorption rate. The kinetic parameters were determined and given in Table 4.Table 4Kinetic parameters


[image: A40543_2019_175_Tab4_HTML.png]


The acquiescence between laboratory results and the applied standard parameters were compared with the correlation coefficients (R2). The results showed that the regression coefficient (R2) values of Cr(VI) adsorption was closer to 1, indicating that the most of the adsorption followed the pseudo-second-order kinetic model and it signifies that “chemisorption” took place during the reaction for all concentrations of Cr(VI). The rate constants were illustrated in Table 1. The equilibrium capacities were calculated from the pseudo-second-order model which is closely accepted by the capacities found from the isotherm studies.


Conclusions
In this research, the elimination of Cr(VI) from the bulk phase was completed by using three biomasses (CKS, RSS, and BP). The adsorption relied on pH, adsorbent dose, and contact time. The maximum elimination for Cr(VI) from the liquid phase succeeded at pH 2.0. The equilibrium interrelated with four adsorption isotherm equations. The increase in the adsorbent mass causes an increase in Cr(VI) adsorption zone numbers due to the adsorption of Cr(VI).
Optimum removal of Cr(VI) was accomplished at a biomass amount of 10 g/L. The equilibrium isotherm models stated that the adsorption pattern of Cr(VI) ions in BP, RSS, and CKS followed the Langmuir model as well as Dubinin–Radushkevich (D–R) isotherm model. By applying the Langmuir model equation, the maximum Cr(VI) adsorption capacity of BP, RSS, and CKS were found to be 10.42, 15.17, and 6.81 mg/g, respectively. RSS showed the highest Cr(VI) capacity in all biomasses. The rate constants for adsorption were calculated from the Lagergren equation.
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AS® AH® AG® (J mol-1)

Adsorbent JK-mol! Jmol! T=298.15K T=308.15K T=318.15K T=328.15k  R2
BP -132.15  -48039.2  -8639 7318 -5997 -4675 0.996
RSS 22003 -77869.1  -12268 -10068 7867 -5667 0.999
CKS 7137 -26700.4  -5419 -4706 -3992 -3279 0.925
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Adsorbent Adsorption Reference
capacities (mg/g)

Mango kernel activated carbon 7.8 Raietal. 2016
Rice straw 3.15 Gao et al. 2008
Gulmohar's fruit shell 12.28 Prasad and Abdullah 2010
Wood appleshell 13.74 Sartape et al. 2010
Egg-shells 10.3 Bamukyaye and Wanasolo 2017
Ficus auriculata leaves powder 13.33 Rangabhashiyam and Selvaraju 2015
Pre-boiled sunflower stem 4.9 Jain et al. 2009
papayapeels 7.160 Mekonnen et al. 2015
avocado kernel seeds 10.08 Mekonnen et al. 2015
Cranberry kernel shell 6.81 Present work
Rosehip seed shell 15.17 Present work
Banana peel 10.42 Present work
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Pseudo First-order

Pseudo Second-order

Adsorbent
Co(ppm) ki qe(ppm) R k2 qe(ppm) R
BP 50 0.0184 1.07  0.9371 0.087 476  0.999
RSS 50 0.0009 237  0.3439 1.51 494  1.000
CKS 50 0.0159  0.50  0.7769 0.24 3.74  0.998
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Adsorbent Langmuir Freundlich D-R Scatchard
Q b R? Ks n R? Xm K Ea R? Qs Ks R?

BP 1042 0.095 0.984 0.88 1.39 0.971 0.0015 0.006 9.05 0.984 13.33 0.067 0.705
RSS 15.18 0.716 0.991 5.83 1.31 0.982 0.0052 0.005 9.81 0.992 1542 0.701 0.958
CKS 6.82 0.075 0.963 0.49 1.44 0.938 0.0009 0.006 8.84 0.963 8.86 0.049 0.799
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