

  water-14-00844




water-14-00844







Water 2022, 14(6), 844; doi:10.3390/w14060844




Article



Equilibrium, Kinetics and Thermodynamics of Chromium (VI) Adsorption on Inert Biomasses of Dioscorea rotundata and Elaeis guineensis



Angel Villabona-Ortíz 1[image: Orcid], Ángel González-Delgado 2[image: Orcid] and Candelaria Tejada-Tovar 1,*[image: Orcid]





1



Process Design and Biomass Utilization Research Group (IDAB), Chemical Engineering Department, Universidad de Cartagena, Avenida del Consulado St. 30, Cartagena de Indias 130015, Colombia






2



Nanomaterials and Computer Aided Process Engineering Research Group (NIPAC), Chemical Engineering Department, Universidad de Cartagena, Avenida del Consulado St. 30, Cartagena de Indias 130015, Colombia









*



Correspondence: ctejadat@unicartagena.edu.co







Academic Editors: Cristina Palet and Julio Bastos-Arrieta



Received: 12 January 2022 / Accepted: 3 March 2022 / Published: 8 March 2022



Abstract

:

Adsorption equilibrium and kinetics on lignocellulosic base adsorbents from oil palm bagasse (OPB) and yam peels (YP) were studied for the removal of hexavalent chromium present in aqueous solution, in a batch system, evaluating the effect of temperature, adsorbent dose and particle size on the process. Isotherms were fitted to Langmuir, Freundlich and Dubinin–Radushkevich isothermal models. Kinetic data were adjusted to the pseudo-first-order, pseudo-second-order and Elovich models. Thermodynamic parameters were estimated by the van’t Hoff method. From characterization of adsorbents, the presence of a porous surface typical of lignocellulosic materials was found, with hydroxyl, amine and carboxyl functional groups. It was also found that the highest adsorption capacity was obtained at 0.03 g of adsorbent, 55 °C and 0.5 mm, reporting an adsorption capacity of 325.88 and 159 mg/g using OPB and YP, respectively. The equilibrium of adsorption on OPB is described by Langmuir and Freundlich isotherms, while that of YP is described by Dubinin–Radushkevich’s model, indicating that the adsorption is given by the ion exchange between the active centers and the metallic ions. A maximum adsorption capacity was obtained of 63.83 mg/g with OPB and 59.16 mg/g using YP, according to the Langmuir model. A kinetic study demonstrated that equilibrium time was 200 min for both materials; kinetic data were described by pseudo-second-order and Elovich models, thus the mechanism of Cr (VI) adsorption onto the evaluated materials is dominated by a chemical reaction. The thermodynamic study determined that the elimination of YP is endothermic, irreversible and not spontaneous, while for OPB it is exothermic, spontaneous at low temperatures and irreversible.
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1. Introduction


The presence of heavy metal ions in wastewater is a serious problem due to the discharge of contaminated effluents into the environment [1]. Among the pollutants generally discharged to water bodies are heavy metals; these are found in the wastewater from industrial processes involving inks, metallurgy, batteries, oil, mining and tanneries, among others [2]. Chromium appears in aqueous systems in the forms +3 and +6, with the hexavalent chromium being much more toxic than the trivalent [3]; these ions are widely used in the manufacture of inks, industrial dyes and paint pigments, chrome plating, aluminum anodizing and other cleaning, coating and electroplating operations of metals and gold mining, among others [4].



Several removal methods have been used in the capture of hexavalent chromium due to its toxic health effects [5]. These technologies include filtration, chemical precipitation, adsorption, electrodeposition and membrane systems or even ion exchange processes [6]. Among these methods, bio-adsorption is one of the most economically favorable methods; it is technically easier, with high availability of adsorbents and the possibility of reuse [7]. The removal of hexavalent chromium has been studied using biomasses from different origin, such as corn residues [8], coffee pulp [3], kenaf [9], oil palm ash [5] and peels of lime [4], nut [10], orange [11] and plantain [12], obtaining good performance of biomaterials due to the presence of hydroxyl, carboxyl, amino and carbonyl functional groups, due to their lignocellulosic nature [13].



In Colombia, the intensive and extensive planting of African palm for use in oil extraction generates large volumes of waste during the process, including palm bagasse and shells; due to the 60% of increase in oil production from oil palm, about 500,000 tons of waste are generated per year [14]. Although the shell obtained as a by-product is generally used as fuel for boilers and composting, the residual fiber is a rejected product that does not have a use after fruit separation. Thus, the recovery of waste such as waste fiber is very important to mitigate its effects on the environment, and guarantee a sustainable process. Among the various potential applications that could be given to residual palm fiber, its use as an adsorbent in the treatment of water contaminated with heavy metals, among a wide range of applications, seems attractive taking into account the reported removal yields for similar residues [15]. In addition, Colombia was ranked among the 12 countries with the highest yam production worldwide and ranked first in terms of product yield with 28.3 tons per planted hectare, generating after harvesting around 5000 tons of waste per year [16].



In the studies of hexavalent chromium adsorption, several variables have been evaluated such as adsorbent dose, initial concentration, particle size and temperature, which are parameters that affect the availability of active sites of the adsorbent, the diffusive and mass transfer phenomena of the pollutant from the solution to the adsorbent, the exposed surface area and the mechanisms that dominate the adsorption of the pollutant [17]. In this sense, the determination of the adsorption isotherm and thermodynamic parameters (change in Gibbs free energy, enthalpy, and entropy) are necessary for helping to understand the mechanisms and phases involved in chromium adsorption [18]. Thus, the objective of this study was to determine the effect of adsorbent dose, particle size and temperature on the adsorption capacity of chromium (VI) using yam peels (YPs) and oil palm residues (OPBs) in a batch system. Adsorption equilibrium on adsorbents was studied and fitted to Langmuir, Freundlich, and Dubinin–Radushkevich isothermal models. Thermodynamic parameters were estimated by the van’t Hoff graphical method.




2. Methodology


2.1. Materials and Reagents


Oil palm waste (OPB) was obtained as a rejection product of the oil extraction process and yam peels as a by-product of post-harvest handling in the department of Bolívar (Colombia). The lignocellulosic material was washed, sun-dried to a constant mass, and subjected to size reduction in a roller mill and size classification in a sieve-type shaker on stainless steel meshes. The 100 mg/L chromium solution used in the adsorption tests was prepared with analytical grade potassium dichromate (K2Cr2O7) (Merck Millipore®, Burlington, MA, USA). To adjust the pH we used hydrochloric acid (HCl) and sodium hydroxide (NaOH) 0.5 M solutions to adjust to pH 2 [8]. All the reagents used in the present study were analytical grade.



The adsorbents were characterized by Fourier transform infrared spectroscopy analysis in a Shimadzu (Kyoto, Japan) IRAinfinity-1S spectrophotometer model, with a frequency of 32 scans between 400 and 4000 cm−1, for the purpose of identifying the functional groups that would work as active centers during the process of metal removal. The morphological properties and elemental composition of the biomass were determined using a scanning electron microscope together with an energy dispersive spectroscopy (SEM-EDS) model JSM-6490LV JEOL Ltd. (JEOL Ltd., Akishima, Japan). All trials were conducted before and after the metal removal process.




2.2. Adsorption Tests


The YH and OPB wastes were washed, sun-dried to remove moisture and reduced in size in a hand-roller mill, and sized in a vibrating sieve machine using stainless steel meshes. The materials were stored in airtight plastic bags to keep them in good condition.



For the experimental development, a continuous factor central composite design with a star-type response surface was selected and is shown in Table 1, the design was made using the software Statgraphics Centurion XVI.II. For the classification of biomaterial sizes, mesh numbers 120, 45, 35, 18 and 16 were used, which select size ranges of 0.1060.125 mm, 0.3–0.355 mm, 0.425–0.5 mm, 1.0–1.18 mm and 1.18–1.4 mm, respectively.



Adsorption experiments were performed in a batch system using an orbital shaker by contacting 100 mL of solution at pH 2 [19], for 200 rpm per 24 h, at the conditions described in Table 1. The remaining concentration of hexavalent chromium in the solution was determined by ASTM D 1687-02, by adding 48 mL of deionized water, 2 mL of 1,5-diphenylcarbazide solved in acetone and 0.5 mL of Cr (VI) sample in acid conditions; for this purpose, a Biobase spectrophotometer BK-UV1900 was used, setting the wavelength to 540 nm [20]. The spent adsorbent after adsorption tests was removed by filtration, using cellulose membrane microfilters of 0.45 µm. The adsorption capacity was determined according to Equation (1), where qt (mg/g) is the adsorption capacity of the material, Co and Cf (mg/L) are the initial and final concentration of chromium, V (L) is the volume of solution and m (g) is the mass of adsorbent. In order to evaluate the reproducibility of the results, the experiments were conducted in triplicate.


   q t  =    (   C o  −  C f   )  ∗ V  m   



(1)








2.3. Adsorption Equilibrium


An adsorption isotherm describes the equilibrium of the material’s adsorption on a surface at a constant temperature; it represents the amount of material bound to the surface as a function of the material present in the gas phase or dissolution, as well as determining the interactions that control the process [21]. The data from the effect of concentration of the solution (25, 50, 75, 100, 125 and 150 mg/L) were adjusted to the models of Langmuir, Freundlich, and Dubinin–Radushkevich.



Freundlich’s isotherm (Equation (2)) assumes the formation of multilayers during the adsorption process due to the different activation energies and affinities of the active centers of the adsorbent [22].


   q e  =  k f   C e  1 / n    



(2)




where kf is the Freundlich constant and represents the distribution coefficient (L/g), n represents the adsorption intensity and indicates the heterogeneity of the active sites, qe is the amount of metal adsorbed at equilibrium (mg/g) and Ce is the residual metal concentration in solution (mg/L) [23].



Langmuir’s adsorption isotherm (Equation (3)) quantitatively describes the deposition of ions uniformly on an adsorbing surface as a function of the concentration of the adsorbed material in the liquid with which it is in contact [24].


   q e  =  q  m a x      K L   C e    1 +  K L   C e     



(3)




where qmax is the maximum adsorption of the Langmuir model (mg/g) and KL is the Langmuir constant and can be correlated with the variation of the adsorption area and the porosity of the adsorbent [23].



The Dubinin–Radushkevich isothermal model (Equation (4)) is a semi-empirical equation applied to express the mechanism of adsorption with Gaussian energy distribution on heterogeneous surfaces and is only suitable for an intermediate range of adsorbate concentrations because it exhibits asymptotic behavior. It assumes a multilayer character involving Van Der Waals forces, applicable for physical adsorption processes; it is usually applied to differentiate between physical and chemical adsorption of metal ions [25].


   q e  =  q  D R    e  −  k  D R    ε 2     



(4)






  ε = R T × l n  (  1 +  1   C e     )   



(5)






  E =  1    2  K  D R        



(6)




where ε2 is the Polanyi potential, KDR is the Dubinin–Radushkevich constant related to adsorption energy (mol2/kJ2), E is the average adsorption energy per molecule of adsorbate required to transfer one mol of ion from solution to the adsorbent surface (kJ/mol), R is the gas constant (8.314 J/mol K) and T is the absolute temperature.




2.4. Kinetic Study


After the experimental design proposed in Table 1, the best conditions were estimated and the kinetic study was carried out, putting 10 mL of solution in contact with the adsorbent, taking 8 samples at different time intervals in 24 h. The experimental kinetics data were modeled to the pseudo-first-order, pseudo-second-order and Elovich models through non-linear adjustment in the Origin Pro 9 program, maximizing R2; equations are shown in Table 2.




2.5. Estimation of Thermodynamic Parameters


The thermodynamic parameters were estimated using the graphical method based on the Vant’t Hoff equation in order to determine the spontaneity, type of adsorption and predict the magnitude of changes on the surface of the adsorbent [26]. The analysis of these parameters will make it possible to estimate the feasibility of the adsorption process and the effect of temperature [27]. We estimated the change in Gibbs’ standard free energy (∆Go), the standard enthalpy (∆Ho) and standard entropy (∆So). Adsorption experiments were performed by varying the temperature from 29.8 to 81 °C, considering the conditions established in the design of experiments; then, a graph of Ln(Kc) vs. T−1 was plotted and the parameters were calculated using the following equations:


  l n  K c  =   − Δ  H o    R T   +   Δ  S o   R   



(7)






  Δ  G o  = − R T × l n  K c   



(8)






   K c  =    C  a c      C  s e      



(9)




where R is the constant of the ideal gases (8.314 J/mol K), Kc is the constant of equilibrium, Cac is the concentration of the adsorbate in the equilibrium contained on the surface of the adsorbent, Cse is the concentration in solution at equilibrium and T is the absolute temperature. ΔHo (kJ/mol K) and ΔSo (kJ/mol) are determined from the slope and the intercept with the y-axis of the Arrhenius graph of lnKc vs. T−1, respectively.



The final disposition of the residues produced during the experimental part of this research was made according the institutional politics of the Universidad de Cartagena-Colombia. Liquid residue products of experimentation were collected by a specialized company hired for this purpose. Solid residues, such as saturated adsorbent, were dried and used as aggregates in mortars, in order to evaluate their lixiviation possibility in structures like concrete, asphalt and brick.





3. Results


3.1. Characterization of OPB and YP


The adsorption process is a complex phenomenon controlled by several mechanisms, which are generally sequential. Among these, the surface chemistry and the pore structure of the adsorbents have a considerable effect on the process, since they establish the transfer and diffusion interactions for the capture of the metal ions [28]. Thus, the adsorbents were characterized by Brunauer–Emmett–Teller (BET) analysis, obtaining that YP presented a surface area of 0.9463 m²/g, pore volume of 0.005452 m³/g and pore size of 23.04419 nm; while OPB presented 2.7317 m²/g, 0.011207 m³/g and 16.41 nm for surface area, volume and pore size, respectively. It was established that the OPB area is higher than the YP, which could be due to its fibrous structure since it would present higher surface wear, as it is a residue from the extraction of palm oil, leading to a change in the arrangement of cellulose, hemicellulose and lignin structures in the material structure and causing an increase in surface area [29]. Both materials have pore sizes between 2 and 50 nm, which indicates that they are mesoporous materials; this makes them suitable adsorbents for adsorption in the liquid phase, since it facilitates the diffusion of the adsorbent in the adsorbent structure [30].



Figure 1 and Figure 2 show the scanning electron microscopy (SEM) images of the adsorbents under study. YP has an irregular and porous surface, which allows a large interface for heterogeneous biosorption, while OPB has a smooth, fibrous surface, which presents a certain porosity in its structure that is typical of lignocellulosic materials [31].



Table 3 shows the chemical composition in weight % and atomic % for the evaluated adsorbents obtained from the EDS analysis; carbon and oxygen are the ones with the highest presence in all the materials studied, which can be attributed to their organic nature [28]. For YP there is 57.07% C, 39.05% O, 1.65% K and elements in small proportions: Si, P, S, Ca, Fe and Cu. For OPB, 59.07% C, 38.85% O, 1.92% Si, Ca and Cu were obtained.



From the FTIR analysis, we established which functional groups are present, and which could also be involved in the adsorption of the metal under study. Thus, in Figure 3, the spectrum of the biomaterials evaluated before and after the adsorption of Cr (VI) can be observed. From these, the shifting of the bands and broadening of the peaks after the adsorption process in both materials are observed.



The spectrum in Figure 3 initially shows a broad band at 3400 cm−1 that is attributed to the stretching vibrations of the OH bond, while the peaks at 2950 cm−1 and 1350 cm−1 denote the C-H vibration [11]. The peak that appears at 1650 cm−1 corresponds to the intense signal characteristic of the stretching of the carbonyl group of carboxylic acids, as well as the one that appears at 1400 cm−1 related to the torsion of the carboxyl, and at 900 cm−1 the peak indicates the out-of-plane twisting of the carboxyl dimer [32]. The stretched band at 1150 cm−1 is related to the stretching of the COO- anion, at 1080 cm−1 to the symmetric and asymmetric stretching of the C-O group of the ester vibration and at 1030 cm−1 to the functional group C-O-C [3]. The presence of hydroxyl groups, carbonyl groups, ethers and aromatic compounds is due to the high content of cellulose and lignin in the biomaterial; it is evidence of the lignocellulosic structure of the biomaterial under study, which contributes to the metal ion adsorption process [33].




3.2. Effect of the Temperature, Particle Size and Adsorbent Dose


From the hexavalent chromium adsorption tests using YP and OPB as the adsorbent, we evaluated the effect of temperature, particle size and amount of metal adsorbent by calculating the hexavalent chromium adsorption capacity using Equation (1). Table 4 lists the results of the experiments with their standard deviations (SD), to evaluate the adsorption capacity of Cr (VI) on OPB and YP.



From the results presented in Table 4, we found that at 0.03 g of biomaterial, 0.5 mm of main particle size and 55 °C, the best adsorption was achieved for both biomaterials, reaching 159.77 mg/g when using YP and 325.88 mg/g with OPB. There is evidence of a decrease in adsorption capacity as the amount of biomaterial increases, which is due to the diversity of the biomasses evaluated, so there are a large number of active adsorption sites available due to the presence of the hydroxyl, carbonyl, amine and hydrocarbon groups present in the structure of lignin, hemicellulose, cellulose and pectin [22]. Due to this presence of active adsorption centers, it would appear that the greater the amount of adsorbent, the greater part of these would remain free after the process, thus decreasing the adsorption capacity [34].



The effect of temperature can be explained due to the stimulation of the active adsorption centers with the increase in temperature, as well as the increase in the intraparticle diffusion speed from the solution to the adsorbent, assuming that the diffusion is an endothermic process at the initial temperatures evaluated [35]. It is possible that at higher temperatures (70 and 80 °C) the interaction forces between adsorbate and adsorbent weaken [36]. An increase in temperature would favor the desorption of the sorbate molecules on the structure of the sorbent, since by gaining more energy than the bonds formed between the compound support, the forces of interaction are reduced and cause the release, which is what is not known [4].



In addition, it is evident that the adsorption capacity increases with particle size in the range 0.14 mm to 0.5 mm, and then decreases from 1.0 mm to 1.2 mm. This is explained by the influence of particle size on the surface contact area of the adsorbents, which increases when the particle size is smaller, and in turn, favors the rate of diffusion increased by increasing temperature [36]. However, a very small size would resist diffusive surface phenomena and subsequent mass transfer through the pores [37]. Considering that a smaller particle size increases the contact area between the adsorbent material and the ion, it would be expected that at 0.14 mm the best performance of YP and OPB can be obtained; however, this does not happen. This can be explained because Cr (VI) has an atomic radius of 1.27 Å and an ionic radius of 0.69 Å, which are smaller than the size of the pores of both adsorbents (23.04 nm for YP and 16.41 nm for YP). It has been shown that, as long as the radius of the particles is higher than the penetration depth of the diffusion, the adsorption capacity will increase, since, if the penetration of the contaminant is not sufficient, it would not increase the adsorption capacity [38]. Table 5 shows the results obtained from the analysis of variance (ANOVA), performed with the Statgraphics Centurión XVI.I software for the adsorption capacity of Cr (VI) on OPB and YP.



From the values presented in Table 5, it was established that only for the adsorption of Cr (VI) when using YP does the amount of adsorbent (C) and its interaction CC have a significantly negative effect on the adsorption process. This is explained by the fact that the higher the amount of adsorbent, although there is higher removal efficiency, the material requirement increases to remove the same amount of metal ions. In the same way, when using a higher dose of material, there would be empty adsorption sites, thus reducing the retention capacity of the metal ions per available adsorbent mass [39]. It can be said that the temperature and the particle size do not have a significant influential effect on the adsorption capacity.




3.3. Adsorption Isotherm


The effect of the initial concentration on the adsorption capacity of Cr (VI) was evaluated by varying the concentration of the contaminant in intervals of 25 mg/L to 150 mg/L at pH 2 per 24 h, in order to understand the driving forces involved in the removal [40].



Figure 4 shows the non-linear fitting of experimental data to Langmuir, Freundlich, and Dubinin–Radushkevich models; the fitting parameters are summarized in Table 6, for the non-linearized and linearized forms of the models.



The results reveal that Dubinin–Radushkevich‘s model describes the equilibrium of hexavalent chromium adsorption on OPB, while Langmuir’s and Freundlich’s models adjust the isotherm of ion adsorption in the study on OPB, because it is established that the physical and chemical adsorption phenomena control the adsorption process; thus, the retention of the contaminant occurs inside and in the internal pores of the adsorbent [41]. Dubinin–Radushkevich‘s model adjusts the isotherm on YP, with an average energy of adsorption of the ions per sorbate (E) of 434.29 kJ/mol, which is much higher than 8 kJ/mol, indicating that the process is mostly controlled by chemical adsorption with strong interactions between the active sites and the hexavalent chromium [42]. Dubinin–Radushkevich‘s model presents a good fit for the equilibrium of chromium adsorption using the two adsorbents evaluated because the calculated maximum adsorption capacity (qDR) values are the closest to the experimental ones, with R2 ≥ 0.9 in both cases. This means that the adsorbents under study present a heterogeneous structure, which is required for a good fitting by the Dubinin–Radushkevich isotherm [43]. Similar R2 values to those obtained in the present study when the Dubinin–Radushkevich model was evaluated for removing Cr (VI) were found for Pleurotus mutilus (R2 = 0.93) [44], Sterculia villosa (R2 values between 0.81 and 0.96) [43], activated carbon from Ziziphus jujuba (R2 between 0.98 and 0.99) [18] and rice husk (R2 = 0.93) [45].



Table 7 presents a comparison of results from previous studies when using lignocellulosic-based adsorbents for removing Cr (VI). It is observed that in all cases the adsorption process was evaluated at acid pH. In addition, a better performance was obtained for the OPB and YP; this might be due to the contact time between the adsorbate and adsorbent.




3.4. Kinetics of Adsorption


The kinetic study is important to determine the behavior of the adsorption process over time. Figure 5 shows the non-linear fit of the kinetic curves obtained for the removal of Cr (VI) on OPB and YP, and it is observed that the equilibrium times were 200 and 400 min for each adsorbent evaluated.



For both biomaterials, it is highlighted that about 70% of the equilibrium concentration was reached 120 min after the start of the test, showing that the available sites in the adsorbent probably begin to saturate and therefore the capacity does not change significantly at higher times [45]. In order to study the adsorption mechanisms involved during the Cr (VI) removal process, pseudo-first-order, pseudo-second-order and Elovich linearized kinetic models were used, in their non-linearized forms. The parameters of these models were adjusted by linear regression and the results are shown in Table 8.



For the YP-Cr (VI) system, it is evidenced that the three evaluated models present a good fit of the experimental data with R2 > 0.99 in all cases, indicating that the removal process occurs through physis and chemisorption, due to the heterogeneity of the active centers of the YP [18]. However, the pseudo-second-order model is the one that describes the experimental data of removal of the metal under study on OPB, which indicates that the adsorption occurs by chemical reaction between the functional groups of the biomaterial and the metal ions [46]. From the values of the reaction rate constants of the pseudo-first- (k1) and pseudo-second-order (k2) models, it can be said that the initial sorption rate on YP is lower than for OPB, the latter presenting a greater adsorption capacity, which could be due to the fibrous nature of the OPB, as well as its superior surface area [5].



Previous results have been reported regarding the adsorption capacity of different materials such as 13.48 mg/g when using coffee pulp [3], 10.31 mg/g for lime peel [4] and 28 mg/g while using kenaf fiber [9], compared to 31.34 and 23.87 mg/g for OPB and YP, respectively, found in the present study. We note that these results are superior to the others mentioned for adsorbents prepared from residual crude lignocellulosic biomass. From the results obtained when using activated carbon from melon peel in the removal of Cr (VI), it was found that the process can be described by the Elovich equation, so that the limiting step in the adsorption of the metal ions may be the chemical interaction between metal ions and functional groups on the surface of the adsorbent [1].




3.5. Thermodynamic Adsorption Parameters


By calculating the thermodynamic parameters, it is possible to establish the feasibility, the adsorption mechanism, the energetic character of the process (endothermic or exothermic) and the spontaneity of the adsorption; this is done by determining the entropy (ΔSo), enthalpy (ΔHo) and the change in Gibbs free energy (ΔGo), respectively. In Figure 6, we present the van’t Hoff equation by graphing to 81 °C, considering the conditions established in the design of experiments; a graph was plotted of Ln(Kc) vs. 1/T.



The thermodynamic parameters of hexavalent chromium adsorption on OPB and YP are summarized in Table 9. From the positive value of ΔH° when using YP it is established that the processes of chromium removal are endothermic; consequently, energy must be supplied to the system to promote the diffusive phenomena in the solution and inside the pores of the adsorbent [32]. For OPB the process is exothermic and the limiting step is chemical adsorption [47]. The negative value of ΔS° shows that on the surface there was a good bond between the metal and the biomass, thus obtaining a low possibility of reversibility; there was also the probability of some structural changes due to the formation of bonds with functional groups at the interface [42].





4. Conclusions


SEM-EDS and FTIR analysis of OPB and YP showed that they present a porous surface typical of lignocellulosic materials, with the presence of hydroxyl, amine and carboxyl functional groups. From the adsorption experiments, the highest adsorption capacity was obtained at 0.03 g of adsorbent, 55 °C and 0.5 mm, reporting 325.88 and 159 mg/g using OPB and YP, respectively. We obtained a maximum adsorption capacity of 63.83 mg/g with OPB and 59.16 mg/g using YP, according to the Langmuir model. The equilibrium of adsorption on OPB was described by the Langmuir and Freundlich models, while YP was described by the Dubinin–Radushkevich model, whose parameters of fitting suggest that adsorption is given by ion exchange between the active centers and the metal ions. A kinetic study demonstrated that equilibrium time was 200 min for both materials; kinetic data were described by pseudo-second-order and Elovich models; thus, the mechanism of Cr (VI) adsorption onto the evaluated materials was dominated by a chemical reaction. The thermodynamic parameters determined that the removal for YP is endothermic, irreversible and non-spontaneous, while for OPB it is exothermic, spontaneous at low temperatures and irreversible. The rapid removal rate and high adsorption capacities obtained show that the adsorbents evaluated are effective in the removal of hexavalent chromium present in aqueous solution.
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Figure 1. SEM micrographs of OPB (a) before and (b) after Cr (VI) adsorption with magnification of ×500. 
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Figure 2. SEM micrographs of YP (a) before and (b) after Cr (VI) adsorption with magnification of ×500. 
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Figure 3. Normalized FTIR spectra for (a) OPB and (b) YP, before and after Cr (VI) adsorption. 
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Figure 4. Modeling of hexavalent chromium adsorption isotherms over (a) YP and (b) OPB; at pH = 2, 200 rpm, 0.03 g of adsorbent dose and 55 °C. 
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Figure 5. Non-linear fit to kinetic models of Cr (VI) adsorption on (a) OPB and (b) YP; at pH = 2, 200 rpm, 0.03 g of sweet adsorbent, 100 mg/L of initial concentration and 55 °C. 
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Figure 6. lnKc vs. 1/T plot for thermodynamic parameters calculation. 
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Table 1. Experimental design.






Table 1. Experimental design.





	
Independent Variables

	
Units

	
Range and Levels




	
Lower Level

	
Low Level

	
Center Point

	
High Level

	
Higher Level






	
Particle size

	
mm

	
0.14

	
0.355

	
0.5

	
1.0

	
1.22




	
Adsorbent dose

	
g

	
0.003

	
0.15

	
0.325

	
0.5

	
0.62




	
Temperature

	
°C

	
29.8

	
40

	
55

	
40

	
80
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Table 2. Kinetic models evaluated in this work.






Table 2. Kinetic models evaluated in this work.





	
Kinetic Model

	
Equation

	
Parameters






	
Pseudo-first-order

	
    q t  =  q e   (  1 −  e  −  k 1  t    )    

	
k1 (min−1): kinetic constant of pseudo-first-order




	
Pseudo-second-order

	
    q t  =  t   (   1   q e 2   k 2     )  +  (   t   q e     )      

	
k2 (g/mg min): kinetic constant of pseudo-first-order




	
Elovich

	
    q t  =  1 β  ln  (  α β  )  +  1 β  ln  ( t )    

	
β (g/mg): exponent indicating the capacity of adsorption




	
α (mg/g min): Elovich constant indicating the rate of adsorption
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Table 3. EDS composition analysis.
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Element

	
OPB

	
OPB-Cr (VI)

	
YP

	
YP-Cr (VI)




	
Weight %

	
Atomic %

	
Weight %

	
Atomic %

	
Weight %

	
Atomic %

	
Weight %

	
Atomic %






	
C

	
50.90

	
2.36

	
48.65

	
56.49

	
47.40

	
57.07

	
54.50

	
63.25




	
O

	
44.60

	
2.22

	
48.82

	
42.56

	
43.20

	
39.05

	
39.67

	
34.56




	
Al

	

	

	

	

	
0.75

	
0.40

	
0.82

	
0.42




	
Si

	
3.87

	
0.20

	
1.12

	
0.56

	
2.16

	
1.11

	
1.21

	
0.60




	
P

	

	

	

	

	
0.66

	
0.31

	

	




	
S

	

	

	

	

	
0.17

	
0.08

	

	




	
K

	

	

	
0.20

	
0.07

	
4.46

	
1.65

	
0.44

	
0.16




	
Ca

	
0.19

	
0.05

	
0.25

	
0.09

	
0.34

	
0.12

	
0.99

	
0.34




	
Fe

	

	

	

	

	
0.60

	
0.16

	

	




	
Cu

	
0.45

	
0.1

	
0.49

	
0.11

	
0.27

	
0.06

	

	




	
Cl

	

	

	

	

	

	

	
0.45

	
0.18




	
Cr

	

	

	
0.48

	
0.13

	

	

	
0.88

	
0.24




	
Totals

	
100.00

	

	
100.00

	

	
100.00

	

	
100.00
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Table 4. Experimental results for adsorption capacity of Cr (VI) onto OPB and YP, evaluating the effect of temperature, particle size and adsorbent dose.
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Variable Conditions

	
Adsorption Capacity (mg/g)




	
Temperature (°C)

	
Particle Size (mm)

	
Adsorbent Dose (g)

	
OPB

	
YP






	
40.0

	
0.355

	
0.15

	
38.36 ± 0.02

	
66.67 ± 0.07




	
70.0

	
1.0

	
0.15

	
15.82 ± 0.03

	
66.67 ± 0.04




	
40.0

	
1.0

	
0.5

	
18.02 ± 0.007

	
19.99 ± 0.04




	
55.0

	
0.5

	
0.62

	
14.89 ± 0.01

	
15.96 ± 0.01




	
55.0

	
0.14

	
0.325

	
7.15 ± 0.07

	
30.769 ± 0.08




	
80.0

	
0.5

	
0.325

	
30.77 ± 0.01

	
30.77 ± 0.01




	
55.0

	
1.22

	
0.325

	
30.77 ± 0.09

	
30.77 ± 0.05




	
29.8

	
0.5

	
0.325

	
25.22 ± 0.06

	
30.77 ± 0.07




	
55.0

	
0.5

	
0.03

	
325.88 ± 0.008

	
159.77 ± 0.001




	
70.0

	
0.355

	
0.15

	
66.66 ± 0.02

	
66.67 ± 0.04




	
40.0

	
1.0

	
0.15

	
34.21 ± 0.02

	
64.36 ± 0.08




	
55.0

	
0.5

	
0.325

	
29.48 ± 0.005

	
29.49 ± 0.006




	
40.0

	
0.355

	
0.5

	
19.99 ± 0.009

	
19.99 ± 0.04




	
70.0

	
1.0

	
0.5

	
4.69 ± 0.0005

	
19.99 ± 0.03




	
70.0

	
0.355

	
0.5

	
19.99 ± 0.03

	
19.99 ± 0.02




	
55.0

	
0.5

	
0.325

	
29.47 ± 0.002

	
29.49 ± 0.004
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Table 5. Variance analysis for Cr (VI) adsorption capacity onto OPB and YP.
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Factor

	
OPB

	
YP




	
Sum of Squares

	
F-Ratio

	
p-Value

	
Sum of Squares

	
F-Ratio

	
p-Value






	
A: Temperature

	
2.58

	
0.00

	
0.98

	
0.39

	
0.00

	
0.9697




	
B: Particle size

	
77.59

	
0.02

	
0.91

	
0.39

	
0.00

	
0.9697




	
C: Adsorbent dose

	
27,727.1

	
5.55

	
0.06

	
13301.7

	
53.51

	
0.0003




	
AA

	
1261.07

	
0.25

	
0.63

	
18.41

	
0.07

	
0.7946




	
AB

	
450.20

	
0.09

	
0.77

	
0.66

	
0.00

	
0.9604




	
AC

	
67.49

	
0.01

	
0.91

	
0.66

	
0.00

	
0.9604




	
BB

	
2046.08

	
0.41

	
0.55

	
18.41

	
0.07

	
0.7946




	
BC

	
177.76

	
0.04

	
0.86

	
0.66

	
0.00

	
0.9604




	
CC

	
13,858.1

	
2.77

	
0.15

	
3266.42

	
13.14

	
0.0110




	
Total error

	
29,980.2

	

	

	
1491.49

	

	




	
Total (corr.)

	
87,589.2

	

	

	
19569.7
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Table 6. Adjustment parameters of hexavalent chromium adsorption isotherms on YP and OPB.
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Model

	
Parameters

	
Non-Linear

	
Linear




	
YP

	
OPB

	
YP

	
OPB






	
Langmuir

	
qmax (mg/g)

	
59.16

	
63.83

	
60.60

	
68.49




	
KL

	
0.13

	
0.11

	
0.11

	
0.09




	
R2

	
0.89

	
0.98

	
0.89

	
0.94




	
Freundlich

	
Kf

	
9.94

	
8.27

	
6.74

	
6.65




	
1/n

	
0.49

	
0.59

	
1.48

	
1.44




	
n

	
2.03

	
1.69

	
0.68

	
0.69




	
R2

	
0.90

	
0.96

	
0.90

	
0.95




	
Dubinin–Radushkevich

	
q (mg/g)

	
43.28

	
38.39

	
38.95

	
32.9




	
kDR

	
2.65 × 10−6

	
1.45 × 10−6

	
6.86 × 10−6

	
1.05 × 10−5




	
E

	
434.29

	
587.04

	
269.95

	
218.11




	
R2

	
0.91

	
0.90

	
0.85

	
0.90











[image: Table] 





Table 7. Maximum adsorption capacity comparison of different adsorbent materials.
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Adsorbent

	
Conditions

	
qmax (mg/g)

	
Reference






	
Oil palm fuel ash

	
pH = 2, 200 rpm, 80 g/L of adsorbent

	
0.462

	
[5]




	
Banana peel dust

	
pH = 1, 0.4 g of adsorbent dose, 300 rpm, 50 °C

	
26.46

	
[12]




	
Modified lychee peel

	
50 °C, pH = 2, 130 rpm, 0.08 g of adsorbent and 20 mL of solution

	
9.76

	
[17]




	
Foxtail millet shell

	
4 g/L of adsorbent dose, 0.25–0.35 mm of particle size, 30 mL of solution, 120 min, 350 rpm, and 25 °C

	
11.70

	
[21]




	
Oil palm bagasse

	
pH = 2, 200 rpm, 55 °C, 24 h

	
63.83

	
This work




	
Yam peel

	
59.16
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Table 8. Adjustment parameters of kinetic models.
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Model

	
Parameters

	
OPB

	
YP






	
Pseudo-first-order

	
qe

	
30.33

	
22.58




	
k1

	
1.334

	
0.23




	
SS

	
0.009

	
64.93




	
R2

	
0.9999

	
0.9359




	
Pseudo-second-order

	
qe

	
2,499,562.65

	
3925.03




	
k2

	
30.34

	
23.87




	
SS

	
0.006

	
32.29




	
R2

	
0.9999

	
0.9961




	
Elovich

	
β

	
23.27

	
0.50




	
α

	
1.25 × 1030

	
1247.80




	
SS

	
0.02

	
4.03




	
R2

	
0.9999

	
0.9867
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Table 9. Thermodynamic parameters for the adsorption of hexavalent chromium at pH 2, 200 rpm, 0.325 g of adsorbent dose, 0.5 mm of particle size and 100 mg/L of initial concentration.






Table 9. Thermodynamic parameters for the adsorption of hexavalent chromium at pH 2, 200 rpm, 0.325 g of adsorbent dose, 0.5 mm of particle size and 100 mg/L of initial concentration.





	
Biomass

	
T (K)

	
ΔGo (kJ/mol)

	
ΔHo (kJ/mol)

	
ΔSo (kJ/mol × K)






	
OPB

	
302.95

	
−13.1779

	
−7.9993

	
−0.0698




	
328.15

	
−14.9243




	
353.15

	
−16.6701




	
YP

	
302.95

	
14.1406

	
4.3693

	
−0.029




	
328.15

	
15.3020




	
353.15

	
16.4635
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