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Abstract

:

Due to the adverse effects of hexavalent chromium (Cr6+) on human health and the quality of the environment, the scientific community has invested a lot of effort to solve this pollution problem. Thus, implementing sustainable alternatives for Cr6+ elimination by exploiting the capacity of microbial biomass to retain heavy metals by biosorption is considered an economic and eco-friendly solution, compared to the conventional physico-chemical processes. However, the ability of microorganisms to remove Cr6+ from liquid effluents can strongly be affected by biotic and abiotic factors. With these issues in mind, the main purpose of this paper was to investigate Cr6+ biosorption on Bacillus megaterium and Rhodotorula sp. biomass inactivated by thermal treatments, exploring the effects of some factors such as: pH, biosorbent dose, initial concentration of the metal in solution, temperature and contact time between the biosorbent and the metal ions on process effectiveness. The results showed that Cr6+ removal by biosorption on the selected microorganisms was strongly influenced by the pH of the solution which contains chromium, the reduction being the principal mechanism involved in hexavalent chromium biosorption. Equilibrium and kinetic studies were also performed, together with SEM-EDX and FTIR spectra, to explain the mechanisms of the biosorption process on the selected biomasses. Maximum uptake capacities of 34.80 mg/g biosorbent and 47.70 mg/g biosorbent were achieved by Bacillus megaterium and Rhodotorula sp., respectively, at pH 1, biosorbent dosage of 8 g/L, 25 °C, after a contact time of 48 h and an initial Cr6+ concentration in solution of 402.52 mg/L. The experimental results showed that Cr6+ biosorption by selected microorganisms followed the Elovich model, the values of the correlation coefficients being 0.9868 and 0.9887, respectively. The Freundlich isotherm model best describes the Cr6+ biosorption by Bacillus megaterium and Rhodotorula sp., indicating that a multilayer biosorption mainly controls the process and is conducted on heterogeneous surfaces with uniformly distributed energy.
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1. Introduction


The presence of heavy metals in water bodies in high concentrations, as a result of anthropogenic activities, is a serious problem for the environment and human health. At the European level, according to the European Pollutant Release and Transfer Register (E-PRTR) database, the industrial activities from the energy sector, mining industry, metal processing and production industry, urban wastewater treatment, pulp, paper and cardboard manufacturing and chemical industry continue to release high quantities of heavy metals into water. Some figures show that these industrial activities discharged 1895 tons of zinc, 911 tons of copper, 834 tons of chromium, 260 tons of nickel, 86.4 tons of lead, 70.1 tons of arsenic, 13.9 tons of cadmium and 3.78 tons of mercury into Europe’s rivers in 2017 [1]. These metals are then accumulated in soil and sediments and enter in the food chain, causing harmful effects on all forms of life [2,3].



Among the most hazardous heavy metals discharged into surface water from various activities is chromium [4,5]. As a chemical element, it belongs to the transition metal category and occurs naturally in the earth’s crust in the ore chromite, in the oxidation state 3+ (Cr3+). This ore is used to make monochromate, dichromate, chromic acid and chromium-based pigments, as well as the metal itself [6,7]. The oxidation states of this metal are from −2 to +6, but it is stable in the environment only as Cr0 (elemental form), Cr3+ and Cr6+, forms that show different toxicity and mobility behaviors in the environment [8]. The hexavalent form is the most hazardous, being considered 1000 times more toxic than the trivalent form [5,9].



Due to their properties, chromium compounds continue to be used in many industrial processes such as industrial welding, dyes and pigments manufacturing, electroplating processes, leather tanning and wood preservation, etc., but making chromium a major environmental pollutant [7,8,10], since the unsustainable use and waste management determine its presence in industrial effluents in different concentrations. In some electroplating effluents, for instance, Cr6+ concentration ranged from 6 mg/L to 887 mg/L [11,12,13,14], while in the leather processing liquid effluents, the average Cr6+ concentration was found of about 821 mg/L [15]. At an extreme level, in textile dyeing effluents, Cr6+ can reach concentrations of 1300–2500 mg/L [16].



Thus, the removal followed by the possible recovery of heavy metals from industrial wastewater are among the extremely important measures that can be applied to reduce heavy metal pollution of water and minimize their risks to human health [17,18,19]. The application of biotechnology in the control and reduction of environmental pollution with metals has become a sustainable alternative to conventional processes. Among of the most applied biological processes for the remediation of polluted environments are biosorption and bioaccumulation by natural biological materials (e.g., plants, microorganisms—for biosorption/bioaccumulation, agriculture waste—for biosorption) [18,20,21,22,23,24].



Microorganisms can remove the metal ions both in viable or inactivated, dead forms by several mechanisms [23]. Research so far has shown that the use of viable microorganisms for the retention of chromium from wastewater is actually at a disadvantage because living cells are affected by the toxicity of the heavy metal, which through bioaccumulation can reach concentrations at the level of cells that can cause cell death [5,20,24,25]. Therefore, the use of inactivated microbial cells has the advantage that the effectiveness of the microbial biomass used as a biosorbent is not reduced over time as a result of the toxicity of the retained metal [24,25]. Biosorption was studied in a series of papers, the vast majority used vegetable waste of agricultural origin as biosorbents, and less microbial biomass. [25,26,27,28]. Saccharomyces cerevisiae has been used, for example, for biosorption of lead [23], cadmium, chromium [29]. Trichoderma viride [30], Bacillus cereus M116 [31], Rhodotorula sp. Y11 [32], etc., and it has been shown to have a high affinity for Cd2+ removal from aqueous solutions and Bacillus subtilis MNU16 has a high tolerance and ability in reducing Cr6+ to Cr3+ [33]. Bacillus megaterium and Rhodotorula sp. inactivated biomass have been proved to be able to remove Cd2+ from aqueous solutions, possessing a biosorption capacity of 15.1 mg/g and 14.2 mg/g, respectively [34].



Thus, this research aimed to investigate the effectiveness B. megaterium and Rhodotorula sp. inactivated biomass for Cr6+ biosorption under the influence of pH, biosorbent dose, initial concentration of the metal in solution, temperature at which the process takes place and the contact time between biosorbent and chromium ions. In order to understand the mechanism by which the selected biosorbents removed Cr6+, the experimental data were evaluated by using equilibrium sorption isotherms and kinetic models. Furthermore, the biosorbents were characterized before and after biosorption by Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS). So, the information provided by this study will contribute to the comprehension of the Cr6+ biosorption by the microorganism with the possibility of further exploitation of this at pilot and even industrial scale.




2. Materials and Methods


2.1. Biosorbents Preparation


The protocol used for the isolation and identification of Bacillius megaterium and Rhodotorula sp., as well as the preparation of inactive biomass for chromium biosorption was previously published by Roșca et al. [34] in 2018. The crushed dried inactive biomass of Bacillius megaterium and Rhodotorula sp. was stored in a desiccator until further use.




2.2. Biosorption Studies


Cr6+ biosorption by Bacillius megaterium and Rhodotorula sp. were carried out using analytical grade substances. In 500 mL distilled water, 1.4144 g K2Cr2O7 (Riedel-de Haën, Seelze, Germany) was dissolved to prepare the stock solution with the concentration of 1000 mg/L. Subsequently, by the dilution of the stock solution with distilled water, the working solutions were prepared. For each set of experiments the initial pH of solutions was adjusted using 0.1 M HNO3 or 0.1 M NaOH and measured with ProLab 2000 multiparameter equipped with a glass electrode.



The biosorption of Cr6+ was studied in a batch system, in 200 mL Erlenmeyer flasks with 50 mL Cr6+ solution. For the kinetic studies 100 mL Cr6+ solution were used. The values of the influencing factors for each set of performed experiments are shown in Table 1. All experiments were carried out in duplicate, in IKA 4000 IC incubator at 150 rpm.



The values of the influence factors at which the efficiency of the biosorption process was maximum were considered as the optimal values for Cr6+ biosorption. During the experiments, the optimum value of an experimentally established factor was used to study the influence of other factors. The separation of the liquid phase from the solid phase was achieved by centrifugation at 7000 rpm for 10 min.




2.3. Determination of Metal Concentration in Solution


The concentration of hexavalent chromium ions in solution was determined by UV–VIS spectrometry according to METHOD 7196 [35] (Table 2) with a PG Instruments T60 UV-VIS spectrophotometer and 1 cm thick quartz cuvettes.



Measurement of total chromium concentration in solution was performed by inductively coupled plasma spectrometer (Optima 8000 ICP-OES model, PerkinElmer, Inc., Waltham, MA, USA) at 283.56 nm wavelength. Prior to analysis, the samples were acidified with nitric acid (69%) (Fisher Scientific, Loughborough, Leicestershire, UK) to an acid concentration of approximately 2% and filtered with 0.2 μm nylon filters. The samples were stored at 4 °C until the concentration of metal ions in solution was measured.




2.4. Quantification of Biosorption Performances


The performance of Cr6+ biosorption by B. megaterium and Rhodotorula sp. inactivated biomass were assessed using the following quantitative parameters:




	
biosorption capacity (q, mg/g) which is defined as the amount of metal taken up by the biosorbent per unit mass (or volume) of biosorbent under established experimental conditions, being calculated with Equation (1).


  q =   (  C 0  − C ) ⋅ V  m   



(1)







	
removal efficiency (R, %) is the fraction of metal removed expressed in percent and can be calculated using Equation (2):


  R % =   (  C 0  − C )    C 0    ⋅ 100  



(2)




where: C0, C—initial and residual concentration of metal ion in solution, respectively (mg/L); m—biosorbent mass (g); V—volume of aqueous solution that was used in biosorption studies (L).









2.5. Biosorption Kinetics


Four of the most widely used kinetic models were applied to describe the mechanism of Cr6+ biosorption: pseudo I-order model, pseudo II-order model, Elovich model and intraparticle diffusion model. Non-linear regression was used to choose the most appropriate kinetic model for the experimental data, and the corresponding correlation coefficients were calculated in Origin Pro 8 software. The choice of kinetic model best describing the experimental data was made by comparing the correlation coefficients (R2) of each model and the adequate model was considered to be the one with R2 closest to unity. The kinetic models were chosen taking into account the information that each model provides and their usefulness in identifying the possible mechanisms involved in Cr6+ biosorption.



The pseudo I kinetic model assumes that the rate of metal ion adsorption is proportional to the number of free adsorption centers. Additionally, this model considers that, following the cation interaction with functional groups on the biosorbent surface, a transition complex (generically referred to as an “activated complex”) is initially formed, which then, through stabilization, enables their retention on the biosorbent surface [26,36,37]. The pseudo II order kinetic model hypothesizes that the solute adsorption rate is proportional to the available sites on the adsorbent surface and the interactions between biosorbent and solute are predominantly chemical (ion exchange or complexation) [26,36]. This model describes the kinetics of most biosorption systems, in which the adsorbent material has functional groups with different but close affinities on its surface that interact directly with metal ions in the aqueous solution [36]. The Elovich model predicts the diffusion, activation and deactivation energies of the mass and surface of a system. The model assumes that the solute sorption rate decreases exponentially as the amount of sorbed solute increases [36]. The internal diffusion model asserts that the internal diffusion of the adsorbate is the slowest step, hence it is the step that controls the rate during the adsorption process, and adsorption is instantaneous. Therefore, the biosorption kinetic depend on the pore size of the adsorbent material and the preparation of the biosorbent will significantly influence the process efficiency [38].




2.6. Adsorption Isotherms


Nonlinear forms of Freundlich, Langmuir, Redlich-Peterson, Jovanovic, Hill and Dual Mode isotherm models were applied in Origin Pro 8 software for analysis of experimental data. The mathematical models were chosen taking into account the information that each isotherm model provides and their usefulness in describing the Cr6+ biosorption.



The Langmuir model provides information about the maximum sorption capacity and the behavior of the sorption process at equilibrium, which can be useful for benchmarking the biosorptive performance of a biosorbent versus other adsorbent materials. This model assumes that the biosorption takes place until a complete monolayer is formed on the biosorbent surface. The Freundlich isotherm describes the multilayer adsorption and considers that it takes place on heterogeneous surfaces with uniformly distributed energy. During the adsorption the stronger binding centers are occupied first, then the others until the adsorption energy decreases [39,40]. The Freundlich model is used to estimate the intensity of the biosorption process and based on this model it can be determined if the biosorption is favorable under the given experimental conditions, with the condition 1 < n < 10 [41]. The Redlich-Peterson isotherm is a combination of the Langmuir and Freundlich isotherms. This model is described by an empirical equation that incorporates three parameters and considers that the adsorption mechanism is a mixture and the adsorption is not monolayer [41]. The Hill isotherm describes the binding of different metals to homogeneous substrates and supposes that adsorption is a cooperative phenomenon and adsorbates have the ability to bind to an active center on the biosorbent surface, but could influence other binding centers located on the biosorbent surface [41,42]. The Jovanovic model is based on the assumptions of the Langmuir model, but also considers the possibility of mechanical contacts between adsorbent and metal ions [41,43]. The Dual Mode Model was proposed by Vieth and Sladek [44] and combines the Langmuir equation with a partition mechanism [45].




2.7. Biosorbent Characterization Methods


Characterization of biosorbents with respect to Cr6+ biosorption is fundamental for understanding the mechanism of metal removal. Both Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS) were applied for this purpose. These analyses were carried out as indicated by Roșca et al. [34]. Infrared spectrometry of chromium ion-loaded and unloaded inactive biomass was performed with a BOMEN MB 104 spectrometer and the absorption bands in the sample spectra were identified by using the correlation tables available in the literature. The SEM-EDS analyses were conducted with JEOL JSM 7001F instrument (SEM) coupled with the Oxford INCA 250 (EDS) at 5 kV.





3. Results and Discussion


3.1. Effect of Initial pH on Cr6+ Biosorption


Analyzing the influence of pH on the Cr6+ biosorption by the inactive biomass of B. megaterium and the yeast Rhodotorula sp. was carried out considering the initial pH variation in the range 1–5, 5 g/L biosorbent dose, temperature of 25 °C, initial ion concentration in solution of 51.04 mg/L and maximum contact time 48 h. At the end of the experiments both Cr6+ and total chromium concentrations in solution were determined. The process efficiency and uptake capacity at each pH value, respectively, were calculated, and the results were graphically represented in Figure 1. Under the established experimental conditions, the highest Cr6+ biosorption efficiency by B. megaterium and Rhodotorula sp. (80.22% and 94.10%, respectively) was achieved at pH 1. Experimental results revealed that increasing the pH by one unit (to pH = 2) resulted in a Cr6+ biosorption efficiency for B. megaterium and Rhodotorula sp. of only 36.34% and 63.27%, respectively. At pH 5 the efficiency of the biosorption by the selected biosorbent decreased to 14.71% and 15.93%, respectively. The maximum uptake capacities under experimental conditions were 8.19 mg/g (B. megaterium) and 9.61 mg/g (Rhodotorula sp.), respectively. Decreases in Cr6+ biosorption efficiency as well as uptake capacity with pH increasing have also been reported in other studies for Quercus crassipes bark [46], Sinorhizobium sp. [47], Arthrobacter viscosus [48] or Pleurotus ostreatus [49] used as biosorbents for Cr6+ removal from aqueous media.



The measurement of total chromium concentration at the end of experiments showed that the efficiency and uptake capacity are considerably low compared to those obtained for hexavalent chromium. The highest values of total chromium biosorption efficiency and uptake capacity were obtained at the initial solution pH of 2. At this value the total chromium biosorption efficiency was 33.46% for B. megaterium and Rhodotorula sp. removed the total chromium from solution with an efficiency of 20.66%.



Comparing the values of hexavalent chromium concentrations with those of total chromium at the end of the process, it can be stated that the Cr6+ biosorption is based on the Cr6+ reduction to the trivalent form. The increase in Cr6+ removal at lower pH can be attributed to the strong electrostatic attraction between the positively charged ligands found on the biosorbent surface and the negatively charged Cr6+ oxyanions. Moreover, hydronium ions are involved in the reduction of Cr6+ to Cr3+, whose availability in solution increases with pH decrease. However, as pH increases, the concentration of hydronium ions decreases and the surface charge of the biosorbent becomes negative, impairing the biosorption of negatively charged ion species [46]. The low biosorption efficiency of total chromium can be explained by the fact that at pH below 4, the concentration of hydronium ions in solution is elevated and they load on the biosorbent surface, competing strongly with Cr3+ for the active sites of the biosorbent. As the pH increases, the concentration of hydronium ions decreases, thus enhancing the binding of Cr3+ to the biosorbent surface.




3.2. Effect of Biomass Dosage on Cr6+ Biosorption


The metal removal efficiency depends significantly on the biosorbent quantity used during the process, with numerous studies reporting that the biosorption efficiency of metal ions increases with increasing the biosorbent dosage. This behavior is a consequence of the higher availability of active centres found on the biosorbent surface when its concentration in solution increases [50]. To determine the effect of biosorbent dosage on the biosorption efficiency of Cr6+, experimental studies were performed at 5 different biosorbent doses (1, 3, 5, 8 and 10 g/L) and the results are shown in Figure 2.



The results of this study pointed out that the efficiency of the Cr6+ biosorption increased with increasing of biosorbent dose, the maximum efficiency being 99.98% for B. megaterium and 99.79% for Rhodotorula sp. at 10 g/L biosorbent dose, pH 1, 48 h contact time, temperature 25 °C and 51.04 mg/L initial concentration of Cr6+ in solution. At the dose of 1 g/L the process efficiency was 37.35% for B. megaterium and 36.72% for Rhodotorula sp., values that increase to 94.05% and 94.10% at the 5 g/L, respectively to 99.91% and 99.60% at the 8 g/L. The maximum uptake capacity was recorded at 1 g/L (19.06 mg/g for B. megaterium and 18.74 mg/g for Rhodotorula sp.) and the minimum at 10 g/L (5.10 mg/g and 5.08 mg/g, respectively). Because the removal efficiencies of Cr6+ ions are above 99% at a biomass dosage ≥ 8 g/L, in this study was considered as optimum value of biomass dosage 8 g/L.




3.3. Effect of Contact Time on Cr6+ Biosorption


For the optimization of Cr6+ biosorption by the inactive biomass of the B. megaterium and Rhodotorula sp., it was necessary to study the influence of contact time on the removal of metal ions from the liquid medium. Therefore, in the interval 0–48 h several samples were taken to determine whether the process is a fast one or a slower one. These studies were carried out at an initial concentration of approximately 100 mg/L, pH 1 and biosorbent dose of 8 g/L. The efficiency of chromium biosorption over time was graphically represented in Figure 3. Under the established experimental conditions, after a contact time of 48 h B. megaterium removed from aqueous solution 98.76% of the Cr6+ and Rhodotorula sp. 98.99%. Comparing these values with those obtained after only 24 h contact time (91.08% and 98.95%, respectively) it can be stated that Rhodotorula sp. removes Cr6+ faster than B megaterium. The maximum uptake capacity of Cr6+ at the initial concentration of 101.23 mg/L was 11.89 mg/g (B. megaterium) and 12.03 mg/g (Rhodotorula sp.), respectively. Total chromium retention is achieved with an efficiency of 7.77% (B. megaterium) and 5.94% (Rhodotorula sp.) after 48 h of contact, when the maximum efficiency for hexavalent chromium was reached. Similar results were reported by Ojiagu et al. [51] who studied the ability of Pseudomonas aeruginosa to remove Cr6+ from aqueous solutions.




3.4. Effect of Initial Cr6+ Concentration on Biosorption


The initial concentration of heavy metal ions in solution is another important factor for biosorption, its variation allowing the determination of the maximum amount of metal ion that a biosorbent unit can remove. In the Cr6+ concentration range 25.29–402.52 mg/L it was found that the uptake capacities of the both biosorbents, increased with concentration increasing and process efficiency decreased. The results of this study showed that at the initial concentration of 402.52 mg/L, B megaterium and Rhodotorula sp. removed the Cr6+ from solution with an efficiency of 69.29% and 94.95%, respectively. At this concentration, B. megaterium has an uptake capacity of 34.81 mg/g and Rhodotorula sp. 47.70 mg/g. The uptake capacities of the biosorbents as a function of initial Cr6+ concentrations in solution have been plotted in Figure 4 and Figure 5 and was found that, in the concentration range analyzed, the selected biosorbents did not reach their maximum uptake capacities. According to these results it can be stated that B megaterium and Rhodotorula sp. can remove a higher amount of Cr6+ per gram of biosorbent. From the comparison of the obtained results, it can be seen that Rhodotorula sp. removed Cr6+ from the solution with a higher capacity than inactive bacterial biomass. Srinath et al. [52] reported similar values of uptake capacity for Cr6+ by inactive biomass of Bacillius species (e.g., 39.9 mg/g for Bacillus circulans and 30.7 mg/g Bacillus megaterium).



Under the established experimental conditions, the uptake capacity of total chromium was determined to be maximum 2.13 mg/g for B. megaterium and 1.28 mg/g for Rhodotorula sp. at the initial concentrations of 402.52 mg/L.




3.5. Effect of Temperature on Cr6+ Biosorption


Studies on the influence of temperature have been carried out, considering that temperature is one of the parameters that could significantly influence the biosorption of metal ions by the inactive biomass of microorganisms. It has been shown that adsorption processes tend to be exothermic and their performance varies with temperature [53,54]. Biosorption is not a strongly exothermic process compared to other physical adsorption reactions, but temperature variation can influence the performance of the process [30,54]. According to the review article published by Tang et al. [55] the best biosorption performances of Cr6+ from liquid media by different biosorbents were obtained at temperatures lower than 40 °C. So, the study of the temperature effect on the Cr6+ biosorption by B. megaterium and Rhodotorula sp. was carried out in the temperature range 25–40 °C, and the uptake capacities recorded were graphically represented in Figure 6. Experiments showed that the selected biosorbents have the maximum uptake capacity at 25 °C. At this temperature and an initial Cr6+ concentration of 201.90 mg/L, the B. megaterium inactive biomass removed the Cr6+ from solution with an efficiency of 83.85% and Rhodotorula sp. with an efficiency of 98.72%. With increasing of temperature, the biosorption efficiency decreases to 75.27% and 96.30% at 30 °C, respectively, and then increases with increasing temperature. For total chromium, the best results were achieved at 25 °C by B. megaterium and at 30 °C by Rhodotorula sp.



Dawodu et al. (2020), who studied the influence of temperature variation between 25 and 55 °C on the Cr6+ biosorption process by Heinsia crinita seeds, obtained similar results. They observed a decrease in efficiency with increasing temperature up to 40 °C and then an increase with increasing of temperature.




3.6. Sorption Kinetics


The kinetic characterization of heavy metal biosorption processes is one of the most important issues in designing and/or scaling up of the process [56,57]. These studies give insights into the mechanisms involved in metal ion biosorption, mass transfer or chemical interactions [26,56,58]. Characterization of the metal ion biosorption in kinetic terms is necessary since the hydraulic retention time and reactor dimensions are controlled by the contact time between metal ions and biosorbent required to achieve the desired performance. During biosorption, the largest amount of metal is biosorbed in the first minutes to hours because all active sites on the biosorbent surface are free and available for the metal ions biosorption [27]. In this study, four of the most widely used kinetic models were applied to describe the mechanism of chromium biosorption (pseudo I order, pseudo II order, Elovich model and intraparticle diffusion model). Their graphical representations to the kinetic data are shown in Figure 7, and the values of kinetic parameters and the nonlinear correlation coefficients are included in Table 3. By analyzing both the graphical representations and the values of kinetic parameters, it could be determined that the Elovich model is the most suitable to describe the kinetics of the Cr6+ biosorption by B. megaterium and Rhodotorula sp. inactive biomass. The values of the correlation coefficients are greater than 0.9868 and initial adsorption rate of 4.091 mg/g·min and 2.684 mg/g·min, respectively (Table 3).



The fit of the experimental data to Elovich model indicates that the rate of Cr6+ biosorption decreases exponentially as the amount of Cr6+ biosorbed increase. The graphical representations of the models, as well as the values of the correlation coefficients, highlighted that the pseudo II order model can also describe the Cr6+ biosorption, with R2 greater than 0.845. However, from the comparison of the calculated uptake capacity values with the experimental ones, it can be observed that a major difference exists between them, indicating that this model is not suitable to describe the kinetics of Cr6+ biosorption by B. megaterium and Rhodotorula sp.




3.7. Biosorption Isotherms


Linear analysis of isotherm data into isotherm models are commonly used, but several researchers have shown that transforming adsorption isotherms into their linearized forms leads to maximization of errors between experimental data and the respective isotherm [59,60,61,62]. So, in this study, the nonlinear forms of Langmuir, Freundlich, Redlich-Peterson, Javanovic, Hill and Dual Mode models were considered for modelling of biosorption isotherms. The isotherm model that best describes the biosorption of chromium ions was established based on correlation coefficients (R2) calculated in Origin Pro 8 software. In Figure 8 and Figure 9, the graphical representation of the nonlinear forms of the Langmuir, Freundlich, Redlich-Peterson, Javanovic, Hill and Dual Mode models applied to the isotherm data of Cr6+ biosorption by B. megaterium and Rhodotorula sp. are shown. The values of the characteristic parameters of each model are included in Table 4. For the Cr6+ biosorption by the inactive biomass of B. megaterium and Rhodotorula sp. was found that that Freundlich isotherm is the model that best fits with the biosorption data, with the correlation coefficient values of 0.9432 and 0.9382, respectively. According to the description of this model, multilayer biosorption occurred and was performed on heterogeneous surfaces with uniformly distributed energy. During the Cr6+ biosorption the stronger binding centers were occupied first, then the others. This model also indicates that the biosorption process of Cr6+ ions is favorable under the given experimental conditions, since the value of the parameter n is between 1 and 10 (n = 4.817 for B. megaterium and n = 3.734 for Rhodotorula sp.).




3.8. FTIR and SEM-EDS Analysis of the Biosorbent


Through FTIR analysis, it was possible to identify the different functional groups in the cell wall structure and to identify the chemical bonds that had a significant contribution to the biosorption of hexavalent chromium. In various studies, it has been highlighted that the aldehydes, alkyl chains, amides, amines, alcohols/phenols, carboxylic compounds, esters, organic halogens, phosphate, sulfoxide and aliphatic organic chains could be responsible for hexavalent chromium biosorption [63,64,65,66,67]. The FTIR spectra of chromium-unloaded and chromium-loaded biomass of B. megaterium and Rhodotorula sp. are shown in Figure 10. The IR spectra of the native biomass and Cr6+ loaded biomass showed that the peak intensities were slightly different, finding that some peaks were slightly shifted and some FTIR peaks appeared after chromium biosorption. The band assignments of the FTIR peaks that changed after chromium biosorption are presented in Table 5. Each absorption band in the IR spectra indicates the presence of a particular functional group on the biosorbent surface. Stretching vibrations of hydroxyl groups, P=O symmetric and asymmetric stretching of phosphate groups, hydroxyl groups from polysaccharides, C–O stretching of alcoholic groups, deformation vibration of C=O carboxylic acids, C–N stretching in amide II group and N–H bending were identified on the surface of the biosorbents, and which changed their absorption bands after Cr6+ contact [66,67]. The FTIR analysis revealed that the changes observed may be due to the interaction between chromium and functional groups (i.e., amino, hydroxyl, and carboxyl groups) found on the biosorbent surface. For example, the wavenumber of the OH stretching vibration on B. megaterium decreased from 3476.05 to 3402.84 cm−1 and on Rhodotorula sp. increased from 3391.28 to 3410.55 cm−1. According to Petrović et al. [68] these changes may be due the possible complexation process.



Textural characteristics of B. megaterium and Rhodotorula sp. as well as possible changes of the biosorbent surface after Cr6+ biosorption were observed by SEM analysis. Biosorbents were scanned and images obtained at ×3000 magnification are shown in Figure 11 and Figure 12. SEM images showed that the microorganisms used for chromium biosorption change their structural aspects after ion contact. The cells of microorganisms had well-defined shapes, but after chromium biosorption, the cells appear to coalesce and are deformed, their shape being irregular compared to the regular rod or rounded shape of the native cells. These changes highlighted that Cr6+ biosorption caused cell wall destruction due to the involvement of functional groups on the cell surface in ion removal.



EDX analysis of the biosorbents was performed at the same time as SEM analysis at 5 kV voltage and provided information about the concentration and distribution of elements in the biosorbent biomass. The results of these analyses, which are illustrated in Figure 13, highlighted that at the end of the process no chromium was found in the composition of the biosorbents.



By linking the SEM-EDX analysis with the FTIR spectra, process efficiency and with the information provided by the Freundlich isotherm and the Elovich model, it can be asserted that extracellular reduction is the main mechanism involved in Cr6+ biosorption by the selected biosorbents.





4. Conclusions


Chromium is one of the most dangerous pollutants found in industrial effluents in two stable forms (trivalent and hexavalent chromium). Although both forms of chromium have harmful effects, the hexavalent form is highly toxic to all living organisms even in low (trace) concentrations. Thus, the removal of hexavalent chromium from industrial wastewater has become extremely important in water pollution control and in attempting to minimize the associated risks to human health.



The results of this study proved one more time that microorganisms are able to remove metal ions from aqueous solutions. This work highlights the potential of B. megaterium and Rhodotorula sp. for the removal of Cr6+ from aqueous solutions. The experimental results showed that Cr6+ biosorption follows the Elovich model, which suggests that the rate of Cr6+ biosorption decreases exponentially as the amount of Cr6+ biosorbed increases. The Freundlich model best describes the Cr6+ biosortion equilibrium data for B. megaterium and Rhodotorula sp. and indicates that multilayer biosorption mainly controls this process and is done on heterogeneous surfaces with uniformly distributed energy. During the Cr6+ biosorption, the stronger binding centers were occupied first, then the others. This model also indicates that the biosorption process of Cr6+ ions is favorable under the given experimental conditions, since the value of the parameter n is between 1 and 10 (n = 4.817 for B. megaterium and n = 3.734 for Rhodotorula sp.). The uptake capacities of 34.80 mg/g and 47.70 mg/g were achieved by Bacillus megaterium and Rhodotorula sp. at pH 1, biosorbent dosage of 8 g/L, 25 °C, after a contact time of 48 h and an initial Cr6+ concentration in solution of 402.52 mg/L.



By linking the SEM-EDX results with the FTIR spectra, the removal efficiencies of Cr6+ and total chromium and with the information provided by the Freundlich isotherm and the Elovich model, it can be asserted that extracellular reduction is the main mechanism involved in Cr6+ biosorption by the selected biosorbents.
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Figure 1. Effect of the initial solution pH on (a) process efficiency and (b) chromium uptake by Bacillus megaterium inactive biomass and on (c) process efficiency and (d) chromium uptake by Rhodotorula sp. inactive biomass (biosorbent dose = 5 g/L, contact time = 48 h, temperature = 25 °C, initial concentration = 51.04 mg/L). 
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Figure 2. Effect of the biosorbent dosage on (a) process efficiency and (b) chromium uptake by Bacillus megaterium inactive biomass and on (c) process efficiency and (d) chromium uptake by Rhodotorula sp. inactive biomass (pH = 1, contact time = 48 h, temperature = 25 °C, initial concentration = 51.04 mg/L Cr6+). 






Figure 2. Effect of the biosorbent dosage on (a) process efficiency and (b) chromium uptake by Bacillus megaterium inactive biomass and on (c) process efficiency and (d) chromium uptake by Rhodotorula sp. inactive biomass (pH = 1, contact time = 48 h, temperature = 25 °C, initial concentration = 51.04 mg/L Cr6+).



[image: Processes 11 00179 g002]







[image: Processes 11 00179 g003 550] 





Figure 3. Contact time effect on chromium biosorption efficiency by inactive biomass of (a) B. megaterium and (b) Rhodotorula sp. (pH = 1, biosorbent dose = 8 g/L, temperature = 25 °C, initial concentration = 101.23 mg/L). 
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Figure 4. Effect of initial metal concentration on biosorption efficiency and metal uptake capacity of (a) Cr6+ and (b) total chromium by B. megaterium inactive biomass (pH = 1, contact time = 48 ore, biosorbent dosage = 8 g/L, temperature = 25 °C). 
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Figure 5. Effect of initial metal concentration on biosorption efficiency and metal uptake capacity of (a) Cr6+ and (b) total chromium by Rhodotorula sp. inactive biomass (pH = 1, contact time = 48 ore, biosorbent dosage = 8 g/L, temperature = 25 °C). 
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Figure 6. Effect of temperature on Cr6+ and total chromium biosorption efficiency and metal uptake capacity by (a) B. megaterium and (b) Rhodotorula sp. inactive biomass (pH = 1, biosorbent dose = 8 g/L, contact time = 48 h, initial concentration = 201.90 mg/L). 
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Figure 7. Plots of non-linear forms of pseudo I order model, pseudo II order model, Elovich model and intraparticle diffusion model for Cr6+ biosorption by (a) Bacillus megaterium and (b) Rhodotorula sp. inactive biomass. 
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Figure 8. Graphical representation of adsorption isotherms applied to experimental data of Cr6+ biosorption by Bacillus megaterium inactive biomass. 
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Figure 9. Graphical representation of adsorption isotherms applied to experimental data of Cr6+ biosorption by Rhodotorula sp. inactive biomass. 
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Figure 10. IR spectra recorded for (a) Bacillus megaterium and (b) Rhodotorula sp. before and after Cr6+ biosorption. 






Figure 10. IR spectra recorded for (a) Bacillus megaterium and (b) Rhodotorula sp. before and after Cr6+ biosorption.



[image: Processes 11 00179 g010]







[image: Processes 11 00179 g011 550] 





Figure 11. SEM analysis of Bacillus megaterium surface (a) before and (b) after Cr6+ biosorption. 
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Figure 12. SEM analysis of Rhodotorula sp. surface (a) before and (b) after Cr6+ biosorption. 
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Figure 13. Elemental composition of biosorbents: (a) Bacillus megaterium and (b) Rhodotorula sp. after Cr6+ ions biosorption. 
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Table 1. Values of influencing factors used in experimental studies for Cr6+ biosorption.
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Experiments

	
Factors Values




	
pH

	
Biosorbent Dose (g/L)

	
Contact Time (Minutes)

	
Initial Concentration (mg/L)

	
Temperature (°C)






	
1—Effect of initial pH

	
1–5

	
5

	
2880

	
51.03

	
25




	
2—Effect of biosorbent dose

	
1

	
1–10

	
2880

	
51.03

	
25




	
3—Effect of contact time

	
1

	
8

	
10–4320

	
96.29

	
25




	
4—Effect of initial concentration

	
1

	
8

	
2880

	
25.29–402.52

	
25




	
5—Effect of temperature

	
1

	
8

	
2880

	
201.87

	
25–40
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Table 2. Determination of Cr6+ concentration in solution.






Table 2. Determination of Cr6+ concentration in solution.





	Parameter
	Value





	Optimum pH
	2



	Color Reagent
	Diphenyl carbazide in acetone, 5 g/L



	Buffer
	H2SO4, 10%



	Wavelength (λmax, nm)
	540



	Reference sample
	Blank



	Linear range, (mg/L)
	0.1–1



	Equation
	y = 0.7588x + 0.0127



	Regression coefficient
	0.9997
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Table 3. Values of the kinetic models’ parameters for Cr6+ biosorption by Bacillus megaterium and Rhodotorula sp. inactive biomass.






Table 3. Values of the kinetic models’ parameters for Cr6+ biosorption by Bacillus megaterium and Rhodotorula sp. inactive biomass.





	
Kinetic Model

	
Parameters

	
B. megaterium

	
Rhodotorula sp.




	
Parameter Value

	
SE

	
Parameter Value

	
SE






	
Pseudo I order

	
k1

	
0.031

	
0.012

	
0.024

	
0.008




	
qe (mg/g)

	
9.496

	
0.611

	
10.001

	
0.635




	
R2

	
0.7169

	
-

	
0.7821

	
-




	
Pseudo II order

	
k2

	
0.003

	
0.001

	
0.003

	
0.001




	
qe (mg/g)

	
10.427

	
0.584

	
11.029

	
0.587




	
R2

	
0.8451

	
-

	
0.8947

	
-




	
Elovich

	
α (mg/g·min)

	
4.091

	
1.324

	
2.684

	
0.740




	
β (mg/g·min)

	
0.786

	
0.042

	
0.685

	
0.036




	
R2

	
0.9868

	

	
0.9887

	
-




	
Intraparticle diffusion

	
kdiff (mg/g)

	
0.157

	
0.027

	
0.189

	
0.036




	
Ce (mg/L)

	
4.684

	
0.725

	
4.614

	
0.855




	
R2

	
0.7559

	
-

	
0.7282

	
-




	
q experimental

	
11.888

	
0.004

	
12.031

	
0.016








SE = Standard Error; k1 = rate constant of the pseudo I order model; qe = the amounts of Cr6+ biosorbed at equilibrium; R2 = correlation coefficient of the model; k2 = rate constant of second-order adsorption; α = initial adsorption rate of Elovich model; β = desorption constant of Elovich model; kdif = intraparticle diffusion rate constant; Ce = parameter related to the boundary layer thickness.
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Table 4. Values of isotherm parameters applied to experimental data from the chromium ion biosorption.






Table 4. Values of isotherm parameters applied to experimental data from the chromium ion biosorption.





	
Isotherm Model

	
Isotherm Parameters

	
B. megaterium

	
Rhodotorula sp.




	
Parameter Value

	
SE

	
Parameter Value

	
SE






	
Langmuir

	
qm (mg/g)

	
32.072

	
5.292

	
39.597

	
3.392




	
b (L/mg)

	
0.101

	
0.078

	
3.426

	
1.158




	
RL

	
0.281–0.024

	
-

	
0.011–0.0007

	
-




	
R2

	
0.7788

	
-

	
0.8829

	
-




	
Freundlich

	
k (mg/g)

	
11.382

	
1.436

	
21.516

	
1.851




	
n

	
4.817

	
0.739

	
3.734

	
0.511




	
R2

	
0.9432

	
-

	
0.9382

	
-




	
Redlich-Peterson

	
AR (L/g)

	
9.383 × 107

	
4.282 × 106

	
260.71

	
200.22




	
BR (mg/mL)

	
8.223 × 106

	
3.772 × 105

	
9.47

	
8.988




	
mR

	
0.793

	
0.041

	
0.831

	
0.083




	
R2

	
0.9351

	
-

	
0.9167

	
-




	
Jovanovic

	
qm (mg/g)

	
29.671

	
4.129

	
36.993

	
3.363




	
KJ (L/mg)

	
0. 054

	
0.028

	
2.942

	
0.929




	
R2

	
0.7357

	
-

	
0.8522

	
-




	
Hill

	
qm (mg/g)

	
3.169 × 106

	
3.02 × 105

	
79.681

	
71.36




	
KD

	
278,679.31

	
2.66 × 104

	
2.451

	
3.445




	
nH

	
0.207

	
0.111

	
0.402

	
0.194




	
R2

	
0.9351

	
-

	
0.9015

	
-




	
Dual Mode

	
qm (mg/g)

	
12.815

	
1.591

	
29.899

	
3.970




	
Kd (L/g)

	
0.193

	
0.026

	
0.880

	
0.306




	
b (L/mg)

	
284.31

	
215.75

	
5.713

	
2.035




	
R2

	
0.9386

	
-

	
0.9077

	
-




	
qmax experimental (mg/g)

	
34.808

	
0.019

	
47.70

	
0.115








SE = Standard Error; R2 = correlation coefficient of the model; qm = the maximum amount of metal ions adsorbed; b = Langmuir constant; RL = separation factor; k = Freundlich constants; 1/n = Freundlich constants related to the adsorption intensity; AR = Redlich-Peterson isotherm constant; BR = model constant; mR = model exponent; KJ = Jovanovic constant; nH = Hill cooperativity coefficient of the binding interaction; KD = Hill constant; Kd = the partitioning constant of Dual Mode model; b = the adsorption constant.
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Table 5. IR absorption peaks of the functional groups identified on the biosorbents surface that have been modified after Cr6+ biosorption.






Table 5. IR absorption peaks of the functional groups identified on the biosorbents surface that have been modified after Cr6+ biosorption.





	
Peak

	
Types of Vibration

	
Ref.




	
Native Biomass

	
Cr6+ Loaded Biomass






	
Bacillus megaterium

	




	
-

	
836.67

	
S=O stretching

	
[65,67,69,70,71,72]




	
1064.01

	
1060.15

	
P=O symmetric stretching of phosphate groups, –OH group of polysaccharides; C–O stretching of alcoholic groups, of ethers




	
1233.54

	
1229.69

	
P=O asymmetric stretching of phosphate groups, carbonyl stretch C=O of carboxylic acid




	
1545.65

	
1541.79

	
C–N stretching in amide II group and N–H bending




	
1649.68

	
1653.53

	
C=O and C–N stretching in amide I group




	
3476.05

	
3402.84

	
Stretching vibrations of hydroxyl groups




	
Rhodotorula sp.

	




	
1033.18

	
1029.33

	
P=O symmetric stretching of phosphate groups, –OH group of polysaccharides; C–O stretching of alcoholic groups, of ethers

	
[65,67,69,70,71,72]




	
1152.63

	
1156.48

	
P=O asymmetric stretching of phosphate groups, carbonyl stretch C=O of carboxylic acid




	
1403.08

	
1399.23

	
–COO− symmetric stretching of carboxyl groups




	
1457.02

	
1460.87

	
–CH2 bending, symmetric C=O




	
3391.28

	
3410.55

	
Stretching vibrations of hydroxyl groups
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