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Abstract

:

The biosorption behaviour of arsenic(V) and cadmium(II) ions by unmodified and five types of chemically modified Chlorella vulgaris and Spirulina platensis was investigated. The biosorption rates of As(V) and Cd(II) in binary metal solutions were lower than those in sole metal systems, which exhibited a competition between As(V) and Cd(II) ions to occupy the active sites of the adsorbent. Among the five chemical reagents, NaCl and ZnCl2 were the most suitable modifiers for improving the biosorption performance of C. vulgaris and S. platensis, respectively. The maximum biosorption capacities of As(V) and Cd(II) were: (a) 20.9 and 1.2 mg/g, respectively, for C. vulgaris modified with NaCl; (b) 24.8 and 29.4 mg/g, respectively, for S. platensis modified with ZnCl2, which were much higher than those using other chemically modifying methods. The pseudo-second-order kinetic model fitted well with all the biosorption processes. The SEM analysis revealed that the modification changed the surface morphologies and enhanced the porosity of the algae biomass. The FTIR analysis established the presence of diverse groups of compounds that were largely hydroxyl, carboxylate, amino, and amide groups on the adsorbents that contributed significantly to the upregulated biosorption. This work showed the potential application of chemically modified C. vulgaris and S. platensis biomasses to effectively remove both from water.
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1. Introduction


Arsenic(V) and cadmium(II) are trace elements with bio-accumulative properties that pose a wide range of severe risks to human health and environmental sustainability, due to their non-degradability and persistence [1]. As(V) and Cd(II) are mostly constituents of wastewater generated by metal smelting, pesticide insecticide production, and mining activities [2,3,4]. Due to the indiscriminate discharge of wastewater in the environment, As(V) and Cd(II) can easily percolate into the soil, water bodies, and plants, and enter the human body via drinking and eating [5]. Once these toxicants get into the human system, they induce a series of serious diseases such as “black foot disease” [6] and “Itai-Itai disease” [7]. As(V) is present as HAsO42− when the solution pH is 3–6; AsO43− dominates at pH 7–10 [8], while Cd(II) is often present in the solution as Cd(II) [9]. Due to the extremely toxic effects on humans even at low concentration levels, the Chinese Standard “Sanitary Standards for Drinking Water” stipulates that the maximum allowable concentrations of As and Cd should not exceed 0.01 and 0.005 mg/L, respectively [10]. Therefore, the water treatment technologies of As(V) and Cd(II) ions have drawn great concerns.



Different treatment technologies including chemical precipitation, ion exchange, and membrane filtration have been developed to eliminate contaminants from wastewater. However, these conventional technologies have numerous disadvantages ranging from the possible generation of secondary wastes and sludge, the high capital cost, and the huge power requirements for the operation [11,12]. In contrast with conventional technologies, biosorption is suitable as a simple, efficient, and low-cost process for treating low concentrations of wastewater from several to several hundred mg/L [13]. Biosorption refers to an adsorption process using biological materials or biopolymers (including live or dead biomass) as adsorbents [8]. Biosorption materials, especially algae, are abundant in nature either in the terrestrial, marine or freshwater ecosystems and could also be cultivated under optimized conditions [14]. In addition, dead algae do not require nutrition or oxygen [15], which simplifies the experiment procedure. In addition, diverse functional groups such as hydroxyls, carboxylates, amino, and phosphate on the interface of the adsorbents enhance the biosorption capacities of algae to successfully remove various pollutants [16]. Furthermore, there is a possibility of regenerating the used biomass adsorbents after the completion of the biosorption process via desorption using various surfactants [17]. However, the biosorption capacity and efficiency of the adsorbents were not as excellent as the conventional adsorbents. Given the quantities of the adsorbents required to detoxify the wastewater under industrial application [18], there is an urgent need to explore various methods to improve the removal efficiencies of low-cost adsorbents such as algae.



Adsorbent modification is a common method that can rapidly increase the biosorption capacity of adsorbent, including physical modifications and chemical modifications. Physical modifications, such as grinding and boiling, are meant to increase the specific surface area of the adsorbents material [19]. Chemical modifications use chemical reagents such as acids, bases, salts, and organic solvents to change the functional group composition of the surface of the adsorbent [20]. The modification by NaCl could remove the impurity ions on the surface of the adsorbents, which exposed more binding sites [21]. Moreover, sodium ions can be easily replaced by heavy metal ions without affecting the subsequent biosorption process. The ZnCl2 modification could separate hemicellulose, which contains a variety of functional groups that are beneficial to the biosorption process, from biomass and cause biomass swelling [22]. It has been reported that iron-based adsorbents exhibited a strong affinity for arsenate [23], thus FeCl3 was used to enhance the efficacy of the adsorbent for the effective removal of the As. In addition, NaOH [24] and CaCl2 [25] have been reported as the modifiers that increase the biosorption capacity of adsorbents for heavy metals to different degrees. Most existing biosorption studies concentrate on the removal of toxic contaminations in mono-component systems [26,27], and the related biosorption mechanism has been thoroughly studied [9,13,28]. However, realistic wastewater is much more complex than the mono-component wastewater, which contains various metal ions and other components [29]. The interference and influence of the bimetallic system on the biosorption capacity of algae-based adsorbents are still unclear.



The aims of the study were: (1) to explore the interaction between As(V) and Cd(II) during the simultaneous adsorption process; and (2) to develop effective modification methods to improve the adsorption rate of As(V) and Cd(II) by the C. vulgaris and S. platensis. Therefore, the chemical modifications were carried out using ZnCl2, NaOH, NaCl, CaCl2, and FeCl3. The effects of pH, adsorbents dosage, contact time, and initial solution concentration in a simultaneous biosorption system were investigated by batch experiments. The adsorbents were characterized using scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) techniques to further elucidate the morphological and physicochemical properties of the adsorbents.




2. Materials and Methods


2.1. Adsorbent Preparation and Modification


The Chlorella vulgaris (green algae) and Spirulina platensis (cyanobacterium) that were purchased from Zhengzhou Wanbo Chemical Products Co., are dominant algae species in the south of China. Disodium hydrogen arsenate (Na2HAsO4•7H2O) and cadmium nitrate (Cd(NO3)2•4H2O) were purchased from Sigma-Aldrich and Aladdin, respectively, and all the reagents used in the investigation were of analytical grades.



Chemical modification experiments were carried out using conical flasks (150 mL) with a 50 mL solution of each chemical reagent (one of ZnCl2, NaOH, NaCl, CaCl2, and FeCl3). To each 50 mL solution of the 0.1 mol/L modification reagent, 2 g of C. vulgaris and S. platensis powder were added. The suspensions were thoroughly mixed at a speed of 150 rotations per minute (rpm) for 24 h at a temperature of 25 °C. Afterwards, the modified algae slurry was washed several times with distilled water until all the impurities were successfully eliminated, and was followed by centrifugation. The modified algae biomasses were dried in an oven at a temperature of 80 °C until a constant weight was obtained and later used in biosorption studies. As a control measure, some C. vulgaris and S. platensis powders were pretreated with only distilled water and labelled as unmodified adsorbents. Before the batch experiments, the modified biomasses were ground using pestle and mortar followed by sieving (<500 μm) until the particle sizes became uniform.




2.2. Characterizations and Analysis


The samples were characterized with the SEM and FTIR techniques to elucidate the varied morphological and functional groups of characteristics on the adsorbents. The structure and shape of the modified and unmodified C. vulgaris and S. platensis were examined under a scanning electron microscope (Zeiss Ultra Plus, Zeiss, Jena, Germany). The functional groups present on cell walls of the C. vulgaris and S. platensis before and after the modification were determined with the Nicolet 6700 spectrometer (Thermo electron scientific instruments, USA) at wavenumbers from 400–4000 cm−1.



In addition, the concentration of Cd(II) was measured via flame-atomic absorption spectrometry (ZEEnit700, Analyjena, Jena, Germany) in this study.



The concentration of As(V) was measured using the colourimetric technique at a wavelength of 880 nm [30].




2.3. Biosorption Experiments


2.3.1. Effects of Initial pH and Adsorbents Dosage


To avoid the co-precipitation on biosorption, the effects of the initial solution pH on the coexistence of As(V) and Cd(II) were investigated in the pH range from 3.0 to 8.0. The initial solution pH on the biosorption capacity of As(V) and Cd(II) was conducted in a pH range of 3.0 to 6 based on a previous pH experiment, where As(V) and Cd(II) were present. After studying the adsorbents dosage in the range of 1–4 g/L with the 30 mg/L initial As(V) and Cd(II) solution, it was found that the optimum adsorbents dosage was 4 g/L and the optimum contact time was 4 h, which was used in the following experiments. The above experiments were performed using the unmodified C. vulgaris. In the batch experiments, the sorption amount of As(V) and Cd(II) was analyzed by measuring the residuals in the supernatant.




2.3.2. Effects of Different Modifications


Different modified adsorbents were added to the 30 mg/L As(V) and Cd(II) solution to evaluate the efficacy of the modification on the biosorption of the two metal species. The mixture swirled at a speed of 150 rpm, temperature of 25 °C, and 150 rpm for 4 h in a vertical full temperature oscillation incubator (ZQLY-180V, Zhichu Instrument Co., Ltd., Shanghai, China). After settling, 5 mL of the supernatant was separated using a 0.45 μm membrane filter, and the remaining As(V) and Cd(II) concentrations were determined.




2.3.3. Effects of Chemical Reagents Concentration


The chemical reagents (ZnCl2 and NaCl) which showed upregulated effects on the As(V) and Cd(II) biosorption rate, were selected for studying the different concentrations of these reagents (0, 0.1, 0.5, 1.0, and 2.0 mol/L). The modified C. vulgaris and S. platensis were used to investigate the As(V) and Cd(II) biosorption rates. Batch experiments were then carried out with the 50 mL solution of the As(V) and Cd(II) (30 mg/L) with 4 g/L biosorbent dosages.



The biosorption rate (r) of the As(V) and Cd(II) after the batch experiments was evaluated according to Equation (1):


  r =   (  C t  −  C 0  )    C t    × 100 % ,  



(1)




where Ct (mg/L) represents the equilibrium concentration of either As(V) or Cd(II), and C0 (mg/L) represents the initial concentration of either As(V) or Cd(II).





2.4. Biosorption Isotherm


The optimum concentration of chemical reagents (1 M NaCl for C. vulgaris and 0.5 M ZnCl2 for S. platensis) was used for the biosorption isotherm experiments. The experiments were carried out with the adsorbents dosage of 4 g/L with varied initial As(V) and Cd(II) concentrations (10–300 mg/L) in a single system. The mixtures were agitated at a speed of 150 rpm and a temperature of 25 °C for 8 h to ensure that the biosorption system attained an equilibrium with the initial solution pH adjusted to 6.0.



The amount of equilibrium biosorption (qe, mg/g) of the As(V) and Cd(II) is calculated following Equation (2):


   q e  =   V × (  C t  −  C 0  )  W  ,  



(2)




where V (L) denotes the volume of the solution, W (g) represents the weight of dry adsorbents, and C0 (mg/L) represents the initial As(V) and Cd(II) concentration.



The Langmuir and Freundlich models in Equations (3) and (4), respectively were employed to evaluate the biosorption isotherms to assess the performance of the adsorbents.


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



(3)






  l o g  q e  = l o g    C e   n  + l o g  K F  ,  



(4)




where qmax (mg/g) represents the maximum adsorption capacity, qe (mg/g) is the equilibrium adsorbed amount of the As(V) and Cd(II), and Ce (mg/L) is the equilibrium concentration of the solute. In the Langmuir isotherm model (Equation (3)), KL represents the Langmuir constant regarding the energy of biosorption, whereas the KF and 1/n are the Freundlich constants (Equation (4)), respectively.




2.5. Biosorption Kinetics


Biosorption kinetics studies were conducted with 50 mL of the solution containing 30 mg/L of As(V) and Cd(II) with 4 g/L of the modified adsorbents using initial pH 6. The mixtures were agitated at a speed of 150 rpm at a temperature of 25 °C with varied time intervals from 5 min to 8 h, depending on the appropriate equilibrium time.



The biosorption kinetic data on the removal of As(V) and Cd(II) were assessed via pseudo-first-order and pseudo-second-order models.



The pseudo-first-order kinetic model is expressed in Equation (5) as follows:


  ln  (   q e  −  q t   )  = l n  q e  −  k 1  t ,  



(5)







While the pseudo-second-order kinetic model is given as shown in Equation (6):


   t   q t    =  1   k 2   q e 2    +  t   q e    ,  



(6)




where qe and qt represent the equilibrium biosorption capacity (mg/g) and the biosorption capacity at t (min), k1, and k2 are the rate constants for the pseudo-first-order and pseudo-second-order models, correspondingly. All the experiments were conducted in duplicate and the averages were used for the analysis.





3. Results and Discussion


3.1. Effects of Initial pH and Adsorbents Dosage


The initial pH of the metal solution is a key influencing factor during the biosorption process. The influence of the initial solution pH was investigated on the simultaneous removal of As(V) and Cd(II) using C. vulgaris, which was investigated under pH conditions of 3.0–6.0. The results in Figure 1a showed that with an increase in the initial pH from 3.0 to 6.0 involving the Cd-As solution, there was no change in the concentration of Cd(II). However, it sharply decreased when the pH increased above 6.0. Additionally, it was reported that Cd(II) started to form Cd(OH)2 precipitation at pH values above 8.0 [31]. Moreover, it suggested that the precipitation threshold of Cd(II) shifts towards a low pH in the existence of As(V). This was probably due to the fact that Cd(II) and AsO43− formed Cd3(AsO4)2 complexed with a solubility product constant value of Ksp = 5.13 × 10−34 [32]. Similar results have been reported by Jiang, Lv, Luo, Yang, Lin, Hu, Zhang, and Zhang [5], which showed that 0.1 mM Cd2+ barely co-precipitated with 0.5 mM As(V) below pH 7. Consequently, the coexistence of As(V) and Cd(II) was influenced by the initial solution pH together with the concentration of As(V) and Cd(II). To eliminate the effect of co-precipitation during the biosorption processes, the pH values were adjusted between 3 to 6. The results in Figure 1b showed opposite trends regarding the biosorption of As(V) and Cd(II) in the single system. The biosorption rate of Cd(II) was relatively low at pH 3, whereas it rapidly increased with the pH rise from 3 to 4. As the pH continued to increase, the biosorption rate gradually increased and eventually exceeded 90%. This phenomenon could be ascribed to the electrostatic attraction between Cd(II) and the various functional groups present on adsorbents surfaces. In low-pH solutions, the H+ of high concentration could compete for biosorption sites with Cd(II). An increase in pH gave rise to the deprotonation of functional groups of the adsorbents. Hence, a high affinity for positively charged Cd(II) ions [33]. The biosorption rate of As(V) and Cd(II) decreased in the binary system (Figure 1b), possibly due to the competition of biosorption sites, but the basic trend remained unchanged in the single system. When the initial pH was 6, the Cd(II) biosorption rate reached the maximum(above 90%), and the As(V) was maintained at 2%. Therefore, pH 6 was selected to be the test condition of the following experiments. The findings are indicative of the fact that the removal of Cd(II) and As(V) is exceedingly dependent on the pH.



The results of C. vulgaris dosage on the simultaneous biosorption are presented in Figure 1c, which suggested that the biosorption efficiency for both As(V) and Cd(II) is dependent on the C. vulgaris adsorbents dosage. A possible reason could be that more biosorption sites for heavy metals were available at higher C. vulgaris dosage [34]. However, the biosorption capacities for As(V) and Cd(II) decreased intensely with the increasing adsorbents dosage, which might be caused by the fixed total amount of ions. Therefore, for practical applications, it is essential to consider the optimum adsorbents dosage for an effective reduction in the concentration of the pollutants. When the dosage of C. vulgaris was 2.0 g/L, the removal of Cd(II) was above 80%, and As(V) reached the maximum. Therefore, the adsorbents dosage of 2.0 g/L was chosen as the optimum dosage for the subsequent experiments, including unmodified and modified algae adsorbents.




3.2. Biosorption Efficiency of Different Modified Adsorbents


The different chemical modifications on the removal of C. vulgaris (Figure 2a) and S. platensis (Figure 2b) were investigated with five 0.1 mol/L modifiers including ZnCl2, NaOH, NaCl, CaCl2, and FeCl3.



The NaOH modified adsorbents showed the enhanced removal of Cd(II) by both algae but had little effect on the removal of As(V). The hemicellulose in the biomass will be softened due to the hydrolysis reaction by alkaline compounds such as NaOH. This could be attributed to the formation of hydroxyl (-OH) and carboxylic (-COOH) groups present in the modified algae. Hence, facilitating the Cd(II) removal [35]. Similar results were observed from CaCl2 in this study, which increased the removal of Cd(II) by C. vulgaris and S. platensis but reduced the removal of As(V). In contrast to the modification by NaOH and CaCl2, the algae modified with FeCl3 could achieve almost 100% removal of As(V). However, it could only reach 8% and 9% removal of Cd(II), respectively, which was much lower than that of unmodified algae. The mechanism of As(V) biosorption could be the potential ligand exchange reactions between the As(V) and the surface hydroxyl groups in harmony with the Fe atoms [36].



Moreover, NaCl and ZnCl2 had a significant increase in the biosorption of C. vulgaris and S. platensis, respectively. The NaCl modification of C. vulgaris increased the Cd(II) removal from 93% to 97% and As(V) from 1% to 5%. The increase in biosorption efficiency after modification with NaCl could be attributed to an ion exchange process. After the modification with NaCl, Na+ may have remained on the surfaces of the algae cell walls, and then the cationic ions exchanged with the metal ions during the biosorption process [19]. Additionally, a notable difference was observed in the biosorption rate of ZnCl2 on S. platensis, which increased the As removal from 13.6% to 32.3% but decreased the Cd(II) from 100% to 91%. Two reasons may account for the enhanced biosorption efficiency: (a) These could be the swelling of the hemicelluloses and cellulose during the activation of the biomass [37]; (b) the modification of S. platensis with ZnCl2 increased the number of biosorption sites, but due to the competition effect between As(V) and Cd(II), As(V) might occupy some of the Cd(II) biosorption sites, resulting in a decrease in the biosorption rate of Cd(II).




3.3. Effects of the Concentration of Modification Reagents


Different modification reagents were employed for the modification of the algae biomasses and the most effective reagents were chosen for subsequent studies. The modification by NaCl and ZnCl2 modification recorded the maximum effect on the removal of As(V) and Cd(II) by C. vulgaris and S. platensis, correspondingly. Therefore, the concentration of the two modification reagents was varied as follows 0, 0.1, 0.5, 1.0, and 2.0 M and the results were shown in Figure 3.



In Figure 3a, an increase in the biosorption rate of As(V) and Cd(II) was observed with NaCl-modified C. vulgaris. With the rise in NaCl concentration to 0.1 M, the As(V) removal of NaCl modified C. vulgaris increased from 1.3% to 5.2% and Cd(II) increased from 92.7% to 97.6%. This increasing trend was maintained up to 1.0 mol/L but dropped at 2.0 mol/L. Therefore, 1.0 mol/L was the optimum modified concentration for C. vulgaris. A higher concentration of NaCl could negatively affect the biosorption of As(V) and Cd(II). In Figure 3b, the rise in the concentration of ZnCl2 from 0 to 2 mol/L, led to a slight decrease in the removal of Cd(II), while the removal of As(V) increased marginally.



As for S. platensis (Figure 3c), the modification of NaCl had no remarkable effect on the biosorption of As(V) and Cd(II), the difference between the 0.1 to 2 M concentrations was not significant. However, in Figure 3d, the maximum As(V) removal efficiency onto S. platensis was achieved using 1 M ZnCl2 for modification. The biosorption rate of Cd(II) decreased from 100% to 73% with the increasing concentration, while the biosorption rate of As(V) increased from 13% to 50%. At a higher ZnCl2 concentration (2 M), the As(V) biosorption rate decreased to 46%. The reason may be that the modification improved the porosity development of the adsorbent. Additionally, As(V) interacted more easily with the various functionalities on the cell walls of the adsorbent, while the removal of Cd(II) decreased, attributable to the nonexistence of the available biosorption sites.



To achieve a balance in the removal efficiency of As(V) and Cd(II) and to maximize the total biosorption rate, 0.5 mol/L ZnCl2 modified S. platensis and 1 mol/L NaCl modified C. vulgaris were selected for the follow-up experiments.




3.4. Biosorption Kinetic Analysis


The comparison for the evaluation of the kinetic parameters between the two algae samples is presented in Figure 4a. The biosorption capacity of As(V) and Cd(II) reached about 90% of the equilibrium biosorption capacity at the contact time of 2 h. Thereafter, as a result of the gradual decrease in the available active sites, the uptake of the ions by the adsorbent gradually reduced with the increasing contact time, and at 4 h, the biosorption reached equilibrium.



To analyze the kinetics of the biosorption kinetics of As(V) and Cd(II) onto NaCl modified C. vulgaris and ZnCl2 modified S. platensis, the experimental data were fitted with both the pseudo-first-order and pseudo-second-order models. The values for the kinetic constant parameters for As(V) and Cd(II) biosorption are listed in Table 1. From Table 1, the values of the R2 for As(V) and Cd(II) obtained from the evaluation of the pseudo-second-order model were much higher (over 0.99) compared to the values obtained from the pseudo-first-order kinetic model for the NaCl modified C. vulgaris and ZnCl2 modified S. platensis. The qe values (calculated) for As(V) and Cd(II) obtained from the pseudo-second-order model using the two adsorbents corroborated with the experimental qe values (0.33 and 7.51 mg/g for the NaCl modified C. vulgaris, respectively, and 3.41 and 6.11 mg/g for the ZnCl2 modified S. platensis, correspondingly). Based on these results, the PSO model best described the biosorption which was largely influenced by a chemical process [34].




3.5. Biosorption Isotherm


The biosorption capacities for As(V) and Cd(II) for the various initial concentrations (10–300 mg/L) were investigated individually by biosorption isotherm experiments. As shown in Figure 4b, under the experimental condition, the highest biosorption capacities recorded for As(V) and Cd(II) were found to be 1.16 and 20.91 mg/g for the NaCl modified C. vulgaris, respectively, and 13.55 and 22.58 mg/g were for the ZnCl2 modified S. platensis, respectively.



Additionally, the effectiveness of the NaCl modified C. vulgaris and ZnCl2 modified S. platensis for the efficient removal of As(V) and Cd(II), was examined using the Langmuir and Freundlich isotherm models. The various correlation coefficients are presented in Table 2. As shown in Table 2, the As(V) and Cd(II) biosorption data fitted the Freundlich isotherm model (R2, Cd = 0.990, As = 0.936) well for the NaCl modified C. vulgaris, based on the regression coefficients compared to the Langmuir isotherm model. These results suggested that the biosorption of Cd(II) by the NaCl modified C. vulgaris occurs on a heterogeneous surface via multilayer sorption [13].



As for the ZnCl2 modified S. platensis, the As(V) biosorption behaviour fitted the Langmuir isotherm (R2, As = 0.986) better, which suggested that the nature of the biosorption was homogenous via the monolayer biosorption [13]. In contrast, the Cd(II) biosorption behaviour fitted the Freundlich isotherm (R2, Cd = 0.992) better, which was indicated by the higher R2 obtained for the Langmuir isotherm (Table 2). This result could be due to the following reasons: (1) The modification of ZnCl2 might have resulted in an even distribution of the binding sites on the ZnCl2 modified S. platensis surface [38]; (2) there is a possibility that two metal ions might have formed different complexes with the functional groups on the surface of the ZnCl2 modified S. platensis [39].



The maximum biosorption capacity obtained from the Langmuir for the ZnCl2 modified S. platensis for As(V) and Cd(II) was 24.8 and 29.4 mg/g, correspondingly, which were much greater than the NaCl modified C. vulgaris. This suggested that the ZnCl2 modified S. platensis could be effectively used to eliminate As(V) and Cd(II) from wastewater simultaneously.




3.6. Adsorbents Characterization


The distinctly different morphological features of unmodified common C. vulgaris and S. platensis is shown in Figure 5. The surface of C. vulgaris is relatively flat and uniformly distributed with many round particles (Figure 5a), with many tiny pores and cavities between these particles. In contrast, S. platensis particles have an irregular shape, with many elongated grooves and larger cavities on the surface (Figure 5c). This structure of S. platensis may allow heavy metal molecules to penetrate more easily into the internal structure and interact with the functional groups on its surface.



The scanning electron microscopy images showed that the uniform pore structure of the surface of C. vulgaris disappeared after modification by ZnCl2 (Figure 5b). The particles were agglomerated, showing more bumps, larger cavities, and rougher surface structures. The sizes of the particles were also reduced in terms of appearance. A similar phenomenon was observed from ZnCl2 modified S. platensis (Figure 5d), where the elongated surface grooves turned into larger cavities and presented a rougher morphology. Generally, the ZnCl2 modification may have increased the specific surface area of both green algae particles, thus enhancing their biosorption capacity for heavy metals.



The identification of the various functional groups present on the algae surface was carried out via FTIR spectroscopy. Figure 6 shows the FTIR graph of unmodified and chemically modified algae samples. The FTIR spectroscopic graph indicated an intensity peak at around 3294 cm−1 in all the samples, suggesting the presence of O–H and N–H. The peaks around 2926 cm−1 were ascribed to the C–H stretching vibrations, which could be found in cellulose and lignin [40]. Additionally, the peaks near 1660 cm−1 were ascribed to the C=O asymmetric stretching. Compared to unmodified C. vulgaris, the strength of the O–H, C–H, and C=O stretching band for NaCl modified C. vulgaris increased (Figure 6a), indicating the increase of these functional groups. Similarly, the C–H and C=O functionalities in the ZnCl2 modified S. platensis exhibited an increased intensity (Figure 6b), demonstrating that the ZnCl2 modification increased the surface area and the functional groups. The FTIR graph showed that the C. vulgaris and S. platensis surfaces were occupied by the hydroxyl, carboxylate, amino, and amide groups, which had a remarkable role during the biosorption process [41,42].





4. Conclusions


In this study, the effects of different chemical modifications on the simultaneous biosorption of As(V) and Cd(II) by two green algae were investigated. The results revealed that the effect of modification was related to the type of algae, the chemical reagents, and the reagent concentration. The biosorption rate of S. platensis for As(V) and Cd(II) (13.58% and 100%) was higher than that for C. vulgaris (1.32% and 92.68%), which may be related to its rougher surface structure and larger specific surface area. Moreover, 1 M NaCl and 0.5 M ZnCl2 were found to be the optimal chemical reagents to improve the biosorption performance of C. vulgaris and S. platensis, correspondingly. The biosorption rate of NaCl modified C. vulgaris and ZnCl2 modified S. platensis for As(V) and Cd(II) were 7.22% and 97.23%, 44.57%, and 86.58%, respectively. The biosorption of As(V) and Cd(II) at 30 mg/L exhibited competitive effects in the binary system. The modification improved the biosorption efficiency of the adsorbent for As(V) and Cd(II) but did not change this competitive effect. Overall, in the low concentration range, this work provided an effective and low-cost biosorption technology to simultaneously remove As(V) and Cd(II).
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Figure 1. The image of the As(V) and Cd(II) precipitation curves: (a) Effects of pH on co-precipitation, (b) biosorption by C. vulgaris for the single and binary solution systems, and (c) adsorbents dosage on adsorption by C. vulgaris for the binary solution systems. 
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Figure 2. Biosorption rates (%) for As(V) and Cd(II) by (a) unmodified and chemically modified C. vulgaris, and (b) unmodified and chemically modified S. platensis. 
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Figure 3. Biosorption rates (%) for As(V) and Cd(II) by different concentrations of (a) NaCl and (b) ZnCl2 modified C. vulgaris, and (c) NaCl and (d) ZnCl2 modified S. platensis. 
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Figure 4. Effects of (a) contact time and (b) initial concentration on biosorption for As(V) and Cd(II) by NaCl modified C. vulgaris and ZnCl2 modified S. platensis. 
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Figure 5. SEM image of (a) unmodified and (b) ZnCl2 modified C. vulgaris, and (c) unmodified and (d) ZnCl2 modified S. platensis. 
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Figure 6. FTIR spectra of (a) C. vulgaris and (b) S. platensis before and after modification. 
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Table 1. Kinetic model parameters of As(V) and Cd(II) biosorption onto the NaCl modified C. vulgaris and S. platensis.
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Parameter

	
NaCl Modified C. vulgaris

	
ZnCl2 Modified S. platensis




	
As

	
Cd

	
As

	
Cd






	
Pseudo-first-order

	

	

	

	




	
K1

	
2.63 × 10−5

	
1.50 × 10−4

	
3.88 × 10−6

	
9.30 × 10−6




	
qe

	
0.99

	
3.34

	
5.64

	
2.96




	
R2

	
0.31

	
0.86

	
0.46

	
0.37




	
Pseudo-second-order

	

	

	

	




	
K2

	
0.28

	
0.02

	
0.21

	
0.03




	
qe

	
0.33

	
7.51

	
3.4089

	
6.111




	
R2

	
0.9970

	
0.9996

	
0.9994

	
0.9999
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Table 2. Isotherm model parameters for As(V) and Cd(II) biosorption onto NaCl modified C. vulgaris and ZnCl2 modified S. platensis.
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Parameter

	
NaCl Modified C. vulgaris

	
ZnCl2 Modified S. platensis




	
As

	
Cd

	
As

	
Cd






	
Langmuir

	

	

	

	




	
qm

	
1.61

	
17.60

	
24.88

	
29.37




	
KL

	
1.06 × 10−2

	
0.62

	
5.60 × 10−3

	
1.36 × 10−2




	
R2

	
0.9211

	
0.7498

	
0.9634

	
0.9888




	
Freundlich

	

	

	

	




	
Kf

	
6.40×10−2

	
8.93

	
0.42

	
1.44




	
N

	
1.83

	
6.45

	
1.54

	
1.93




	
R2

	
0.9356

	
0.9904

	
0.9391

	
0.9918
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