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Abstract

:

Given that vanadium is a valuable material, the implementation of vanadium recycling processes is thus necessary to enhance the element’s value chain as well as minimize its undesirable environmental consequences. Among various remediation methods available, a biological method based on microalgal adsorption is known to be eco-friendly and calls for further investigations. Herein, we evaluated V2O5 adsorption efficiencies of four different microalgal strains: Nannochloropsis oculata, Heterocapsa circularisquama, Chattonella marina, and Chattonella antiqua. Inductively coupled plasma mass spectrometry (ICP-MS) data indicated that vanadium concentration in the culture medium of Nannochloropsis oculata was reduced from 4.61 ± 0.11 mg L−1 to 1.85 ± 0.21 mg L−1 after being exposed to V2O5 solution for 24 h, whereas the supernatants of the other three strains displayed no change in vanadium ion concentration. Therefore, our results indicated a strong potential of Nannochloropsis oculata for recycling vanadium with approximately 59.9% of vanadium ion removal efficiency. Furthermore, morphological observation of Nannochloropsis oculata using scanning electron microscopy (SEM) indicated that the cells were able to maintain their intact morphology even under the presence of high concentrations of heavy metals. Due to the high adsorption efficiency and robustness of Nannochloropsis oculata, the results collectively support it as a potential strain for V2O5 recovery.
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1. Introduction


Scientists across the world are studying various issues associated with heavy metal recycling because of: (1) environmental pollution and (2) high commercial values of some of the rare elements [1,2,3,4,5]. Among various heavy metals, vanadium (V) is directly used in real-life applications as catalysts in the steel and semiconductor industries [6], and vanadium-based batteries are considered a promising energy storage device [7,8,9,10]. Vanadium ore is mined only in a few countries, including China, the United States, and South Africa, therefore it is an industrially valuable commodity [11]. However, vanadium is often discarded in various industrial wastewaters [12,13], even though its different forms have been acknowledged to be toxic [6]. Thus, recycling vanadium ions present in aquatic environments will serve as an effective approach to addressing both environmental and industrial-associated issues [14,15].



Currently, different types of vanadium sources and various methods for its recovery are being actively studied [16,17]. In the case of solid sources such as vanadium-bearing steel slags, chemical methods are mainly implemented to recover vanadium [17] as such methods are simple and economically feasible. However, vanadium pentoxide (V2O5), which is the most common commercial form of vanadium, is soluble in water [16,17]. Although chemical treatments can easily recover dissolved vanadium, deploying chemical processes for the treatment of a large volume of water resources can often lead to unintended environmental pollution, which could seriously impact our daily lives [18]. Therefore, a non-chemical method for recycling vanadium pentoxide should be developed, and eco-friendly biological methods are considered one of the best options. Among various types of biological methods used for recovering heavy metals, microalgal treatment is considered to be promising, owing to the high tolerance of microalgae to toxic environments [19,20]. Several active studies on heavy metal removal using microalgae indicated that microalgae can purify the aquatic ecosystem by removing heavy metals [19,21]. Unfortunately, the mechanism associated with the recovery of heavy metals using microalgae is not well understood, therefore the industrial-scale implementation of microalgae-based heavy metal remediation technologies is currently limited [19,22].



Heavy metals such as vanadium carry a cationic group, and they are attracted to the anionic (i.e., negative charges) functional groups on microbial cell walls [22]. The mechanism of heavy metal recycling is expected to be similar to that of heavy metal remediation using microalgae, which is related to the adhesion of heavy metals on the cell surface [19,23]. However, microalgae must maintain their bioactivity even under the presence of toxic heavy metals, to be deployed as an active remediation agent. In general, microalgae with large cellular sizes were considered to be advantageous for withstanding the toxicity of heavy metals [24]. However, small-sized microalgae are also capable of withstanding the toxicity of heavy metals if the surface area to volume ratio is high enough [25]. On the other hand, heavy metal removal is also affected by pH [26], as heavy metals are positively charged in dissolved forms, they likely bond with OH− [27]. As pH is lowered, metal ions are more likely to be present in dissolved ionic forms [22]; those unstable metal ions are toxic to the cell by interfering with negatively charged functional groups on the cellular surface.



There are various methods for removing heavy metals by microalgae, including passive diffusion, ion exchange, complexation, and mediated transport [27]; however, all adsorption-based removal of heavy metals could compromise cellular integrity and bioactivity. Nonetheless, when metal ions are indirectly removed by microalgae, the pH is increased [28], which could substantially influence the ionic strength of heavy metals and associated cellular toxicity [29]. Therefore, the close interplay between bioabsorption and heavy metal forms modulated by an expected shift in pH levels should be carefully considered when screening a novel bioreagent for heavy metal recovery in an aquatic environment.



In this study, we compared V2O5 adsorption efficiencies of four different marine microalgal strains: Nannochloropsis oculata, Heterocapsa circularisquama, Chattonella marina, and Chattonella antiqua [30,31,32,33]; these strains are commonly found in the oceans of Korea and Japan, and well-studied in earlier scientific publications [33,34,35,36,37]. For the experiment, V2O5 was first dissolved in water, and the same concentration of V was then added to different T-flasks containing distinct microalgal strains.




2. Materials and Methods


2.1. Strain and Maintenance Condition


A non-toxic microalgal strain, Nannochloropsis oculata (N. oculata) [32,36]; two conventional harmful algae, Chattonella marina (C. marina) and Chattonella antiqua (C. antiqua) [33,35]; and a harmful alga, Heterocapsa circularisquama (H. circularisquama) were isolated from Yeong-deok seawater. These four seawater microalgal strains were cultivated in 40-mL cell culture flasks (T-flask, SPL, Pocheon-si, Korea) containing 30 mL of L1 medium. The L1 medium was composed of 35 g L−1 sea salt, 75 mg L−1 NaNO3, 5 mg L−1 NaH2PO4·2H2O, 0.5 g L−1 Tris-(hydroxymethyl) aminomethane, 1 mL trace element solution (4.36 g L−1 Na2EDTA.2H2O, 3.15 g L−1 FeCl3, 178.1 g L−1 MnCl2·4H2O, 23 g L−1 ZnSO4, 11.9 g L−1 CoCl2. 4H2O, 2.5 g L−1 CuSO4, 19.9 g L−1 Na2MoO4, 1.29 g L−1 H2SeO3), and 0.5 mL f/2 vitamin solution (1 mg L−1 vitamin B12, 1 mg L−1 biotin, and 200 mg L−1 thiamine hydrochloride). The flask was continuously illuminated with light at an intensity of 4200 µmol m−2 s−1 under a light/dark cycle of 12:12, and its temperature and pH were set at 25 °C and 7.6, respectively.




2.2. Cellular Growth Measurement


Subculturing each microalgal strain was performed every 2 weeks. To analyze the V2O5 absorption efficiencies of blooming microalgae, their cellular growth was measured every 24 h, and culture broth from day 7 was used for the absorption experiment. Cellular growth was analyzed by measuring the optical density (OD) at 680 nm wavelength using a UV spectrophotometer (Jenway, Stone, UK) [37]. The strains utilized in this study were adherent cells on the floor, and, therefore, their cultivation was conducted without agitation. Consequently, the culture broths were shaken only during sampling periods for the analyses of OD, which is the most efficient method to measure the concentration of adherent cells in flask-scale cultivation. For N. oculata, the dry cell weight was calculated using the following correlative equation:


DCW (g L−1) = 4.2872 × OD680nm − 0.1066



(1)




where DCW represents the dry cell weight of N. oculata, and OD680nm refers to the optical density of N. oculata.




2.3. Vanadium Ion Measurement Using ICP-MS


To estimate the vanadium adsorption efficiencies of the four microalgae, V2O5 solution was added to the culture broths of day 7 and gently mixed. Adsorption of vanadium by the microalgae was observed for 24 h without any mixing process, and the pH of the culture broths was measured at the end of both cultivation and vanadium adsorption processes, respectively. In the case of N. oculata, cell lysis was performed after 24 h-long cultivation. Three cell lysis methods were tested: sonication, acid treatment, and base treatment. Prior to the sonication method, cells were washed twice using distilled water for ICP-MS analysis of adsorption or absorption of vanadium ions. Thereafter, washed cells were treated with a sonicator at 20,000 Hz for 1 min to lyse them completely, which was then followed by ICP-MS analysis. In addition, acid and base reactions were performed with washed cells using either nitric acid or potassium hydroxide at a concentration of 2 N; ICP-MS analysis was performed after treating cells with either acidic or alkaline reagent for 30 min.



Vanadium pentoxide solution was purchased from Merck & Co. (Sigma Aldrich, St. Louis, MO, USA), and the concentration of vanadium ions was analyzed using 7700 ICP-MS (Agilent, Santa Clara, CA, USA) [38]. To prepare samples for ICP-MS analyses, the supernatants of culture broths were collected after centrifugation (Thermo Fisher, Waltham, MA, USA). The standard solutions were prepared, and the concentrations of the supernatants were adjusted to be within a linear range for the analysis. Since Agilent 7700 ICP-MS has an analytical range of up to 500 ppb, the samples must be diluted to ≤0.5 mg L−1 for the analysis of metal ion concentration. Given this, we made a 100-fold dilute solution for all of our samples. In addition, ICP-MS analysis also requires that all insoluble components in the samples must be completely dissolved to form an aqueous solution, and hence all our samples were diluted with 0.5% nitric acid as a pretreatment process. During the analysis, the temperature and humidity were maintained at 20 °C and 18%, respectively. All experiments were conducted thrice.




2.4. Scanning Electron Microscope (SEM)


The cell pellets were collected through centrifugation, and their morphology was analyzed by scanning electron microscope (SEM). The details of various sample preparation steps for the scanning electron microscopy such as fixation, conductive staining, dehydration, and coating [39,40] are as follows: (1) For fixation, cells were immobilized by 0.5% glutaraldehyde solution, followed by washing with phosphate buffer saline (PBS) solution, (2) during the conductive staining step, the cells were exposed to 1% OsO4 for approximately 15 min, this step was also followed by washing with PBS, (3) for dehydration, both freeze-drying and critical point drying were used, and (4) for Pt-Pd coating, an ion sputter [41] was used. To quantify the relative concentration of ions on the cell surface, the lyophilized cells were studied using SEM (SUPRA 55VP, Carl Zeiss AG, Oberkochen, Germany) [42]. Additionally, the morphology of cells was also observed using an optical microscope.




2.5. Statistical Analysis


The cellular growth rates and vanadium concentrations are reported as mean values of the data obtained from experiments ± 2 standard deviation (2 SD). Differences in V concentration between various groups were analyzed by one-way analysis of variance (ANOVA) with Tukey’s post hoc comparison at significance levels of p < 0.05 and p < 0.01 for cellular growth rate and vanadium concentration, respectively.





3. Results and Discussion


3.1. Cellular Growth and Physiology of Microalgae


Four species of marine microalgae, Nannochloropsis oculata, Heterocapsa circularisquama, Chattonella marina, and Chattonella antiqua, were cultivated. These four species are commonly found in seawater and have been used in various studies. All four species grew very slowly, with a life cycle of two weeks. The microalgal cells used in the experiment were cultured for a week (Table 1), and each strain was exposed to the same light and humidity conditions during the cultivation period. Their growth profiles, shown in Figure S1, reflect that the four species exhibit similar trends in their growth curve, with the final OD680nm of 0.9–0.95.



It was observed that N. oculata grew relatively faster, but differences in its OD value relative to that of the other three microalgae were insignificant (less than ± 2 SD). In addition, cells at the exponential phase from day 7 were sampled and studied under an optical microscope to verify cellular morphology, the results of which are presented in Figure S2. The cultivation process was aimed at determining the effectiveness of V2O5 adsorption by environmentally prevalent species. The algal growth of four different species with similar OD, and the absence of any bacterial contamination confirmed that the culture broth resulting from microalgal growth was suitable for analyzing the adsorption efficiency for V2O5 recovery.




3.2. Vanadium Ion Concentration Measurement by ICP-MS


Vanadium pentoxide has a solubility of 8 g L−1 at room temperature [42], and the color of the solution changes depending on the ambient pH [43]. In this study, distilled water at room temperature was used to dissolve vanadium (Table 1). The entire experimental procedure used to study the vanadium recycling process is illustrated in Figure 1. To enhance the possibility of industrial applications, the initial concentration of vanadium ions considered in this study was 5 mg L−1 (Table 1), which is the maximum amount of heavy metal concentration that can be released into industrial wastewaters according to the environmental regulation law of South Korea [44]. Therefore, 5 mg L−1 vanadium solution was prepared for each flask culture, and the supernatant was sampled every 3 h between 0 h and 12 h to verify the robustness of the proposed method in vanadium recycling (Figure 1). After 12 h of reaction, samples were collected every 6 h for 24 h.



As shown in Figure 2, it is evident that the vanadium solution was added to each sample at a uniform concentration. In the case of C. marina, C. antiqua, and H. circularisquama, the respective changes in V concentration from 4.5 ± 0.07 mg L−1 to 4.47 ± 0.28 mg L−1, from 4.28 ± 0.22 mg L−1 to 4.45 ± 0.23 mg L−1, and from 4.89 ± 0.27 L−1 to 4.71 ± 0.1 mg L−1, were insignificant. However, N. oculata exhibited a gradual decrease in vanadium concentration from 4.61 ± 0.11 mg L−1 to 2.38 ± 0.07 mg L−1 in a period of 12 h. This observation demonstrated the possibility of removing a significant amount of vanadium ions down to approximately half of the initial concentration. For most species, microalgae soaked in vanadium solution for more than 12 h displayed cellular degradation. On the contrary, N. oculata treatment reduced the vanadium ion concentration to 1.85 mg L−1 in the supernatant after 24 h, indicating that the removal rate of vanadium ion between 0 h and 12 h was about 4.2 times greater than that observed between 12 h and 24 h.



While the maximum vanadium removal of 59.9% was observed after 24 h, the maximum removal rate was calculated as 0.00157 g−1 h−1 following Equation (1) and considering the concentration of N. oculata inoculum as 3.94 g L−1. This implies that 0.1858 mg of vanadium per 118.3 mg of N. oculata could be removed after 12 h. In future studies to establish the vanadium recovery process with the same amount of microalgae, 12 h of reaction period would be the most efficient, considering that the hydraulic retention time of the wastewater treatment process is one of the most cost-dominant factors.



In addition to checking the vanadium concentration in the pellet, various cell lysis methods were attempted to confirm the vanadium recovery from the cell. In this respect, sonication, acid treatment, and base treatment were performed (Table 2), and the results indicated vanadium concentration in the lysates obtained with the corresponding methods as 2.57 ± 0.27 mg L−1, 0.89 ± 0.11 mg L−1, and 2.07 ± 0.31 mg L−1. In particular, the method that showed the highest vanadium recovery rate was sonication, which showed a recovery rate of about 93%. In addition, a recovery rate of about 85% was measured by the base treatment (2N KOH), whereas a low recovery rate of about 37% was measured with the acid treatment (2N HNO3). While this seems to be associated with the effectiveness of each method in cell wall disruption, the results suggested cell lysis through sonication as the most effective method for recovering vanadium. Given that most of the vanadium was recovered following a relatively simple treatment, the results supported that the recycling of vanadium would be possible cost-effectively.



To estimate the significance of vanadium recovery using N. oculata, a series of one-way ANOVAs with Tukey’s post hoc tests were conducted for 6, 9, and 12 h of reaction time, and the results are listed in Tables S1 and S2, and Figure S3. All four experimental groups considered in this study had no difference at 6 h, except that the pair-wise differences between HC and NO (H. circularisquama-N. oculata) seemed to be substantial. Furthermore, after 12 h of reaction time, the significance of ANOVA increased further with p < 0.01, and a comparison with the other three microalgal species indicated that the V2O5 adsorption efficiency of N. oculata was significantly different compared to the other groups.



Our comparative analysis of four candidate strains indicated N. oculata as a promising strain that can effectively remove vanadium ions present in an aquatic environment. Moreover, the recovery rate results of this study were quite noteworthy compared to other studies demonstrating the removal of heavy metals using microalgae. For instance, removal rates for Cr, Cd, and Cu varied from 14% to 90% during a week-long treatment period [27]. Although direct comparison is difficult because the initial concentrations of metal ions and microalgae are different, the vanadium removal of N. oculata used in this study was more than 59.9% following just a day-long treatment. Surprisingly, the results also indicated a high recovery rate (i.e., ~93% recovery of vanadium from microalgae) using simple pretreatment, reiterating the great industrial potential of N. oculata.




3.3. SEM Observation of Cellular Morphology


The morphology of two species, N. oculata (NO) and H. circularisquama (HC) were studied using SEM. Additionally, both (1) fresh cells and (2) cells obtained following vanadium-addition treatment were analyzed for strains N. oculata and H. circularisquama. N. oculata was found to possess a rounded coccus-like shape with a size of approximately 2 μm (Figure 3a). On the other hand, H. circularisquama was rod-shaped with an approximate diameter of 10 μm (Figure 3c). During this experiment, the same amount (OD-based) of microalgal biomass was inoculated, which was proportional to the biovolume. Notably, the cellular size of each species differed in diameter, i.e., 2–3 μm for N. oculata and 10–15 μm for H. circularisquama, respectively.



The fresh cells had a smooth surface with some wrinkles, although some cells had mild disruption and rough surfaces (Figure 3a,c). One possible reason for this observation could be associated with the pretreatment process required for SEM analysis, which involves a moisture removal process after fixation of the cell wall. During the moisture removal process, it is possible that the surface might have been damaged. Microalgae with weak cell walls are more susceptible to such surface damages.



The difference in cell morphology was highly evident when the state of the cells without vanadium solution and with vanadium solution were compared. In the case of N. oculata, it was difficult to find any cells that had undergone serious damage in the vanadium solution mixed condition (Figure 3b). This ability of N. oculata to maintain intact morphology even under the addition of vanadium could be associated with its vanadium tolerance, which seemingly led to its high removability of soluble vanadium. In contrast, serious damage to the cells of H. circularisquama were observed in a vanadium addition treatment (Figure 3d). The ICP-MS results of H. circularisquama also indicated that it has no possibility of recovering V at any sampling stage. Therefore, it can be assumed that the activity of H. circularisquama was negatively impacted by the addition of the vanadium solution due to toxicity or change in pH conditions (pH 4.3) [18]. Consequently, it was difficult to find normal cells in H. circularisquama as most H. circularisquama cells were disrupted.



Contrary to the results of H. circularisquama, N. oculata maintained its bioactivity even when mixed with vanadium solution for more than 12 h (Figure 3b). Given that the live cell showed higher heavy metal removal efficiency than dead cells because of the maintenance of a negatively-charged cell wall [45,46], N. oculata was reconfirmed for its potential as a vanadium recovery/removal agent. Previously, there have been studies on the use of substances with high molecular weight such as azo dyes in wastewater in the process of adsorption as well by N. oculata [47]. Notably, although the pH of experimental groups was significantly decreased (Table 1), it was observed that N. oculata can survive in such low pH conditions. In summary, it was reaffirmed through SEM analysis that the cellular viability of N. oculata can be maintained without any evidence of cellular disruption even in the presence of toxic vanadium.





4. Conclusions


Seawater microalgae have a cell wall system that can withstand high salinity, and are resistant to bacterial contamination that may occur in a cultivation system. This is a great advantage for the development of industrial processes because a high salinity environment can prevent contamination. This study is the first to analyze the adsorption abilities of four different marine microalgal species of V2O5. We found that one of the tested strains, Nannochloropsis oculata, successfully recovered 59.9% of dissolved V2O5 in 24 h.



In this study, we not only demonstrated the potential of N. oculata for heavy metal recovery processes but also analyzed the changes in the morphological state of N. oculate before and after the exposure of vanadium mixed acidic solution. Further studies on the effect of different pH levels should be conducted to improve the efficiency of the vanadium recycling process. Given that a number of marine microalgae are known to possess vanadium-dependent enzymes, future work will also be necessary to confirm the presence of these enzymes in Nanochloropsis sp., the understanding of which could provide additional opportunities to enhance the removal/recycling efficiencies of the valuable heavy metal. In addition, studying different groups of Nannochloropsis would be needed to determine suitable candidates for industrial-scale heavy metal recovery under optimized operation conditions. As an expandable part of another thesis, research using actual wastewater can be considered. In particular, in the case of wastewater containing heavy metals, not only wastewater that is well dissolved in water but also wastewater in the form of sludge. By directly applying these various wastewaters, it is expected that the basis of a process that can be used in actual industry will be established.
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Figure 1. Schematic diagram of scientific vanadium pentoxide ion recycling process. 
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Figure 2. Vanadium ion concentration in the supernatant by ICP−MS after mixing with vanadium solution. 
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Figure 3. Scanning electron micrograph of N. oculata (a,b) and H. circularisquama (c,d) under normal and vanadium solution mixed conditions, respectively. 
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Table 1. List of various physical and chemical parameters used for cell culture. Basic information applies equally to all species in this study.
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Cell Condition

	
V2O5 Solution Condition

(Vanadium Ion Concentration)




	
OD

	
Cultivation Period

(day)

	
Temperature

(℃)

	
pH

	
Stock

(mg L−1)

	
Inoculation

(mg L−1)

	
pH






	
0.9–0.95

	
7

	
20

	
7.5

	
100

	
5

	
4.3
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Table 2. Vanadium concentrations of supernatant and pellet under various methods.
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N. oculata

	
Vanadium Concentration (mg L−1)






	
Supernatant

	
0 h

	
4.61 ± 0.11




	
24 h

	
1.85 ± 0.21




	
Pellet

	
Sonication

	
2.57 ± 0.27




	
Acid * treatment

	
1.01 ± 0.07




	
Base ** treatment

	
2.34 ± 0.08








* 2N HNO3, ** 2N KOH.
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