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Abstract

:

A wide variety of dyes, such as toluidine blue (TB), are used daily for a multitude of purposes. After use, many of these compounds end up in aqueous effluents, reaching natural environments, including marine environments. The removal of these pollutants from marine environments must be considered a priority problem. The search for natural techniques, such as biosorption, is a preferred option to eliminate pollution from natural environments. However, biosorption studies in seawater are scarce. For this reason, the living biomass of the marine microalga Phaeodactylum tricornutum was studied to determine its ability to remove TB from seawater. The kinetics of the biosorption process, the isotherms, and the effect of light and pH were determined. This biomass showed a maximum TB removal capacity of 45 ± 2 mg g−1 in the presence of light. Light had a positive effect on the TB removal capacity of this living biomass. The best fitting kinetics was the pseudo-second order kinetics. The efficiency of the removal process increased with increasing pH. This removal was more effective at alkaline pH values. The results demonstrated the efficacy of P. tricornutum living biomass for the efficient removal of toluidine blue dye from seawater both in the presence and absence of light.
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1. Introduction


There are more than 100,000 commercially available dyes, with an annual production of 7 × 105 tons [1]. Currently, dyes have multiple applications, with the textile industry being the largest user of these compounds [2]. About 2–20% of the used dyes are directly discharged into aqueous effluents, and given the good solubility of these compounds, they can be found in significant quantities in polluted media [3]. Although dyes can be found in low concentrations in water bodies, they become highly visible [1], even modifying the perception of the landscape. Furthermore, dyes are able to block sunlight, which is essential for many photoinitiated chemical reactions, inducing photoinhibition in light-dependent aquatic organisms [1,4]. This problem results in a loss of diversity in ecosystems [5].



An added problem is that the chemical structure of dyes makes them resistant to degradation and discoloration upon exposure to light, water, and a wide range of chemicals [6], which turns the dyes into recalcitrant compounds [7], presenting a high capacity for persistence in the environment and an ease of mobilization and accumulation in sediments [8]. These characteristics constitute threats to both human health and wildlife [9].



Toluidine blue (TB) is an acidophilic metachromatic dye that stains acidic components of tissues (sulphates, carboxylates, and phosphate radicals) and is soluble in both water and alcohol. It is a dye that is mainly used in the medical field, textile industry, and biotechnology, as a mediator of several reactions such as photosensitizer and identification of organisms [10], which makes this dye a potential waste in educational and industrial institutions. As a consequence of these uses, this dye can reach aquatic environments causing a pollution problem. Some studies are looking for efficient techniques to remove TB from the environment, using gypsums [3], photocatalysis [11], or the synthesis of nanomaterials [12], which indicates the importance of using effective remedies to reduce the concentration of TB in the environment. It is important to highlight that pollution in marine environments has accelerated in recent centuries due to the number of discharges that reach the sea. However, studies to remove pollutants from seawater are scarce [13,14].



The search for plausible solutions that can be applied in situ is of great importance today. These solutions must demonstrate their efficiency, taking into account the environmental conditions of the place where these solutions need to be applied. Bioremediation is an excellent option to mitigate the adverse effects of pollutants on the environment through the removal or metabolization of toxic substances [15]. Microorganisms (bacteria or microalgae), fungi, or plants can be used to remove pollutants from water and soil [16]. These bioremediation techniques are more affordable, environmentally friendly, and produce less waste after use [17]. For these reasons, it would also be desirable to be able to apply this technique to eliminate pollutants from seawater. However, biosorption studies of pollutants in seawater are also scarce [18,19,20]. Most experiments use deionized water where the assayed pollutant is dissolved. However, using seawater in the experiments is a necessary step to appropriately assess the characteristics of a specific biosorbent intended to eliminate pollutants from the marine environment.



Biomass derived from microalgae is currently considered a good candidate to remove harmful substance from the environment [21]. Microalgae can remove pollutants through biosorption, bioaccumulation, or biodegradation processes [15], and these microorganisms can even use pollutants as nutrients and degrade them enzymatically [5]. The carbohydrates present in the cell walls of microalgae make them capable of adsorbing large amounts of toxic chemical compounds such as heavy metals, phosphorus, nitrogen, and other complex compounds from water bodies [15]. In addition, these microorganisms offer other advantages; for example, microalgae can easily capture the CO2 gas due to their photosynthesizing ability and elaborate by-products such as lipids, vitamins, and carbohydrates [22], considering that CO2 biofixation is one of the most successful alternatives to remove CO2 from the atmosphere [23]. Microalgae are fast-growing due to their simple structure [5,24], which facilitates their cultivation and growth.



Phaeodactylum tricornutum is a marine microalga that belongs to the group of diatoms and whose biomass has been shown to have good characteristics to remove pollutants [19,25]. This microalga’s remarkable properties allow it to be used in processes based on biosorption techniques. In addition, it is an easy-to-cultivate microalga, widely used in laboratory tests and in aquaculture; this makes the biomass of this microalga easily available. For these reasons, the main objective of this study is to determine the capacity of the Phaeodactylum tricornutum living biomass to remove TB from seawater. The kinetics of the process, the equilibrium isotherms, and the effect of light and changes of the pH in the medium on the removal capacity will be studied.




2. Materials and Methods


2.1. Stock Culture of the Microalga


Phaeodactylum tricornutum was grown in 1 L Pyrex glass bottles in a culture chamber at a temperature of 18 ± 2 °C with 12/12 h light/dark cycles and a light intensity of 68 µE m−2 s−1. Natural seawater, previously autoclaved at 121 °C for 20 min and enriched with ALGAL culture medium, was used. The culture was blown with filtered air (0.22 µm pore size) at a flow rate of 10 L min−1.




2.2. Seawater


The seawater used in the experiments was natural seawater, filtered (0.22 µm pore size) and autoclaved at 121 °C for 20 min. This seawater was collected in the bay of La Coruña (N43°22′21.5116″ W8°24′32.6953″). Salinity was 35‰, and pH was 8.2 ± 0.1, adjusted with HCl or NaOH when necessary.




2.3. Toluidine Blue Dye


The dye used in the experiments was Toluidine blue (TB) (CAS = 92-31-9; CI = 52040). It is a cationic dye belonging to the thiazine group and its chemical structure is C15H16CIN3S. This dye was obtained from Merck (Rahway, NJ, USA).



A stock solution of the dye was prepared in deionized water at a concentration of 1 g L−1.




2.4. Biosorption Assays


The biosorption experiments were carried out in 50 mL Kimax tubes with different TB concentrations. The amount of biomass used in the experiments was equivalent to 0.4 g L−1 of dry biomass. This biomass was obtained from the stock culture of the microalga. To determine the volume that was necessary to take from this stock culture, the cell density of the culture was determined using a Neubauer counting chamber. These data, together with the value of the dry weight of the microalga, allowed the volume needed to obtain the equivalent amount of dry biomass to be determined. The volume obtained from the stock culture of the microalga was centrifuged at 1700× g × 3 min to obtain the microalgal biomass that was transferred to the Kimax tubes. Seawater and a volume of the stock dye solution were added to these tubes to obtain the dye concentrations tested of 1, 2, 4, 8, 10, 20, 40, 60, 80, and 100 mg L−1. The tubes were incubated in the culture chamber at 18 ± 2 °C, with shaking at 200 rpm and a light intensity of 68 µE m−2 s−1.



Control tubes exposed to light and in the dark (covered with aluminum foil) without biomass were used to determine the stability of the dye in seawater, and since the experiments were performed with light, it was also determined whether the dye underwent photodegradation.



For all experiments, samples were taken at time intervals of 1, 5, and 10 min, and 0.25, 0.5, 1, 2, 3, and 4 h. The samples were centrifuged at 6000× g × 2 min, and the supernatant was transferred to a −20 °C freezer for subsequent measurement in a spectrophotometer.



2.4.1. Effect of Light on the Biosorption Process by the Living Microalga


To study the possible effect that light may have on the biosorption process of the dye by the living cells of the microalga, experiments were carried out with tubes containing microalgal biomass identical to those indicated above but covered with aluminum foil. The tubes were sampled in the same way as described above.




2.4.2. Determination of the Effect of pH on Biosorption Capacity


To determine the effect of pH on the biosorption capacity of this dye by the living cells of the microalga, seawater at different pH values was used, obtained by adjustment with HCl or NaOH depending on the pH. The pH values tested were 2, 4, 6, 8, and 10. The assays were similar to those indicated above, but with a single dye concentration of 20 mg L−1. Control tubes without biomass were also used to determine the stability of the dye at different pHs. Aliquots were taken at 1, 5, and 10 min, and 0.25, 0.5, 1, 2, 3, and 4 h, and then stored in a −20 °C freezer for subsequent measurement in the spectrophotometer.





2.5. Analytical Methods


The amount of dye removed in the experiments was determined spectrophotometrically at a wavelength of 626 nm. For this purpose, a calibration curve was carried out with different concentrations of the dye in seawater.



The amount of dye removed per unit of biomass was determined by:


    q   t   =       C   i   −   C   t     ∗ V   m    



(1)




where qt (mg g−1) is the amount of dye removed per unit of biomass at time t (h), Ci is the initial dye concentration in the control tubes (mg L−1), Ct is the dye concentration (mg L−1) of the samples with microalgal biomass at time t, V is the volume of the solution (L), and m is the mass of the sorbent (g).



The percentage of dye removed was determined by:


    P   t   =       C   i   −   C   t     ∗ 100     C   i      



(2)




where Pt is the percentage at time t.



Analysis of Kinetics and Equilibrium Isotherms


To determine the properties of P. tricornutum biomass as a TB biosorbent, the kinetics of the process were studied, both over time and at equilibrium (isotherms). The data obtained were fitted to several kinetic and isotherm models (Table 1).





2.6. Determination of the Zero Charge Point of the Biomass


The zero charge point (pHZCP) is the pH value at which the charge of the biomass is zero (equal number of positive and negative charges). This value is important when performing biosorption studies with charged compounds such as this dye. The charge of the biomass surface is an important parameter to optimize the biosorption process. To determine the pHZCP, biomass samples of 0.4 g L−1 were washed with a 0.6 M NaCl solution and collected by means of centrifugation at 6000× g × 2 min. The biomass samples thus obtained were diluted in 0.6 M NaCl solutions but with different pHs (2–13) (pHi) in 50 mL tubes. These solutions were allowed to equilibrate for 4 h. After this time, they were centrifuged at 6000× g × 2 min, and the pH of the supernatant of each of these solutions was measured (pHf). The pHZCP is obtained from a plot of ΔpH (pHf − pHi) versus pHi.




2.7. Statistical Analysis


All assays were conducted in triplicate. Data are the mean of the three replicates ± SD. The fits to the kinetic and isotherm models were performed by means of non-linear regression. The coefficient radj2 was used as a measure of goodness of fit. To establish whether there were differences between the results of the experiments with the different factors, a two-way ANOVA and Turkey’s test were used, establishing a significance level of α = 0.05. Previously, it was verified that the ANOVA requirements were met.





3. Results


3.1. Study of the Stability of the TB Dye in the Experimental Conditions


Control experiments (tubes exposed to light and tubes in darkness) were carried out without the presence of microalgal biomass to determine the stability of the dye in seawater, and the possible photodegradation effect that may occur on the dye since the experiments were carried out with illumination to keep the biomass alive. The results obtained from the assays in seawater and from the tubes in darkness, and analyzed using a two-way ANOVA (factors: time (initial and final of the assays), and initial dye concentration) indicated that there were no significant differences between the initial and final dye concentration (F1,40 = 0.40; p = 0.53) for all the dye concentrations tested. Therefore, the dye remained stable in seawater during the 4 h of the assay. Similarly, the tubes of these control experiments exposed to light, also in seawater, allowed the determination of a possible photodegradation of the dye during the biosorption process. The results obtained and analyzed by means of a two-way ANOVA (factors: time (initial and final of the assays), and initial dye concentration) indicated that there was no significant variation between the initial and final concentration of the dye at all the concentrations tested (F1,40 = 1.61; p = 0.21); therefore, there was no photodegradation of the dye during the assays. Therefore, the TB dye showed stability in seawater and no photodegradation under the microalga culture conditions during the 4 h of the process.




3.2. Effect of Microalgal Biomass on TB Dye Removal in the Presence of Light


Figure 1A shows the evolution of the dye concentration (mg L−1) over time in the experiments with microalgal biomass and with illumination. A clear decrease in the initial dye concentration is observed for all tested concentrations. The results analyzed by means of a two-way ANOVA (factors: time (initial and final), and initial dye concentration) showed that this decrease was statistically significant (F1,40 = 2971.41; p < 0.001) at all assayed concentrations of the dye. Furthermore, there was a significant interaction between both factors (F9,40 = 249.82; p < 0.001). This interaction occurred at the lowest initial dye concentrations, up to the concentration of 40 mg L−1, which removed a higher amount of dye than expected. Therefore, the P. tricornutum biomass was able to remove TB dye from the medium at all concentrations tested. This figure also shows a rapid initial removal of the dye, mainly in the first hour, with a removal of more than 50% of TB at concentrations of 1–10 mg L−1. Subsequently, equilibrium was reached quickly at the lowest concentrations tested. In fact, at these low concentrations (1–40 mg L−1), between 98 and 100% of dye was removed at the end of the process. At the highest concentrations (60–100 mg L−1), equilibrium was also reached due to the saturation of the microalgal biomass by the TB dye. At the highest concentration (100 mg L−1), 47% of the dye added to the medium was removed.



Figure 2A shows the amount of dye removed per unit of biomass (mg g−1) in the presence of light with respect to time. It can be seen that the amount of dye removed by the biomass increased over time at all the dye concentrations tested. The results obtained by means of a two-way ANOVA (factors: time (initial and final), and initial dye concentration) showed that this increase was statistically significant (F1,40 = 4959.88; p < 0.001) at all the dye concentrations. The concentration of 100 mg L−1 was the one that presented the highest biosorption with 109.79 ± 10.35 mg g−1, compared to the concentration of 1 mg L−1 with 2.24 ± 0.02 mg g−1. This result shows that the P. tricornutum biomass was able to remove, although with different efficiency, the TB dye from the medium at all concentrations tested (1–100 mg L−1). A first phase of rapid removal can also be observed in this figure until equilibrium was reached.




3.3. Effect of Microalgal Biomass on Dye Removal in the Absence of Light


As occurred in the presence of light, the microalgal biomass removed the dye at all concentrations tested (Figure 1B), although with different degrees of efficiency depending on the initial concentration of the dye. After 4 h of process, the final dye concentrations in the medium were lower than the initial concentrations. The results analyzed by means of a two-way ANOVA (factors: time (initial and final) and initial dye concentration) showed that these differences were significant (F1,40 = 39,126.57; p < 0.001). There was also a significant interaction between both factors (F9,40 = 2729.03; p < 0.001), but in this case, only up to the concentration of 10 mg L−1. Therefore, the behavior was similar to the presence of light; however, the removal values obtained in darkness were lower than those obtained with illumination. When the results of both experiments were statistically compared by means of a two-way ANOVA (factors: light and final dye concentration), it was verified that this effect was significant at all the dye concentrations tested (F1,40 = 136.07; p < 0.001), which shows that there was an effect of light on the efficiency of the microalgal biomass to remove the dye. In addition, there was a significant interaction with the concentration factor (F9,40 = 20.30; p < 0.001). This interaction also occurred at lower dye concentrations, up to 40 mg L−1. In the dark, although there was a significant removal by the microalgal biomass, it was less efficient than in the presence of light. In fact, the dye was only entirely removed at concentrations of 1–2 mg L−1.



Figure 2B shows the amount of dye removed per unit of biomass in the absence of light. As in Figure 2A, it can be seen that, even in the absence of light, the amount of removed dye increased over time at all the concentrations tested. The results obtained by means of a two-way ANOVA (factors: time (initial and final), and dye biosorbed per unit of biomass) showed that this increase was statistically significant (F1,40 = 38,107.73; p < 0.001) at all concentrations. The concentration of 100 mg L−1 showed the highest biosorption with 94.43 ± 1.32 mg g−1, compared to the concentration of 1 mg L−1 with 2.13 ± 0.02 mg g−1. However, when compared to the amount removed in the presence of light, the amount removed was lower.




3.4. Effect of Contact Time and Initial Dye Concentration on Biosorption Process


Contact time is an important parameter to study the efficiency of a biosorption process. According to Figure 1, as the contact time increased, the dye concentration in the medium decreased. Initially, this decrease was rapid. In fact, most of the dye was removed during the first half hour. Gradually the decrease was slower until the equilibrium was reached. This equilibrium was reached at all concentrations tested during 4 h of the process. Therefore, this time was considered adequate to characterize the TB biosorption process by the microalgal biomass, both in the presence of light and in the dark.



In the biosorption process, the initial concentration of sorbate influences the efficiency of the process. Figure 3 shows the percentage of TB removed by the microalgal biomass after 4 h. This percentage decreased as the initial TB concentration increased, decreasing the removal efficiency. However, there were significant differences between light and dark assays (F1,40 = 319.06; p < 0.001). There was also a significant interaction (F9,40 = 26.88; p < 0.001) between the light–dark factor and the initial dye concentration. In the presence of light, the interaction occurred up to a concentration of 40 mg L−1, while in the dark, only up to a concentration of 10 mg L−1. In the presence of light, 100% of the dye was removed at concentrations of 1–40 mg L−1. This percentage decreased to only 47% at the highest dye concentration tested. However, in the dark, although the trend was similar, 100% removal was only achieved at concentrations of 1–2 mg L−1, and with only 38% at the highest concentration.




3.5. Kinetic Models


Table 2 and Table 3 show the parameters obtained by fitting the data to the kinetics of the biosorption process using microalgal biomass, both in the presence (Table 2) and in the absence of light (Table 3). The kinetics are important to determine a model that can better explain the data on TB removal by microalgal biomass. Two kinetic models, pseudo-first order and pseudo-second order, were evaluated since they are the most commonly used models. Both in the presence and absence of light, and for all concentrations tested, the model that obtained the highest radj2 was the pseudo-second order model. Comparing the data in both tables, the values obtained for the kinetic parameters in the presence of light were higher than the values obtained in the dark.




3.6. Biosorption Isotherms


Biosorption isotherms are an excellent model to evaluate the sorption capacity of a sorbent, in this case, the microalgal biomass of P. tricornutum. Figure 4 represents the equilibrium data obtained for TB removal with the microalgal biomass, both in the presence of light and in the dark, together with the fit to the isotherm models, which are already indicated in Table 1. Table 4 shows all the values obtained for the parameters derived from fitting the equilibrium data to the different isotherm models, both in the presence of light and in the dark. Taking into account the radj2 values obtained, the order of best to worst fit was Langmuir > Temkin > Freundlich > Dubinin–Radushkevich for the data obtained with the biomass in the presence of light, while in the dark, the order was Langmuir > Dubinin–Radushkevich > Freundlich > Temkin. As can be seen in Figure 4, the data obtained in the presence of light were different from those obtained in the dark. Thus, the values obtained at equilibrium were higher in the presence of light. In addition, the flattening of experimental values was reached with higher values of the dye concentration in the medium at equilibrium, and that flattening happened less abruptly and with lower values of qe.



Considering the data obtained with the Langmuir isotherm, the maximum sorption capacity (qmax) for TB in the presence of light was 45 ± 2 mg g−1, while in the absence of light, this capacity was only of 39 ± 1 mg g−1. The KF parameter of the Freundlich isotherm showed that the biomass in the presence of light had a higher affinity for TB (20 ± 3 L mg−1) than in the dark (13 ± 2 L mg−1). The Temkin isotherm also confirmed this difference between the light and dark experiments since the constant qT was higher in the presence of light. The Dubinin–Radushkevich isotherm indicates the free energy of sorption (ED), which can be 8–16 KJ mol−1, indicating that the process is mainly carried out by means of chemisorption, or if it is less than 8 KJ mol−1, the sorption would be due to physical mechanisms [33]. Since the results were located between 8 and 16 KJ mol−1 in both conditions, it can be assumed that the biosorption of the TB dye was mainly carried out by means of chemisorption.




3.7. Effect of pH on Biosorption Efficiency


For these assays, the stability of the dye in seawater at the different pH values tested and in the presence of light was first evaluated. The results obtained and analyzed by means of a two-way ANOVA, using time (initial and final) and the different pH values as influencing factors, indicated that there were no significant differences in either factor (F1,20 = 1.83; p = 0.16); therefore, the dye was stable for the duration of the process at all the pH values tested. Figure 5 shows the data obtained for the percentage of dye removal for the different pH values tested over time. The results analyzed by means of a two-way ANOVA (factors: time (initial and final), and pH value) showed that there were significant differences (F1,20 = 11,473.71; p < 0.001) in the influence of pH on the efficiency of the microalgal biomass to remove the dye. After 4 h of testing, no significant differences (p > 0.05) were obtained in the percentage of TB removed at pH 6, 8, and 10. However, there were significant differences (p < 0.05) with respect to lower pH values. At a low pH, the sorption capacity of the microalgal biomass was very low, removing only 11% after 4 h at pH 2. The removal capacity increased progressively as the pH value of the medium increased, up to pH 10 with a removal of 98%. Therefore, pH had a direct influence on the TB removal capacity of the microalgal biomass, increasing its efficiency at a high pH, and reducing its efficiency drastically at a low pH.




3.8. Determination of pHZCP


Figure 6 shows the evaluation of the pH of the zero charge point of the microalgal biomass. This value corresponds to the pH value where no variation occurs between the initial and final pH values, that is, where the curve cuts the line corresponding to the zero-variation value. The value obtained for the pHZCP of this biomass of P. tricornutum was 8.98 ± 0.21.





4. Discussion


Currently, dyes such as TB have a notorious presence in natural environments, causing problems due to both their direct and indirect effects on the affected environment [34]. Biosorption is considered an efficient technique for the removal of pollutants from aqueous media. However, marine environments are more neglected in terms of studies for the removal of pollutants through biosorption. For this reason, this work focused on determining the properties of the living biomass of the marine microalga Phaeodactylum tricornutum for the removal of TB dye from seawater using biosorption. However, it is necessary to consider that the use of seawater and illumination in the experiments carries the possibility that the dye may be unstable under these conditions, since seawater has very different characteristics from the deionized water solutions with which most biosorption experiments are carried out [35]. This instability would cause a decrease in the initial concentration of the dye, without the involvement of the biosorbent in the process, and, therefore, erroneous data would be obtained on the true properties of said biosorbent to remove the dye. The results obtained from the controls indicated that the TB dye was stable in seawater, even with illumination. Checking the stability of the sorbate in biosorption studies should be an obligatory first step for the correct characterization of the process and the biomass used. However, this procedure is unusual since it is assumed that the sorbate is stable in the test solution (usually deionized water), which may not always be correct [35].



Taking into account the results obtained, the biomass of this marine microalga was shown to have good characteristics to reduce the concentration of TB in seawater. In fact, microalgae are included in the group of so-called emerging biosorbents, given the high effectiveness of microalgal biomass in removing pollutants [36]. The characteristics of the microalgal surface facilitate the capture of pollutants. In the case of the microalga P. tricornutum, the FTIR spectrum [18,19,20] showed that this microalga has a wide variety of functional groups, which can allow the capture of this dye through various interactions, cationic exchange, pi interactions, electrostatic attractions, and hydrogen bonds. Thus, previous studies to characterize the biomass of this microalga indicated the presence of O-H groups corresponding to alcohols, phenols, and tricarboxylic acids, the presence of amide I and amide II groups corresponding to proteins, the presence of carbohydrates, and the presence of -−C=O groups that correspond to carboxyl groups [18,19,20]. It is known that these groups facilitate the biosorption of cationic dyes; in particular, a strong interaction has been suggested between these groups, when they carry a negative charge, and the =N+-(CH3)2 group of the dye [37].



Although it is more common to use dead biomass in biosorption processes, the type of biomass (live or dead) can have an influence on the efficiency of the process. For this reason, it is of interest to study the effect of the application of living biomass on biosorption processes. In the present work, living microalgal biomass was used in order to study the efficiency of TB removal. Although there are environmental factors that affect both living and dead biomass, there are factors that would only have an impact on living biomass. Thus, since the living biomass of the microalga was used in this work, illumination was studied as an important factor for the efficiency of the biosorption process using this photosynthesizing microorganism. In this way, experimental data were obtained with the living biomass both in the presence of light and in the dark. The fit of the experimental data to the kinetic models allowed us to establish that the kinetics that best fitted these data, both in light and dark conditions, were the pseudo-second order kinetics, indicating a rapid removal of TB from the medium by the microalgal biomass. This is in agreement with most biosorption studies, indicating the superiority of this model for modeling these types of processes [38]. When the rates (K2) obtained with this model for this biomass were compared with the rates of other sorbents used to remove this dye [10,16], it was observed that the removal rate with the P. tricornutum biomass was slower. The fact of using live cells could be related to this result. For complete removal, the dye would have to enter the cell interior, which would slow down the process. The parameters derived from these kinetics indicated that illumination was a factor that increased the efficiency of the process. Not only was the amount of dye removed higher, but the removal rate was also higher in the presence of light (Table 2 and Table 3) with higher K2 values. In addition, the data obtained from the equilibrium isotherms (Table 4) provided important insights into the process. The Langmuir isotherm confirmed that there was a higher biosorption when the microalgal biomass was in the presence of a light source. The parameters derived from the Freundlich model also provided interesting information on the properties of the biomass. The KF parameter, which indicates the affinity of the P. tricornutum biomass for TB, obtained a higher value in the presence of light than in the dark. Finally, the Dubinin–Radushkevich model indicated that the biosorption of the TB dye was mainly carried out by means of chemisorption, both in the presence of light and in the dark.



Therefore, the experimental results showed a higher TB removal efficiency when the microalgal biomass was in the presence of light than in the dark (Figure 2). P. tricornutum, as a photosynthetic microorganism, has a highly light-dependent metabolism [39]. This fact leads to the biostimulation of the microalga by light, which leads to an increase in its metabolism, favoring a higher uptake of TB from the medium, which could even be degraded by the metabolism of the microalga. The illumination makes this living biomass more active, moving it away from what would be more similar to a dead biomass. Furthermore, in the effect of microalgal biomass on TB dye removal in the presence of light, a significant interaction was obtained between the amount of dye removed and the initial dye concentration. A lower concentration up to 40 mg L−1 removed a higher amount of dye than expected. This interaction also occurred in the dark, but only up to a concentration of 10 mg L−1. This could be another argument in favor of the use of living biomass to promote the efficiency of the biosorption process. At low initial concentrations of the dye, the possible toxic effect of this compound would be lower and, therefore, the living biomass would be more active. This greater activity (or greater resistance to the possible toxicity of the dye) would occur in the presence of light, with greater removal up to a concentration of 40 mg L−1.



These results are important to assess the use of living biomass in biosorption processes. Living biomass can use different additional mechanisms to remove TB, such as bioaccumulation or biotransformation. In fact, there are different studies that support the use of living biomass to improve the efficiency of the biosorption process [19,25].



pH is an important factor in biosorption processes because it directly influences the charge on the sorbent surface, increasing or decreasing its affinity for pollutant uptake. In turn, some pollutants may be susceptible to having a charge depending on pH. This is the case of the TB dye whose charge varies with the pH of the medium. In fact, the results obtained in this work indicated that pH was a factor that influenced the removal efficiency of the TB dye by the biomass of this microalga (Figure 5). At low pH values, the efficiency of the biomass to remove TB was clearly lower. This efficiency increased with increasing pH. There are several reasons that may explain this result. On the one hand, this dye has two pKa values, which are 2.4 and 11.6 [40]. This means that at pH values lower than the first value, the dye has two positive charges, while at pH values between 2.4 and 11.6, the dye has only one positive charge, and it loses this charge at pHs higher than 11.6. Furthermore, it is necessary to take into account that the pH of the zero charge point of the microalgal biomass is 8.98 ± 0.21, which means that at pH values below this point, the charge of the microalgal biomass is positive, while at higher pH values, the charge of the biomass is negative. For these reasons, as the pH value increases, dye uptake becomes more efficient. As pH approaches the zero charge point of the microalgal biomass, the positive charge on the microalgal surface decreases, but there is also a decrease in the dye, and the electrostatic repulsion between dye and biomass becomes less noticeable. If pH continues to increase, and exceeds the zero charge point, the microalgal biomass becomes negatively charged, but the dye still retains a positive charge (as long as pH 11.6 is not exceeded), increasing the electrostatic attraction; therefore, the uptake of the dye is more effective. Taking into account this effect of pH and the interaction with functional groups explained above, electrostatic interactions seem to play an important role in the removal mechanism of this dye by the biomass of P. tricornutum. However, information derived from isotherm models (Dubinin–Radushkevich) indicated an additional contribution from chemisorption processes. Although it cannot be ruled out that there was a chemical reaction between the dye and the complex microalgal surface, the alternative explanation is that since it is a living system, the dye could interact with the cells through more complex processes. The dye could enter the cells and interact with intracellular components or could even be metabolized. These complex processes would raise the energy necessary for the removal of the dye, which would result in an apparent chemisorption.



Another reason to explain this higher efficiency when the pH of the medium is increased is that living microalgal biomass was used, whose pH optimum is usually between 7 and 9. As the pH of the medium moves away from these values, the living microalga loses activity, which also contributes to lower dye removal when using living biomass.



In biosorption studies, it is important to highlight the different materials or organisms that showed the best efficiency in the removal of the pollutant in question in order to optimize the process. For this purpose, it is necessary to be able to compare the results obtained with different sorbents (Table 5). However, for a correct comparison, the test conditions should be as similar as possible. In this work, the assays of microalgal biomass to remove TB were carried out with seawater. As previously indicated, biosorption assays using this type of solution are rare. In fact, no data have been found in the literature with assays of this dye in seawater, so comparing different sorbents for TB under different conditions may be of little significance. However, this information can be used as a reference, but taking into account that the assays with the materials indicated in the table were carried out with deionized water, instead of seawater, as was done in the present study. Thus, the biomass of P. tricornutum had a maximum removal capacity of 45 ± 2 mg g−1 in the presence of light, and with a high affinity for the dye, according to the value of the Freundlich KF constant. As can be seen in Table 5, this value was even higher than those obtained with other biomasses, and it should be noted that this result was obtained in a complex solution such as seawater.



As can be seen in Table 5, the nature of the studied sorbents for the removal of TB is very broad. Within this group, there are sorbents with a dye removal capacity higher (in deionized water) than that of the microalga biomass, but these sorbents can also have a series of disadvantages, such as the fact that some are more expensive, require more preparation work, or even the possible difficulty of implementing them in a more complex natural environment, such as the marine environment. However, the P. tricornutum microalgal biomass is a cheap, easy to use, and efficient biological material for use in the marine environment.




5. Conclusions


To our knowledge, the present work was the first to carry out a biosorption study of Toluidine blue dye using seawater. Against this background, this study is important to assess the effectiveness of the biosorption technique under the conditions of the marine environment, since the ultimate destination of most pollutants is to accumulate in the ocean. The search for biosorbents that are efficient in the environmental conditions of the place where these biosorbents are going to be used is crucial for the use of this technique. Thus, the living biomass of the marine microalga Phaeodactylum tricornutum showed good qualities to reduce the concentration of TB in seawater. The results obtained indicated that the biomass of this microalga can be a suitable biosorbent to remove the TB dye from seawater. This diatom has a wide distribution as part of the marine phytoplankton, and no environmental problem associated with the presence of this species has been described, even when it is in higher quantities than usual. Therefore, this biomass could be used in bioremediation processes in the marine environment.
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Figure 1. Evolution over time of the concentration of the dye in the medium (mg L−1) using the biomass of P. tricornutum, both in the presence of light (A) and in the dark (B). 
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Figure 2. Evolution over time of the amount of dye biosorbed per unit of biomass (mg g−1), both in the presence of light (A) and in the dark (B). 
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Figure 3. Percentage of TB removed by the microalgal biomass both in the presence of light and in the dark after 4 h. Different letters indicate significant differences (p < 0.05) between the initial concentrations of the dye for the cultures exposed to light (capital letters) and for cultures in darkness (lowercase letters). * Indicates significant differences (p < 0.05) between cultures exposed to light and cultures in darkness. 
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Figure 4. Equilibrium isotherms of TB biosorption by the microalgal biomass in the presence of light (A) and in the dark (B). 






Figure 4. Equilibrium isotherms of TB biosorption by the microalgal biomass in the presence of light (A) and in the dark (B).



[image: Toxics 12 00277 g004]







[image: Toxics 12 00277 g005] 





Figure 5. Evolution of the % of dye removed over time at the different pH values tested. The concentration of dye was 20 mg L−1. 
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Figure 6. Determination of the zero charge point of the biomass of P. tricornutum. Values are mean ± SD (n = 3). 
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Table 1. Equations of the kinetic and isotherm models.
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Kinetics

	
Isotherms






	

	

	

	
Langmuir [26]






	




	

	
Pseudo-first order [27]






	

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

	
(3)




	
   q =   q   e     1 −   e   −   k   1   t       

	
(4)

	

	
Freundlich [28]
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(5)




	

	
Temkin [29,30]
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(6)




	

	
Pseudo-second order [31]






	

	

	
Dubinin–Radushkevich [32]
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(7)

	
     q   e   =   q   m a x   ∗   e   −   B   D   ( R T ∗ l n       s o l   C e     )   2       

	
(8)




	
     E   D   =   1     2   B   D     2       

	
(9)




	
q (mg g−1) is the mass of TB biosorbed per unit of biomass over the course of time t (h), k1 (h−1) is the constant of the first order kinetic model, qe (mg g−1) is the mass of TB absorbed at equilibrium, and k2 (g mg−1 h−1) is the constant of the second order kinetic model.

	
qe (mg g−1) is the mass of TB biosorbed per unit of biomass at equilibrium, qmax (mg g−1) is the maximum sorption capacity, KL (L mg−1) is the affinity constant of the material, Ce (mg L−1) is the TB concentration at equilibrium, KF (L mg−1) is the Freundlich constant, n is the intensity of the Freundlich constant, qT the surface capacity for pollutant sorption per unit binding energy (mg g−1), AT (L mg−1) is the binding energy constant, R is the ideal gas constant (8.314 J mol−1 K−1), T is temperature at 291 K, BD is the free energy of sorption per mole sorbate (mol2 J−2), sol is the solubility of the dye, and ED is the apparent energy (KJ mol−1).











 





Table 2. Parameters of kinetic models for the removal of TB by microalgal biomass under the influence of light.
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Initial Concentration

(mg L−1)

	
Pseudo-First Order

	
Pseudo-Second Order




	
qe (mg g−1)

	
K1 (h−1)

	
radj2

	
qe (mg g−1)

	
K2 (g mg−1 h−1)

	
radj2






	
1

	
2.2 ± 0.0

	
56 ± 8

	
0.9733

	
2.2 ± 0.0

	
38 ± 4

	
0.9948




	
2

	
5.0 ± 0.1

	
72 ± 15

	
0.9503

	
5.2 ± 0.1

	
21 ± 4

	
0.9813




	
4

	
9.2 ± 0.3

	
26 ± 7

	
0.9320

	
9.6 ± 0.2

	
4.2 ± 0.6

	
0.9889




	
8

	
17 ± 1

	
46 ± 10

	
0.9445

	
18 ± 0

	
3.5 ± 0.5

	
0.9894




	
10

	
22 ± 0.6

	
50 ± 11

	
0.9451

	
23 ± 0

	
3.0 ± 0.4

	
0.9876




	
20

	
41 ± 1

	
32 ± 6

	
0.9651

	
43 ± 0

	
1.1 ± 0.1

	
0.9984




	
40

	
81 ± 2

	
29 ± 6

	
0.9624

	
85 ± 1

	
0.50 ± 0.04

	
0.9964




	
60

	
94 ± 5

	
43 ± 16

	
0.8530

	
101 ± 4

	
0.44 ± 0.13

	
0.9420




	
80

	
100 ± 5

	
18 ± 5

	
0.8800

	
104 ± 3

	
0.35 ± 0.09

	
0.9576




	
100

	
104 ± 3

	
13 ± 2

	
0.9564

	
109 ± 1

	
0.21 ± 0.02

	
0.9941











 





Table 3. Parameters of kinetic models for the removal of TB by microalgal biomass in the absence of light.
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