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Abstract

:

Aquatic organisms are exposed to mixtures of environmental pollutants, including engineered nanoparticles; however, the interactions underlying cocktails’ effects are poorly understood, in particular, the kinetic aspects. The present study explored the time course of the interactions between nano-sized titanium dioxide (nTiO2) with different primary particle sizes, algae and inorganic mercury (Hg) over 96 h under conditions that were representative of a highly contaminated environment. The results showed that nTiO2 with smaller primary particle size and higher concentrations rapidly reduced the adsorption and internalization of mercury by green alga Chlamydomonas reinhardtii. Such a mitigating effect on mercury bioavailability could be explained by the strong adsorbing capacity of nTiO2 for Hg and the aggregation and sedimentation of nTiO2 and bound Hg. The present study highlighted the key processes determining the bioavailability of mercury to the algae in mixture exposure under conditions representative of a highly contaminated environment, such as industrial wastewater effluents.
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1. Introduction


Aquatic organisms are typically exposed to mixtures of environmental pollutants, including engineered nanoparticles (ENPs) [1,2]. ENPs possess enhanced physical and chemical properties that favor their interactions with other (i.e., dissolved) pollutants in aquatic systems [3,4,5]. Significant progress has been achieved in the understanding of the bioavailability and cocktail effects of mixtures containing ENPs and metallic pollutants [1,2,6,7,8]. Depending on the types of ENPs and metallic pollutants, feeding patterns of the test organisms and exposure duration, ENPs can either increase, have no effect or decrease the metal bioavailability and biological effects [1,9]. For instance, nanosized titanium dioxide (nTiO2) lessened mercury-induced cellular reactive oxygen species (ROS) generation and membrane damage in the green alga Chlamydomonas reinhardtii exposed for 2 h [10]. Similarly, nTiO2 and nSiO2 reduced Cd toxicity to C. reinhardtii [11]. However, nTiO2 enhanced the oxidative stress damage caused by Cu in the bacterium Bacillus thuringiensis, whereas no effects were observed in Bacillus megaterium [12]. nTiO2 significantly alleviated the mortality and reproduction inhibition of As on the crustacean Daphnia magna, and the alleviation of As(V) was more prominent than that of As(III) [13]. nTiO2 with a primary size of 5 nm reduced the Hg body burden in D. magna in waterborne exposure; however, it increased the Hg body burden when daphnids were exposed to nTiO2 pretreated with Hg or methyl mercury (MeHg) [9]. Interestingly, the assimilation of monomethyl mercury in D. magna from algal food was enhanced by nTiO2; however, the assimilation of inorganic mercury was not influenced [9]. Mixtures of nZnO and Cd led to increased toxic effects to the copepod Tigriopus japonicus during short-term acute exposure, whereas this mixture reduced the toxic effects during chronic exposure, which showed the importance of the exposure time and suggested different prevailing processes [14]. Nevertheless, most of the existing information about the effects of ENPs and their mixtures with metallic pollutants was obtained in tests focused on defining concentration–response relationships, with none or very little consideration to kinetics aspects of the interactions between mixture components. However, understanding the time progression of such interactions can be of great value for predicting the bioavailability of metallic pollutants in complex environmental settings given that the environmental processes are dynamic.



In this study, we investigated the mercury bioavailability to the green alga C. reinhardti and the kinetic aspects of the interactions between the components of mixtures containing inorganic Hg, nTiO2 of different primary sizes and algae over 96 h. The emphasis was on the study of: (i) the adsorption kinetics of Hg on nTiO2 of three different sizes, (ii) the time course of nTiO2 aggregation and sedimentation kinetics, and (iii) the kinetics of Hg uptake by the green microalga C. reinhardtii in the absence and presence of nTiO2.



We chose nTiO2, as it is one of the most extensively used ENPs [15,16]. It is commonly employed as a substrate for the adsorption and removal of various metal contaminants, including Pb [17], Cd [18] and Hg [10]. Here we chose to study three nTiO2 materials with different primary particle sizes (5, 15 and 20 nm). Mercury was chosen as a representative of hazardous pollutants of global importance [19]. Several recent studies focused on the responses of organisms to Hg as reviewed for animal cells, invertebrates and vertebrates [20], phytoplankton [21,22] and aquatic plants [23,24]. However, these studies did not consider the time progression of the effects and interactions determining bioavailability during co-exposure to Hg and other co-contaminants. To our knowledge, this is the first study that explored the time course of the interactions between the green alga and the components of mixtures of nTiO2 of different primary sizes and Hg.




2. Materials and Methods


2.1. Chemicals


Nano-sized TiO2 particles with different primary sizes (anatase 5 nm (A5), anatase 15 nm (A15) and anatase/rutile 20 nm (AR20)) were purchased from Nanostructured & Amorphous Materials Inc., Houston, TX, USA, as powders. Their characteristics can be found in our previous work [10]. Stock suspensions of 2.0 g L−1 nTiO2 were prepared by dispersing nanoparticles in ultrapure water (Millipore, Darmstadt, Germany) using a 10 min sonication (50 WL−1 at 40 kHz). HgCl2 standard solution (1.0 g L−1) was bought from Sigma-Aldrich, Buchs, Switzerland.



Glassware rather than plasticware was used as test containers to reduce the loss of Hg via adsorption onto the containers’ wall. All the glassware was soaked in 10% HNO3 (Emsure, Merck, Darmstadt, Germany) followed by two 10% HCl acid baths (Emsure, Merck, Darmstadt, Germany) for at least 24 h in each bath, then thoroughly rinsed with ultrapure water (MilliQ Direct, Merck, Darmstadt, Germany) and dried under a laminar flow hood.




2.2. Algal Cell Growth


Wild-type C. reinhardtii (CPCC11, Canadian Phycological Culture Centre, Waterloo, Ont, Canada) was grown axenically at 20.2 ± 0.5 °C, 115 rpm and 110 μmol phot m−2 s−1. Algal cells were cultured in 4× diluted Tris-Acetate-Phosphate medium [25] until mid-exponential growth (62 h post-inoculation), centrifuged (10 min, 1300× g) and rinsed with and re-suspended (~106 cells mL−1) in the exposure medium.




2.3. Experimental Design


The time course of the biological responses of the green alga C. reinhardtii exposed to nTiO2, Hg and their mixtures was followed every 24 h over 96 h. The exposure media contained 8.2 × 10−4 M CaCl2·2H2O, 3.6 × 10−4 M MgSO4·7H2O, 2.8 × 10−4 M NaHCO3, 1.0 × 10−4 M KH2PO4 and 5.0 × 10−6 M NH4NO3 with a pH of 6.9 ± 0.1 and an ionic strength of 2.75 mM. The medium was spiked with 5 × 10−7 M Hg as HgCl2, 20 or 200 mg L−1 nTiO2 or their mixtures. After spiking, the pH was readjusted if necessary.



The concentration of Hg in the exposure medium was selected based on our previous work. The tested combinations of nTiO2 and Hg corresponded to (i) negligible or no effect concentrations (20 mgL−1 nTiO2) and (ii) concentrations where more than 50% of the cells are affected according to the literature (200 mgL−1 nTiO2). For example, 200 mg L−1 nTiO2 was chosen as corresponding to the lowest value inducing 50% effect to the most sensitive organism in a multispecies test battery [26]. This approach of testing combinations covered the two “extremes” and allowed for exploring the interactions and effects in mixtures that can usually occur at high exposure concentrations of the mixture components.



nTiO2 suspensions in the absence and presence of Hg were characterized by determining the changes of the average hydrodynamic size, zeta potential and sedimentation over time. The kinetics of Hg adsorption to nTiO2 and the Hg uptake kinetics by algae were determined. Trapping the algae using the ENPs aggregates and Hg-nTiO2 complexes was also considered.




2.4. Determination of Hg Adsorption on nTiO2


The adsorption of Hg on the nTiO2 suspensions was assessed by determining the adsorbed Hg as a difference between initial Hg concentrations and those measured in the supernatant of the nTiO2 suspensions after centrifugation. At each experimental condition, the nTiO2 suspensions spiked with Hg were centrifuged twice for 10 min at 12,000× g using an ultracentrifuge (Optima XL-80K Ultracentrifuge, Beckman Coulter Inc., Nyon, Switzerland). The supernatants were used to measure the Hg concentrations, which was achieved with the MERX-T® Automated Total Hg Analytical System (Brooks Rand Instruments, Seattle, WA, USA). The detection limit was 0.03 ng Hg L−1. The accuracy of the Hg measurements using MERX® was tested by analyzing the CRM ORMS-5 River Water spiked with Hg (106.0 ± 3.5% recovery). The apparent adsorption/desorption rate constants for Hg on the three nTiO2 materials were determined by fitting experimental results for adsorbed Hg content Hgads,nTiO2 vs. time with a pseudo-first-order kinetic model (Equation (1)):


    Hg    ads ,  nTiO 2     =    k   ads ,  nTiO 2        k   des ,  nTiO 2       ×  [  Hg  ]  ×  (  1 −  e  −  k   des ,  nTiO 2     t    )   



(1)




where Hgads (mg kg−1) is the content of Hg adsorbed to the nTiO2 and [Hg] (mg L−1) is the concentration of dissolved Hg in the medium.




2.5. Physicochemical Characterization of nTiO2


Z-average hydrodynamic diameter (Dh) and zeta potential of the three types of nTiO2 materials were measured using a Malvern Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) at 20 °C. The results are the means of 3 sample measurements, with 5 runs for each.



The sedimented fraction of the nTiO2 suspensions at a given time was determined by using a UV–Vis spectrophotometer (PerkinElmer UV/visible spectrophotometer Lambda 365, with a wavelength range of 200–800 nm). The sedimented fraction was determined as a ratio between absorbance at a given time (A) and initial absorbance (A0) at the maximum absorption peak at 243 nm (settlement fraction = A/A0). The values of the settling rate constant (ksettle) within the first 24 h was calculated according to a first-order decay equation [27] (Equation (2)):


   k  settle   = −   l n  (   A   A 0     )   t   



(2)




where A is the absorbance at a given time and A0 is the initial absorbance measured at the maximum absorption peak at 243 nm.




2.6. Determination of Hg Availability to Algae


The bioavailability of Hg to C. reinhardtii was characterized following the intracellular and adsorbed Hg contents over the exposure time. Cellular and aqueous samples were prepared and analyzed following a previously described methodology [28]. Briefly, density gradient centrifugation was employed to allow for efficient separation of the algal cells from the nTiO2 and more than 83.3% recovery of algal cells for further treatment. Adsorbed (loosely bound) Hg and intracellular Hg contents were distinguished following a rinse with a mixture of 10−3 M ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, Buchs, Switzerland) and 10−3 M cysteine (Sigma-Aldrich, Buchs, Switzerland), as previously optimized [29,30]. Algae were freeze-dried and then introduced in the Advanced Hg Analyzer AMA 254 (Altec s.r.l., Dvůr Králové nad Labem, Czech Republic) to determine the amount of the total adsorbed or intracellular Hg (Hgads or Hgint). The accuracy of the measurements was checked by analyzing the certified reference material (CRM) MESS-3 Reference Materials (100.0 ± 0.1% recovery). The amount of the Hg accumulated by algal cells was expressed in mg kg−1 dry weight of algal biomass. The adsorbed Hg content was estimated by calculating the difference between the total cellular Hg content and the intracellular Hg content. The concentrations of mercury in the exposure medium were measured by MERX® Automated Total Mercury Analytical System (Brooks Rand Instruments, Seattle, WA, USA).



The kinetics of the Hg adsorption and internalization by algae was modeled with non-linear pseudo-first-order one-compartment equations (Equations (3) and (4)).



The apparent adsorption (kads) and desorption (kdes) rate constants were obtained from the pseudo-first-order kinetics one-compartment adsorption equation:


    Hg   ads   =    k  ads      k  des     ×  [  Hg  ]  ×  (  1 −  e  −  k  des   t    )   



(3)




where Hgads (mg kg−1) is the concentration of Hg adsorbed to the algae and [Hg] (mg L−1) is the concentration of dissolved Hg in the exposure media.



The uptake (internalization) and clearance (efflux) kinetics of Hg were modeled using a pseudo-first-order one-compartment model:


    Hg   int   =    k  int      k  ef     ×  [  Hg  ]  ×  (  1 −  e  −  k  ef   t    )   



(4)




where Hgint is the concentration of intracellular (cysteine + EDTA non-extractable) Hg in algae (mg kg–1), [Hg] is the concentration of Hg in the exposure media (mg L–1), kint (L h−1 kg–1) is the apparent internalization rate constant and kef is the apparent efflux rate constant (h–1).



Morphological changes in the algal cells were determined via microscopy (Olympus BX61, Olympus, Volketswil, Switzerland). To this end, a drop of the algal suspension was placed on a glass microscope slide and observed using a light microscope. Images were taken with a Pixelink camera at 100× magnification.





3. Results and Discussion


Based on the results in the existing literature [1,2,6,7,8,10] and our previous research, we hypothesized that nTiO2 is a strong adsorbent for Hg, thus it would decrease the bioavailability of Hg to algae. As the concentration of nTiO2 in the system increases, the amount of Hg adsorbed by nTiO2 also increases and, thus, the amount of dissolved Hg in the suspension decreases. Consequently, Hg bioavailability to C. reinhardtii will be reduced. We explored this hypothesis by following the time course of several interdependent processes: (i) the adsorption of Hg on nTiO2, (ii) the stability of the nTiO2 suspensions and sedimentation in the absence and presence of Hg, and (iii) the uptake of Hg by algae in the absence and presence of nTiO2.



3.1. Adsorption Kinetics of Hg on nTiO2


All three tested nTiO2 materials adsorbed significant amounts of Hg (Figure 1). Hg adsorption on 20 and 200 mg L−1 nTiO2 increased rapidly in the first 24 h and tended to plateau at longer times. The adsorbed amount of Hg over time decreased with the increase in the primary particle size of the nTiO2 materials: A5 > AR20 > A15, despite more significant aggregation of the nTiO2 with the smaller primary size.



This finding agrees with previous studies showing that different nTiO2 materials adsorb more than 95% of the Hg present in the medium [31]. It was also suggested that the adsorption of Hg to nTiO2 takes place via the interaction of HgClOH and Hg(OH)2 with -TiOH and -TiO− active sites [10,31]. A similar adsorption mechanism seems possible, given that chemical speciation calculations [10] showed that Hg is present mainly as -OH and -Cl complexes. The apparent adsorption and desorption rate constants for Hg adsorption on the nTiO2 materials (Table 1) depended on their primary size. The values of the apparent adsorption rate constants (kads,nTiO2) were in the ranges of (2.89−26) × 102, (1.8−3.2) × 102 and (1.3−1.4) × 102 kg L h−1 for A5, A15 and AR20, respectively. In addition to that, increasing kads,nTiO2 values were found with increasing nTiO2 concentrations. However, the initial concentration of nTiO2 that was used to obtain the apparent adsorption rate constants could not represent the quantification of the free binding sites at the surface, which led to the rate constants being dependent on the mass of the adsorbent given the significant aggregation and sedimentation of the nTiO2, in particular at high concentrations.




3.2. Time Course of Aggregation of nTiO2 and Hg-nTiO2 Complexes


Three nTiO2 materials strongly aggregated in the exposure medium and the size of the formed aggregates stayed stable over time (Figure 2A–C). A5 particles with the smallest primary size formed the largest aggregates with an average hydrodynamic size Dh that was more than two-fold higher than that of A15 and AR20 and increased gradually after 24 h. The Dh of the three materials increased significantly with the increase in nTiO2 concentration. This concentration effect was more pronounced for A5. For instance, the Dh of A5 at 24 h increased from 1940 to 7126 nm as the concentration increased from 20 to 200 mg L−1 (Figure 2A). These findings agree with the fact that the nTiO2 suspensions at higher concentrations were more prone to aggregate than for diluted suspensions, which may have been due to the increased collision probability between the particles [32]. The more pronounced aggregation of A5 than A15 and AR20 agreed with the measurements of the zeta potential (ζ). The absolute values of ζ increased in the order of 20 mV < ζ (A5) < ζ (A15) < ζ (AR20) < 30 mV (Figure 2D–F). After 24 h, the absolute values of ζ decreased to the range of 10–15 mV and stayed at comparable levels thereafter. The results are consistent with the existing literature reporting that nanoparticles tend to aggregate when the absolute value of ζ is small [33].



The aggregation of nTiO2 was more pronounced in mixtures due to the adsorption of Hg onto the surface of nTiO2 (see Section 3.1), which altered the nanoparticle surface charge and stability in the exposure medium. For instance, Hg led to 1.25- and 1.42-fold increases in Dh of 200 mg L−1 A5 at 24 and 96 h, 1.42 and 1.87 times for 200 mg L−1 A15 and 1.40 and 1.30 times for 200 mg L−1 AR20, respectively. nTiO2 is negatively charged, and can thus be aggregated through charge neutralization with cationic metallic coagulants. Values of ζ further revealed the interactions between nTiO2 particles and Hg, leading to a decrease in surface charge (Figure 2D–F). This finding agrees with the existing literature showing that Cd, Cu, Ni [34], Cd [35] and Hg [10] significantly enhanced the aggregation of different nTiO2 materials.




3.3. Kinetics of Sedimentation of nTiO2 and Hg-nTiO2 Complexes


In agreement with the strong aggregation, the nTiO2 aggregates settled down rapidly within the first 24 h and tended to stay constant from 24 to 96 h (Figure 3A–C). In general, the sedimentation of A5 aggregates (Figure 3A) was greater and much more rapid than A15 (Figure 3B) and AR20 aggregates (Figure 3C). Specifically, after 24 h with an initial concentration of 20 mg L−1, the suspended particles represented 18.64 wt%, 32.36 wt% and 89.85 wt% of the A5, A15 and AR20 suspensions, respectively. The sedimentation of the three nTiO2 materials at the initial concentration of 200 mg L−1 was more pronounced. Consequently, the percentages of particles suspended in the exposure medium were 13.07 wt%, 15.59 wt% and 17.64 wt% of the A5, A15 and AR20, respectively. The values of the settling rate constant (ksettle) decreased in the order of A5 > A15 > AR20 (Table 2).



As expected by the aggregation results, the sedimentation of all three nTiO2 was more pronounced in mixtures with Hg (Figure 3A). After 24 h, the A5 particles suspended in the solution decreased by 4.24 wt% in the presence of Hg compared to the treatment without Hg, while A15 particles decreased by 1.45 wt%, and AR20 particles decreased by 5.28 wt%. It is worth noting that AR20 was still the most sensitive material to the addition of Hg. The AR20 particles suspended in the solution with an initial concentration of 20 mg L−1 decreased by 17.39 wt% after adding Hg compared to the treatment without Hg after 24 h. The presence of Hg led to increases in ksettle values of 1.10-, 1.26- and 3.09-fold for 20 mg L−1 A5, A15 and AR20, respectively (Figure 3B).




3.4. Kinetics of Hg Uptake by C. reinhardtii in Mixtures with nTiO2


Algal cells accumulated significant amounts of Hg, which increased over time (Figure 4). The contents of cellular (adsorbed + intracellular) Hg increased from 794 to 1021 mg Hg kg−1 algae with increased exposure time from 24 to 96 h in the absence of nTiO2 (Figure 4A–C). The intracellular Hg concentrations increased from 612 to 831 mg Hg kg−1 algae (Figure 4D–F) and adsorbed Hg (loosely bound) concentrations on the algal surface increased from 182 to 190 mg Hg kg−1 algae (Figure 4G–I). The ratios between intracellular and adsorbed Hg increased from 3.36 to 4.37 with an increased exposure time from 24 to 96 h. Similar ratios of intra- and extracellular Hg content in the diatom Thalassiosira pseudonana (8:2) and the flagellate Isochrysis galbana (9:1) were found, while the ratio was 1:1 in the green alga Chlorella autotrophica [36]. The different ratios indicated that cellular debris may play different roles in Hg detoxification in different species, which suggested that the surface-adsorbed mercury displayed no toxic effects [36]. In contrast, a ratio of about 2:8 (intracellular vs. adsorbed Hg content) was reported after 2 h exposure to 10−11 and 10−10 M Hg in C. reinhardtii [30]. The longer exposure duration and higher exposure concentration used in the present study may partly explain the dissimilarity. A rapid increase in the intracellular Hg content was observed in the diatom Thalassiosira weissflogii during the first day of exposure [37].



The addition of nTiO2 significantly reduced the total cellular, adsorbed and intracellular Hg contents as compared with individual Hg treatments (Figure 4). This decrease was more pronounced for A5 and higher concentrations. It diminished in the order A5 > A15 > AR20, showing the importance of the primary particle size. Specifically, the intracellular Hg decreased by 62.26%, 42.72% and 35.81% in the presence of 200 mg L−1 A5, A15 and AR20, and decreased by 29.26%, 14.06% and 4.48% in the presence of 20 mg L−1 A5, A15 and AR20, respectively, after 96 h. Correspondingly, the addition of 200 mg L−1 A5, A15 and AR20 decreased the concentrations of the dissolved mercury that was not adsorbed to nTiO2 in the exposure medium by 76.10%, 63.30% and 53.43% (see Section 3.1).



The presence of the nTiO2 decreased the Hg uptake (adsorbed and intracellular contents) by reducing the concentrations of the dissolved Hg as a result of the adsorption of Hg by aggregated nTiO2 and their sedimentation. This consideration is in line with the observed relationship between the intracellular Hg content and the concentration of Hg in the medium that was not adsorbed on the aggregates of nTiO2 (Figure 5). Similar results were obtained in our previous work with a short-term exposure time of 2 h for the same algae exposed to 10−9 and 5 × 10−7 M of Hg [10]. nTiO2 reduced adsorbed (loosely bound, EDTA-cysteine extractable) Hg content (Figure 4H–I). However, the reduction increased with the decreasing nTiO2 concentrations and decreased in the order A5 < A15 < AR20. This could be due to the “carry over” effect due to Hg adsorption on nTiO2 aggregates (Figure 1) that are trapping the cells in the case of A5 (Figure 6). This finding is consistent with a previous study indicating that cells of P. subcapitata adsorbed nTiO2 onto their surface and carried 2.3 times their weight in TiO2 particles [38]. A series of previous studies showed that nTiO2 cannot enter the cell wall of green alga [39,40,41].



In the absence of nTiO2, the kads and kdes characterizing Hg adsorption and desorption on the algal surface were (3.55 ± 0.29) × 10−2 and (1.39 ± 0.12) × 10−1 h−1 respectively. Co-exposure of C. reinhardtii to Hg and nTiO2 resulted in no significant changes in the kads and kdes, which were comparable with the values found for exposure to Hg alone. However, in the mixture containing A5, the kads were found to be approximately 3 to 15 times higher in the presence of 20 and 200 mg L−1 nTiO2. It is worth noting that the adsorption and desorption rate constants found for Hg adsorption on nTiO2 materials were higher as compared to the one determined for adsorption to algae (Table 1).



The apparent internalization kint and the efflux keff rate constant for Hg were almost comparable (6.04 ± 0.89) × 10−2 and (5.62 ± 1.06) × 10−2 h−1. The kint for Hg obtained in the present study was about 10 times lower than the value determined for the same algae using the same approach, but for a shorter exposure of 1 h (kint = 7.86 × 10−1 h−1). The kint values were also lower than those determined for the internalization of Cd (13.68 h−1) and Ni (6.84 h−1) by C. reinhardtii [42,43] and Pb (1.54 h−1) by another green alga Chlorella vulgaris [44]. However, these apparent internalization rate constants were determined for short-term exposure corresponding to the linear rise of the intracellular metal content over time, where the efflux or depletion was negligible; therefore, a direct comparison was not straightforward.



nTiO2 also reduced the kint and kef and this reduction was more pronounced for A5 material with lower primary size. The addition of 20 and 200 mg L−1 nTiO2 decreased the kads, kdes and their ratios in all treatments with exception of 200 mg L−1 A5. Algal cells can be sequestered due to their co-agglomeration with ENPs; in this situation, the access of algae to nutrients present in the culture medium can be reduced or impaired, as well as mercury. The co-agglomeration of nTiO2 and algal cells was observed for A5, where this effect was particularly notorious at high NP concentrations (Figure 6D). In these algal-A5 agglomerates, it was possible to observe cells inside and at the periphery of the structures, as well as in the surrounding medium. For A15 and AR20, no such agglomerates were observed (Figure 6). In addition, the presence of nTiO2 could also favor the depletion of dissolved Hg in the exposure medium and increase the uncertainty of the apparent rate constants.



In addition, in the above considerations and modeling of Hg uptake kinetics by C. reinhardtii, Hg depletion in the exposure medium over the exposure duration was not considered. Indeed, the curvature of the uptake curves over time observed in the cellular, intracellular and adsorbed content could have also been due to the significant depletion of Hg in the exposure medium and not to the efflux processes. Therefore, the values of the apparent rate constants characterizing the above-mentioned processes have to be taken with caution.



The present study was performed under control conditions in the laboratory using a very high concentration of Hg that is representative of a highly contaminated environment, such as wastewater releases of chemical plants that historically used Hg in chlor-alkali electrolysis, acetaldehyde and vinyl chloride production. Given that both green algae and nanomaterials are used in the removal of hazardous heavy metals from contaminated waters, the present results present important implications for the development of efficient bioremediation technology for Hg.





4. Conclusions


The kinetics of the interactions in the ternary system containing mixtures of Hg, nTiO2 and the green alga C. reinhardtii were investigated under settings that were representative of a highly contaminated environment. The nTiO2 rapidly adsorbed significant amounts of Hg, leading to a 3–4-fold decrease in the dissolved Hg concentration after adding 200 mg L−1 A5, A15 and AR20 after 96 h. The tested nTiO2 materials and adsorbed Hg underwent fast aggregation and sedimentation in the algal exposure medium, which depended mostly on the initial concentration and the primary particle size of the nTiO2. The presence of nTiO2 significantly reduced the cellular, adsorbed and intracellular amounts of Hg in the algae. The obtained results significantly contribute to the enlargement of the understanding of the behavior of cocktails of engineered nanomaterials and hazardous pollutants, such as mercury, in a highly contaminated environment, such as wastewater effluent.
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Figure 1. Adsorption kinetics of Hg on three types of nTiO2: (A) anatase 5 nm (A5), (B) anatase 15 nm (A15) and (C) anatase/rutile 20 nm (AR20) at 20 and 200 mg L−1 suspended in an algal exposure medium. The measured initial Hg concentration in the medium was 6.3 × 10−7 M. Points are experimental data. Lines represent the fits with Equation (1). 
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Figure 2. Time-course changes of average hydrodynamic diameter (Dh, (A–C)) and zeta potential (ζ, (D–F)) of three different nTiO2 materials: anatase 5 nm (A5), anatase 15 nm (A15) and anatase/rutile 20 nm (AR20) at 20 and 200 mg L−1 suspended in an algal exposure medium in the absence and presence of Hg. * denotes the data out of the detection limit of the Zetasizer Nano ZS. 
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Figure 3. Time course of sedimentation of different nTiO2 materials: (A) anatase 5 nm (A5), (B) anatase 15 nm (A15) and (C) anatase/rutile 20 nm (AR20) at 20 and 200 mg L−1 in algal exposure medium in the absence and presence of Hg and (D–F) first-order kinetics rate curves that were fit using Equation (2) for the experimental points until 24 h. 
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Figure 4. Time progression of Hg accumulation by C. reinhardtii. (A–C) cellular, (D–F) intracellular and (G–I) adsorbed Hg contents in the absence and presence of three types of nTiO2: anatase 5 nm (A5), anatase 15 nm (A15) and anatase/rutile 20 nm (AR20) at 20 and 200 mg L−1. Initial Hg concentration: 6.3 × 10−7 M. Points are experimental data. Lines are model fittings with Equations (2) and (3). The apparent adsorption and desorption rate constants of Hg on algae, kads and kdes and the apparent internalization and efflux rate constants kint and kef obtained by using a non-linear pseudo-first-order one-compartment model are presented in Table 1. 
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Figure 5. Log–log plot of intracellular mercury content in C. reinhardtii and the concentration of Hg in exposure medium that was not adsorbed on nTiO2. Both results in the presence of 20 or 200 mg L−1 nTiO2 are presented. 
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Figure 6. Interactions between C. reinhardtii and three different types of nTiO2: anatase 5 nm (A5), anatase 15 nm (A15) and anatase/rutile 20 nm (AR20) after 24 h (A–C) and 96 h of exposure (D–F). 
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Table 1. Parameters of the non-linear pseudo-first-order one-compartment-model kinetic Hg adsorption on nTiO2 or algae and Hg internalization by algae. kads,nTiO2 and kdes,nTiO2 are the apparent adsorption and desorption rate constants of Hg on nTiO2, kads and kdes are the apparent adsorption and desorption rate constants of Hg on algae and kint and kef are the apparent internalization and efflux rate constants. The values are mean ± standard error. N = 3.






Table 1. Parameters of the non-linear pseudo-first-order one-compartment-model kinetic Hg adsorption on nTiO2 or algae and Hg internalization by algae. kads,nTiO2 and kdes,nTiO2 are the apparent adsorption and desorption rate constants of Hg on nTiO2, kads and kdes are the apparent adsorption and desorption rate constants of Hg on algae and kint and kef are the apparent internalization and efflux rate constants. The values are mean ± standard error. N = 3.





	
Parameter

	

	
Hg

	
Hg + 20 mg L−1 A5

	
Hg + 200 mg L−1 A5

	
Hg + 20 mg L−1 A15

	
Hg + 200 mg L−1 A15

	
Hg + 20 mg L−1 AR20

	
Hg + 200 mg L−1 AR20






	
Hg adsorption on nTiO2

	

	

	

	

	

	

	




	
kads,nTiO2 *

	
×102 L kg−1 h−1

	
-

	
26.58 ± 4.25

	
2.89 ± 2.21

	
3.27 ± 0.63

	
1.85 ± 0.25

	
1.46 ± 0.25

	
1.31 ± 0.05




	
kdes,nTiO2

	
×10−1 h−1

	
-

	
7.30 ± 2.70

	
4.10 ± 0.60

	
1.29 ± 0.01

	
5.10 ± 1.25

	
0.79 ± 0.19

	
3.56 ± 0.42




	
R2

	

	
-

	
0.82

	
0.86

	
0.99

	
0.92

	
0.99

	
0.94




	
Hg adsorption on algae

	

	

	

	

	

	

	




	
kads *

	
×102 L kg−1 h−1

	
1.42 ± 0.15

	
1.10 ± 0.14

	
1.99 ± 0.09

	
0.96 ± 0.37

	
0.50 ± 0.26

	
0.71 ± 0.02

	
0.87 ± 0.07




	
kads **

	
×10−2 h−1

	
3.55 ± 0.29

	
2.75 ± 0.34

	
4.98 ± 0.23

	
2.40

	
1.26 ± 0.54

	
1.76 ± 0.06

	
2.17 ± 0.15




	
kdes

	
×10−1 h−1

	
1.39 ± 0.12

	
1.35 ± 0.18

	
1.80 ± 0.08

	
1.48 ± 0.25

	
0.44 ± 0.26

	
1.09 ± 0.05

	
1.26 ± 0.12




	
R2

	

	
0.99

	
0.99

	
1.00

	
1.00

	
0.88

	
1.00

	
1.00




	
Hg internalization

	

	

	

	

	

	

	

	




	
kint *

	
×102 L kg−1 h−1

	
2.42 ± 0.36

	
0.73 ± 0.11

	
0.45 ± 0.08

	
1.02 ± 0.05

	
0.71 ± 0.12

	
1.52 ± 0.17

	
1.10 ± 0.16




	
kint **

	
×10−2 h−1

	
6.04 ± 0.89

	
1.83 ± 0.27

	
1.13 ± 0.22

	
2.55 ± 0.12

	
1.79 ± 0.40

	
3.81 ± 0.41

	
2.75 ± 0.41




	
kef

	
×10−2 h−1

	
5.62 ± 1.06

	
2.23 ± 0.58

	
4.36 ± 1.13

	
2.66 ± 0.20

	
4.61 ± 0.14

	
3.88 ± 0.60

	
5.52 ± 1.05




	
R2

	

	
0.98

	
0.98

	
0.97

	
0.99

	
0.96

	
0.99

	
0.98








* The apparent rate constants were calculated using the measured initial concentration of the dissolved Hg without considering the adsorption on nTiO2 aggregates. ** The values of kads and kint expressed in h−1 were obtained from kads in L kg−1 h−1 by considering the initial concentration of Hg in the exposure medium of 6.3 × 10−7 mol L−1 and the cell density of 2.5 × 10−4 kg L−1.
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Table 2. Parameters of the first-order decay kinetics of nTiO2 sedimentation of different materials in the absence and presence of Hg.
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Treatment

	
Sedimentation




	
ksettle (h−1) *

	
R2

	
Treatment

	
ksettle (h−1) *

	
R2






	
20A5

	
4.2

	
0.96

	
Hg + 20A5

	
4.6

	
0.98




	
200A5

	
6.5

	
0.95

	
Hg + 200A5

	
9.0

	
0.94




	
20A15

	
2.8

	
0.97

	
Hg + 20A15

	
3.5

	
0.97




	
200A15

	
5.2

	
0.96

	
Hg + 200A15

	
8.2

	
0.93




	
20AR20

	
0.3

	
0.98

	
Hg + 20AR20

	
0.9

	
0.98




	
200AR20

	
4.7

	
0.98

	
Hg + 200AR20

	
6.5

	
0.93








* The apparent rate constants were calculated using the nominal initial nTiO2 without considering the aggregation and sedimentation in the suspensions.
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