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Abstract

:

Organic pollutants, such as dyes, have a negative effect on the aqueous environment, therefore, their elimination from water bodies is a high priority. In this work, Eichhornia crassipes and Salvinia natans, both model plants with high phytoremediation efficiency, were exposed to various concentrations (Ci = 50–500 mg/L) of Eriochrome Black T (EBT). Their capacity to assimilate EBT was studied for 16 days of exposure, similar to natural conditions and by spectrophotometric monitoring of the dye concentration (EE. crassipes; 150 mg/L = 33%; ES. natans; 150 mg/L = 71.5%). The changes of the experimental parameters (pH—equalised by day 5, temperature, humidity, light intensity) were followed, and plant growth and biochemical responses to toxic stress effects (photosynthetic pigments, Energy-dispersive X-ray spectroscopy (EDX)—decreased effect of P, Mg, Ca, S and K, Scanning electron microscopy (SEM), defense enzyme) were examined. Furthermore, changes in oxidative- and photo-degradation of EBT in time and the solid-state properties (SEM, EDX, Fourier-transform infrared spectroscopy-FTIR) of the dye were investigated. Our results demonstrate that, despite the toxic stress, both species succeeded in reducing the dye-concentration of the water and S. natans proved to be more efficient in binding and removing organic dyes. With our findings, we proved that both plants alleviated the abiotic stress of dye contamination.
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1. Introduction


The textile industry is one of the most water-consuming and polluting industries. The increasing demand for non-fading coloured textile dyes has led to excessive use of azo-dyes (the most abundant colourant group, with over 3000 different varieties, which accounts for 60–70% of the dyes used in the textile industry) in cotton fabrics, which are ultimately discharged into the effluents, posing a severe health threat [1,2,3].



Eriochrome Black T (EBT) (C20H12N3NaO7S, Molecular Weight = 461.39 g/mol), containing a -N=N- group in its molecule, belongs to the group of organic azo-dyes. The pre-treated dye with chromium salts is used for colouring silk, wool, and nylon fibers, as the pure form is an indicator for determining Ca2+, Mg2+, and Zn2+ ions in complexometric titration [4,5]. It is used as a model compound of azo-dyes, which represent more than 50% of the global dye production [6]. The dye is hazardous not only because, when released into natural waters, it can significantly influence the photosynthetic activity of the aquatic environment, but also because its degradation products such as naphthoquinone can be carcinogenic. Thus, its presence in drinking and surface water can be lethal [4,7,8]. The dye’s segregation from water bodies is a high priority. However, it is challenging to withdraw EBT from water even in low concentrations because of its high resistance to heat, light, water, chemical agents, and bacteria, therefore, an alternative, effective technology is needed for its removal [9].



The phytoremediation process is based on the unique ability of plants to absorb some of the impurities in the water with their nutrients without simultaneously affecting the metabolism of the plant, thus it is a cost-effective technique for water remediation. Plants have already been proven to accumulate heavy metals, synthetic dyes, pesticides, solvents, and polycyclic aromatic compounds in their various tissues (mainly their roots, leaves, and stems) [10,11]. According to the literature, freely floating aquatic plants have higher efficiency in removing organic and inorganic impurities from natural waters than terrestrial, rooted plants. Free-floating plants can cover a larger area than their root-suspended counterparts. Accordingly, absorption takes place on a more substantial area [12].



Even though several studies have discussed clean-up techniques designed for both Eichhornia crassipes (E. crassipes: water hyacinth (Mart.) Solms) and Salvinia natans (S. natans: floating fern (Linnaeus) Allioni) with different kinds of pollutants, to the best of our knowledge, only a few have attempted to address the removal and characterisation of EBT organic dye, to link the morphological, physiological (biochemical) responses, and to study the changes induced by abiotic stress condition caused by the highly toxic EBT dye.



The investigated aquatic model plants can be highly invasive weeds (mostly in tropical and subtropical areas) and are classified into different taxonomic categories (E. crassipes. is a free-floating perennial aquatic plant, a family of aquatic hyacinths, Pontederiaceae, and S. natans. is a real ferns class, Salviniaceae family). They are ideal plants for phytoremediation because both plants can proliferate to a large extent, and they are known to develop rapidly and in an invasive manner, covering the surface of the water to prevent sunlight from entering the lower layers of water, thereby preventing the spread of photosynthetic plants in the lower layers [13,14,15,16,17]. E. crassipes is considered as the ideal water plant for rhizofiltration of noxious elements and is accepted worldwide in treating wastewaters, being infamous for its fast, uncontrolled growth, its high tolerance to pollutions, and its capability to uptake heavy metals and persistent organic pollutants together with nutrients [14,18,19]. As researchers have shown, Salvinia sp. is prominent in sewage wastewater treatment due to its ability to accumulate minerals on heavily polluted water and to its preference for high levels of nitrogen (because of this, S. natans is promising in EBT elimination because it is an azo-dye) [20].



Even though there are many studies regarding the topic of phytoremediation, no in-depth investigations were conducted towards the removal and characterisation of EBT organic dye together with linking the morphological, physiological (biochemical) responses, and changes induced by abiotic stress condition caused by the highly toxic EBT dye. Taking into account the aspects mentioned above, in the present research, we search for a viable and effective solution for removing EBT dye from aqueous solution using the phytoremediation ability of two model plants compared with the (photo)degradation efficiencies of a commercial TiO2-based photocatalyst (P25). Moreover, besides investigation of the decolourisation process, the detoxifying response of the plants was analysed by studying the morphological changes, monitoring the dye solution pH, and using elemental analyses (EDX), scanning electron microscopy (SEM), photosynthetic pigments, and enzyme activity assay of polyphenol-oxidase to characterise the solid-state dyes’ structure and composition. Regarding the novelty of the present research, it can also be emhpasised that it covers a niche in solid-state dye characterisation, offering different pathways (photocatalytic processes and phytoremediation) for the efficient removal of this pollutant from the water, focusing on the ecotoxicological effect on the seedlings.




2. Materials and Methods


2.1. Materials


Eriochrome Black T (C.I. 14645) dye was purchased from Merck KGaA, Darmstadt, Germany, and was further used without any purifications, or physical or chemical changes. The stock solution (1 g/L) was prepared by dissolving 1 g of EBT in 1 L distilled water. Subsequently, the required concentrations were achieved using a dilution of the stock solution. The special characteristics and the molecular, chemical structure can be seen in Table 1 and Figure 1.




2.2. Phytoremediation Studies


After purchase, the plants underwent a seven-day acclimatisation period in Hoagland solution to provide all the necessary nutrients [21]. Following this, plants of uniform length and weight (these morphological characteristics were recorded) of both species were put in 1 L of solutions with different dye concentrations (50–500 mg/L). The experiments were performed under natural conditions, and the pH of the plant solutions, light intensity (KLx), air temperature (°C), and humidity (%) were recorded daily. Experimental parameters were: 24.8 ± 1.8 °C, 53.5 ± 7.0%, and 4.2 ± 2.9 KLx. To avoid dye concentration/thickening due to transpiration of the plants and volume reduction during water evaporation, the amount of water in the storage vessels was kept constant at 1 L, filled with deionised water if necessary, with daily monitoring.



Phytoremediation experiments lasted for 16 days until the concentration of the solution decreased to equilibrium. The absorbance (λ = 530 nm) of the solution was measured daily with a CaryVin60 UV-VIS spectrophotometer (Cluj-Napoca, Romania), from which the concentration of the dye was calculated from a pre-prepared calibration curve (R2/n = 0.999/18). During the phytoremediation process, the binding efficiency, the relative growth rate of the plants, the decolourisation of the dye, and the average decolourisation rate were calculated.



After the 16-day experiment, the plants were harvested, and the morphological features were recorded as before the experiment. Furthermore, the leaves and roots were separated and put in the freezer at −80 °C until further analyses, except for the samples for photosynthetic pigment determination, which were measured on day 16.




2.3. Photocatalytic Investigations


In order to determine the photocatalytic decomposition of the dye, degradation investigations were performed. The photocatalytic activity was determined in a way similar to Baia et al. [22], using UV irradiation (6 × 6 W) (λmax = 365 nm), with the commercial TiO2-based catalyst P25 (composed of anatase and rutile crystal phases, with a reported ratio usually being around 80:20) concentration of 1 g/L. Samples (≈1.0 mL) were taken at specific time intervals (in the first hour, every 10 minutes, in the second hour, at 20 minutes), then centrifuged at 8000 rpm, and filtered with a 0.02 μm pore size Whatman filter [22]. The changes in the concentration of EBT were followed by the spectrophotometric method, using a JASCO-V650 (Tokyo, Japan) spectrophotometer (from 400–800 nm). The spectra were studied by overlapping absorption maxima peaks using Origin 2016 software. A deconvolution procedure completed the separation of the peaks after a 2000 fitting iteration cycle.



The photolysis of EBT was studied in order to verify whether the concentration of the dye is changed by irradiation with visible light. A control sample contained 1 L of 500 mg/L dye without plants. The sample’s concentration was monitored daily.




2.4. Scanning Electron Microscopy and Elemental Analysis


The surface and elemental composition of the E. crassipes and the S. natans was examined by Scanning Jeol JEM 5510 JV SEM and Oxford Instruments EDS Analysis System Inca 300 (U.K.) in Cluj-Napoca, Romania. Samples were lyophilised (freeze-dried, dewatered) to preserve the biological activity, while the plants’ properties did not change after regeneration. They were coated with a layer of gold under vacuum (1.33 × 10−6 mBar) to increase electrical conductivity, therefore improving the imaging quality.



EDX analysis was used to determine phytotoxicity symptoms in plants (Cluj-Napoca, Romania). It evaluates the proportion of the qualitative and quantitative composition of the elements in the plant before and after contamination.




2.5. Photosynthetic Pigment Determination


After the experiment, the leaves of the plants faded, which is why the photosynthetic pigments (chlorophylls, carotenoids) were determined. Samples taken on the last day of the experiment were analysed and control plants were compared with plants in 50 and 500 mg/L solutions. 1 g of fresh plants was smashed in the presence of 95% ethanol. The resulting mass was centrifuged at 5000 rpm for 10 minutes. Quantitative data were determined using a spectrophotometer. The absorbance of the solutions was measured at three wavelengths (664,648,470 nm) and the amount of each pigment was calculated based on the known Lichtenthaler equations [21,23].




2.6. Enzyme Activity Assay of Polyphenol-Oxidase (PPO)


Enzyme measurements were performed for S. natans, where total protein was extracted from 1 g of frozen (−80 °C) plant sample pulverised in a mortar and mixed with 2–3 ml Q.B. buffer (that consists of: 2 M KHPO4 (pH 7.8), 0.5 M EDTA- ethylenediaminetetraacetic acid, Triton X-100, 80% glycerol, distilled H2O, 1 M DTT- dithiothreitol). Samples were centrifuged at 14,000 rpm for 15 minutes at 4 °C. Then, the supernatant was transferred into a new Eppendorf tube and stored at −20 °C. Protein concentration was determined by the BSA (bovine serum albumin) standard curve method. In the case of plant samples, 100 µL of the sample was added to 1000 µL Bradford, and absorbance was read at 595 nm.



The activity of polyphenol oxidase (PPO) was determined using a reaction mixture as follows: 650 µL of phosphate buffer (pH 7.5), 100 µL 50 mM 3-methylcatechol (substrate), and 150 µL crude protein extract. The plant protein extract was added prior to the measurement. The absorbance was measured for 15 minutes, at every minute, at a wavelength of 400 nm, and enzyme activity was determined [24]. One unit of PPO activity was defined as the amount of enzymes producing 1 μmol of quinone per minute. Specific activity was expressed in U/µg protein [25].




2.7. Dye Toxicity


The effect of dye on seedling growth was studied using the Hungarian standard testing method MSZ21978/8-85 [26]. This method was used in previous research, where the effects of four indicator dyes on lettuce seed within the concentration range of 10–1000 mg/L were examined [27,28]. During the experiment, the effect of EBT at different concentrations, Ci = 50–500 mg/L, on lettuce (Lactuca sativa) was studied.





3. Results


3.1. EBT Dye Solid-State Characteristics


EBT is not only used as a fabric or plastic paint but also for water hardness determination and rare earth metal detection, being a metallochromic indicator. As with most azo-dyes, EBT is hazardous. It may constitute a direct threat to health, causing blindness, skin diseases, kidney failure, and different kinds of cancers [29]. The dye has non-biodegradable components, but its intermediate degradation product, naphthoquinone, is even more dangerous. The removal of EBT from wastewater is a prodigious task aiming to prevent damage to aquatic and human life. With this knowledge in mind, we investigated the structure of the dye, its removal from the aqueous medium by the phytoremediation method, and the stress effects on the used E. crassipes and S. natans plants.



As it can be seen in Figure 1a, EBT is a mono-azo-dye. This means that it contains a −N=N− bond attached to two groups, both aromatic (usually, azo-dyes have at least one aromatic ring). According to the literature [30], this azo bond is in transform with an angle of 120° and both N2 atoms are sp2-hybridised. The two aromatic naphthalene rings point to a carbocyclic azodye. This chemical structure and arrangement results in a larger and much stronger, more stable conjugated π system [31]. Research demonstrates that complexation of the dye with calcium and magnesium affects colour fading and organic matter removal [31].



EBT has chromophores and auxochromes that provide its colour of blue and red respectively, in protonated form or after complex formation (Figure 1a). The chromophores of a dye are usually the functional groups of readily decomposed bonds (double or triple). It is not a proven fact, but they are usually situated at the centre of the dye structure. On the other hand, auxochromes are the saturated simple bonded functional groups, and they appear at the corners of the molecule. In our case, they are shown in Figure 1a [32]. Figure 1c contains the SEM images of the dye at 500 and 5 k magnifications. According to this figure, the dye has an irregular size, mostly rounded but cellular shaped form, with small (< 10 µm) particles on the surface.



The EDX spectra of the dye is presented in Figure 1b. The elemental composition results are the means and standard deviations of three parallel measurements. EBT mostly contains C (wt% = 61.1 ± 2.6), O (wt% = 37.8 ± 2.8), S (wt% = 0.15 ± 0.02), and other elements in trace amounts.



Fourier-transform infrared spectroscopy (FTIR) data were obtained using a JASCO 615 FTIR spectrophotometer (Cluj-Napoca, Romania) in the wavelength range of 500 to 4000 cm−1, in order to determine the functional groups of EBT [28,33]. After measurements, specific bands that represent the functional groups of the dye molecule appeared. Vibrations above 2990 cm−1 are characteristic peaks of strong or weak signs of phenolic O–H bonds, secondary amine N–H, and aromatic C–H. Prominent naphthalene peaks [34,35] appear at 1693 and 1364 cm−1, whereas specific azo bond vibration can be identified at 1543 cm−1, that can be N–O nitro compounds as well [36]. According to Veerakumar, peaks of EBT dye around 3432, 1401, 1332, 1215, and 1085 cm−1 correspond to −OH, −N=N−, −NO2, and −SO3 groups; also, 1100−700 cm−1 could be attributed to C−O and C−O−C groups [37].




3.2. Seedling Growth Test


The lettuce root-growth inhibition test was carried out for EBT dye for six different concentration values (50–500 mg/L) that were previously tested for phytoremediation. The results listed in Table 2 show that, at a low concentration (50 mg/L), the dye stimulated the growth of the root. This can be explained by the presence of sulphur and nitrogen in the dye solution. As the concentration increased, the root length decreased after a 2-day experiment. At high dye concentrations, we reached 32% inhibition. Although the seeds were germinated in large quantities at the end of the experiment, they all became discoloured and browned. The colour of the dye faded in the seed inhibition zone, and the concentration of EBT in the solution was reduced.




3.3. Photocatalytic Decomposition and Photolysis


The photocatalytic decomposition was performed with 50 mg P25 catalyst, a commercial TiO2-based photocatalyst that is widely used because of its relatively high levels of activity in many photocatalytic systems. Having its “full name” as Degussa (Evonik) P25 or Aeroxide TiO2 P25, it is composed of anatase and rutile crystal phases, with a reported ratio usually being around 80:20 [38]. As described in Section 2.3., results of the decay curve showed that, during the first minutes (10 minutes, in case the irradiation was not started, showed as the time before zero in Figure 2), strong adsorption of the EBT could be observed on the P25, when ≈ 88% of the colouring agent bound to the surface of the catalyst. This finding is similar to the results presented by Behnajady et al., where nearly ≈ 70% of the azo-dye Acid Red 27 was adsorbed on the surface of the catalyst [39]. In the next part of the investigation, the EBT was removed with high efficiency from the water using UV irradiation, and it was decomposed with high efficiency (93.6% of the total amount of EBT). After 2 hours, the initially dark solution became translucent, like drinking water. Moreover, it was observed that the colour of the titania-based photocatalyst had not suffered a significant colour change.



Regarding the photolysis of the colourant, it can be affirmed that the concentration of the control sample did not change during the whole experiment, remaining constant (≈500 mg/L) in the limit of experimental errors.




3.4. Effect of Dye Concentration and of Plant Species


As it was recently recognised by the scientific society, over the passage of time, aquatic and sessile plants are genetically adapting their defense mechanism to survive and grow in heavily polluted environments by metabolizing and detoxifying inorganic and organic pollutants. The types of pollutants determines the phytoremediation method a plant uses, organic materials (such as pesticides, drug residues, and dyes) are mostly reduced/detoxified/removed by phytotransformation, photodegradation, or phytovolatilisation. During phytotransformation, the uptake of the contaminant occurs through the plant roots or metabolism within the root zone, where the mechanism of the process is the absorption by the root system, where the contaminant undergoes a metabolic or enzymatic transformation, whereas, rhizodegradation means the degradation of pollutants in the rhizosphere simultaneously with microbial activity. All in all, the transformation occurs within the rhizosphere, the root zone, where the root exudates or enzymes are secreted around root zones; furthermore, xenobiotics are microbially degraded. Under the term of phytovolatilisation, we understand the transformation of water-soluble pollutants into volatile form, with the mechanism of pollutant modification during the vascular translocation of these organic materials from the root to the leaves [40].



Efficiency and capacity of phytoremediation of E. crassipes and S. natans were studied with varying initial concentrations (Figure 3).



In Figure 3, quantity in equilibrium (qe) and efficiency (E) were plotted separately for the two plants. It can be observed that for both species, the plants in the 150 mg/L solution were the most effective. The efficiency of S. natans (71.5%) is more than double that of E. crassipes (33%). The highest removal ratio was obtained for S. natans (Ci = 500 mg/L, qe = 112.9 mg/g). Results show that the active parts of the surface of the plants and the uptake are affected by the saturation of the plants, whereas the efficiency of the process decreases at high concentrations. It was found that there is a limit beyond which higher dye concentration does not imply greater binding capacity [23]. We can see from our results that azo-dye decolourisation is species-dependent.



Presumably, to the best of our knowledge, there are four possible bio-degradation mechanisms that occur during phytoremediation: (1) in the wastewater bodies, the growth of the microorganisms is increased by rhyzo-deposition by releasing 10% of photosynthetic carbon, (2) enzymes such as lignin, peroxidase, manganese-dependent peroxidase, and laccase (exuded through the root system) are reported to decolourise dyes, (3) in the rhizosphere, an anaerobic and aerobic microenvironment is formed, that helps in azo-dye degradation (this phenomenon is gained after the roots pump oxygen into this narrow zone of the rhizosphere, where other extracted chemicals can also exert their effects), and (4) through adsorption on the surface of roots, leaves, and in water shoots, where there will be greater exposure to water microorganisms [41]. In order to give a clear answer as to the mechanism, additional measurements are needed for both the aqueous solution and the plants. More detailed physiological, morphological, biochemical, and molecular changes should be investigated in the plants used during the research. Table 3 shows some phytoremediation efficiency results of different plants for different dyes.




3.5. pH Changes of Aqueous Solution


External factors such as water pH, light intensity, temperature, and the quality and quantity of nutrients, influence plant metabolism. The used plants prefer a medium between pH 6 and 8. If the values are outside this interval, the plant can adjust the pH of the aqueous medium by its growth. pH between 3.2 and 4.2 can be toxic to the metabolism of the plant. pH in the range of 4.2–4.3 has an inhibitory effect, and the same is probably the case between 4.3 and 4.5 [24]. During the phytoremediation studies, the pH of the water solution was monitored every day. We observed that the plants set the initial near-acidic medium (pH = 5) at approximately neutral pH = 7 within 5 days (Figure 4).




3.6. Morphology Studies


The presence of EBT as an abiotic stress factor, an extreme, harsh external environment condition, can lead to alterations in the growth and development patterns of plants. Therefore, on the first and last days of the experiment, morphological parameters were recorded. Only the initial and final weight was measured for S. natans, because of small leaves and roots. Plants gained weight in each dye solution from 8.5 ± 0.6 to 10.9 ± 0.8 g.



In contrast, in the case of E. crassipes, the diameter of the rosette of the plant, the length, the weight of the root, and the number of leaves and airbags were measured. Figure 5 shows the percentage of morphological changes of the E. crassipes as a function of the different EBT concentrations. According to the results, plants’ weight increased with one exception (plant in 200 mg/L solution), and the number of leaves increased in all cases. Except for the plant in the 500 mg/L solution, the initial number of leaves was doubled. Moreover, at high concentrations, the plant was exposed to higher stress. Therefore, the root length was reduced by 27% compared to the initial length. Plant rosettes also increased, but not significantly.



The relative growth rate (RGR) provides information regarding plant productivity, or, how much the plant’s dry matter increased over time [44]. E. crassipes grows at an extraordinary rate. Some calculations show that plant biomass increases by 400 to 700 tonnes/hectare/day. According to the results, the relative growth rate is 4–6% [45]. In our case, the RGR for most dye concentrations exceeded 2%, RGR500 mg/L EBT; E. crassipes = 1.9%. Owing to this rapid reproduction rate, it was included in the IUCN list (The International Union for Conservation of Nature’s Red List of Threatened Species) of the 100 most dangerous invasive species.



Previous investigations showed that under optimal conditions, S. natans grows 0.012 g/day [46]. In our experimental conditions, EBT helped the relative growth of S. natans, compared to research conducted by Netten et al. [46]. We received higher values (0.07–0.25 g/day) for each concentration (RGR500mg/L EBT; S. natans = 1.5%).



The morphological study indicates that the dye contamination had no adverse effects on the growth of the plant, as the yield (gain in mass) of the plant increased. It is important to note that the colour of the new leaf shoots was much lighter in green, white, or black, and many leaves and airbags died or showed brownish discolouration. In the case of S. natans, the leaves of the plants in the solutions with higher concentrations were almost whitened.



Figure 6 shows the micrographs of E. crassipes and S. natans before and after treatment. The explanation of the captions is as follows: E—E. crassipes, S—S. natans, F—leaf, R—root, 0—control plant, 50—plant in 50 mg/L, and 500—plant in 500 mg/L EBT solution. It can be observed from the recordings that there were no significant differences between control plants (S. natans and E. crassipes) and those used for remediation.




3.7. Elemental Analyses


Energy-dispersive X-ray spectroscopy (EDX) measurements were performed on the control leaves and on the ones in the lowest and highest concentration solutions. The calculated enrichment factor (E.F.) results obtained in the assay can be found in Table 4 for E. crassipes and S. natans.



Based on the calculated E.F., a large percentage of decrease was observed by dye concentration growth for vital elements such as P, Mg, Ca, S, and K. These elements are commonly known to play an important/critical role in the metabolism, growth, use of light energy of plants, and in stress condition (biotic, abiotic) help in survival [47,48,49,50].



EDX shows that the amount of phosphorus decreased under the optimal (0.3–0.5%) growth value [51]. Lack of phosphorus may lead to a reduction in the length of the root, and the leaves may become dark green or purple [52]. These effects can be seen in photos taken after the experiment (Figure 7).



Lack of potassium or its decrease (75% for E. crassipes, 66.5% for S. natans, in 500 mg/L EBT) prevents plant growth and development, inhibits pH stabilisation, and affects scorching old leaves (effects shown in Figure 7) and weakly developed roots [53]. Moreover, in the case of E. crassipes, root length was reduced by 27% (Figure 4).



The amount of sulphur decreased by 66% in the case of E. crassipes (CEBT = 500 mg/L) and above 60% in the case of S. natans, which could have a negative effect in chlorophyll production [54].



The absence of calcium may cause chlorosis, necrosis in young leaves (Figure 7), and may lead to biochemical and physiological disorders [55]. In our experimental conditions, the required minimum amount (5 mg/L) of Ca [56] was not reached (E. crassipes: wt50mg/L EBT% = 0.9; wt500mg/L EBT% = 0.3 and S. natans: wt50mg/L EBT% = 0.4; wt500mg/L EBT% = 0.1), and after phytoremediation, the percentage of Ca decreased by 68% in E. crassipes and 89% in S. natans.



Magnesium plays a vital role in photosynthesis, one of the basic elements of chlorophylls, and the lack of it or its decrease (E. crassipes: 81%, S. natans: 75%) can lead to the fading of leaves (Figure 7). The decrease of Mg and Ca could be explained by the fact that the EBT forms a complex with Ca and Mg. That explains why EBT is primarily used to determine water hardness as an indicator.




3.8. Photosynthetic Pigment Determination


The amount of photosynthetic pigments in the leaves of the plant was examined, as it was one of the most visible effects of stress condition, to clarify the effect of the dye on one of the plant’s life functions. Figure 8 is a graphical representation of the proportions of each pigment and the change in total pigments. The amount of chlorophylls in the plant decreases with the increase of the dye concentration (the decrease of the amount of Mg, which is the main element of chlorophylls, was evaluated by EDX measurements). The total amount of photosynthetic pigments shows a decreasing trend. Quantitative ratios indicate adaptation to individual light conditions and environmental changes. The ratio of chlorophylls to carotenoids decreased in response to the stress on the plant, having a protective effect based on the carotenoid function of the excess. Under strong light conditions, the amount of carotenoids increases; therefore, more ATP (adenosine triphosphate) is synthesised, which promotes the growth of plants.




3.9. Stress Protein Assay


PPO (polyphenol oxidase) activity depends to a large extent on the pH, because it affects the binding of substances and the catalysis. The optimal pH of PPOs ranges between 4 and 8. In our experimental studies, the aqueous solution of S. natans was adjusted to neutral pH. Several studies report on the positive correlation between PPO expression and resistance/tolerance to stress. In the case of S. natans (Figure 9), the effects of abiotic stress can be observed, because the polyphenol oxidase enzyme activity increased with the increasing amount of dye.





4. Conclusions


As an outcome of this study, we have confirmed our hypothesis that EBT dye removal by phytoremediation with E. crassipes and S. natans is a promising method. S. natans has proven to be more effective (71.5%) than E. crassipes (33%). Moreover, the highest removal ratio obtained was 112.9 mg/g (S. natans; Ci = 500 mg/L); therefore, the method can be used with good results in binding and removing organic dyes.



The solid-state characteristics of EBD dye were analysed using SEM, EDX, and FTIR analytical methods, where the specific elemental composition functional groups of the dye were described. The mono-azo EBT dye has chromophores and auxochromes that provide its colour in the protonated form (blue) or after complex formation (red). With the help of SEM images at 500 and 5 k magnifications, we were able to see the irregularly sized, mostly rounded, but cellular shaped dyes. EDX measurements quantitatively determined the presence of O and C and qualitatively determined the S and trace elements that are also present in the molecular formula of the dye. This structure was further studied by FTIR analyses, where the detected peaks show the strong or weak bonds present in the dye molecule, for instance: phenolic O–H, secondary amine N–H, aromatic C–H, naphthalene, and azo bond vibration. When studying the toxic effect of EBT on seedling growth, test results showed that at a low concentration (50 mg/L), the dye stimulated the growth of the root, whereas, at high dye concentrations, we reached 32% inhibition. It was also shown that the photocatalytic degradation using TiO2 (P25) could be an ideal “assistant” for the phytoremediation to deal with organic dyes having higher concentration, as it showed an increased activity toward the model pollutant, removing more than 90% of it.



Despite this abiotic stress, both plants showed a rapid reproduction rate: 1.9% and 1.5% RGR was reached for E. crassipes and S. natans respectively, when they were put in 500 mg/L dye solution. However, a large decrease (more than 66% for both plants in 500 mg/L dye solution) of vital elements (P, Mg, Ca, S, K) was observed by EDX measurements. At the end of the experiment week, damaged roots, whose length was reduced even by 27%, purple or dark green old leaves, and chlorosis and necrosis in young leaves remained. According to our studies, the ratio of chlorophyll–carotenoids suggested that the change in photosynthetic pigments was triggered by the stress in the plant. Owing to a positive correlation between PPO emission and tolerance/resistance to abiotic stresses, we can emphasise that S. natans defends against stress because the amount of PPO increases with increasing concentration.



All in all, based on the experimental data obtained from the present study, the potentially used phytoremediation with E. crassipes and S. natans holds a great promise for application in the removal of EBT dye from wastewaters.
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Figure 1. Dye-related characteristics, (a) chemical structure, where the red circle is the chromophore group, and blue are the auxochromes, (b) EDX spectra of the dye, (c) scanning eclectron microscopy (SEM) images of EBT at 500 magnification, (d) SEM images of EBT at 5 k magnification, (e) Fourier-transform infrared spectroscopy (FTIR) spectra of EBT dye. 
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Figure 2. Photocatalytic decomposition of EBT dye. 
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Figure 3. This Influence of the initial EBT dye concentration on the phytoremediation capacity and removal efficiency for (a) E. crassipes and (b) S. natans plants; Ci = 50–500 mg/L, T = 20 ± 0.5 °C. 
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Figure 4. Dye solution pH change. 
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Figure 5. Percentage of morphological changes of E. crassipes. 
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Figure 6. SEM images of E. crassipes and S. natans plants, where EF_0: E. crassipes leaf in control sample, EF_50: E. crassipes leaf in 50 mg/L EBT dye sample, EF_500: E. crassipes leaf in 500 mg/L EBT dye sample, ER_0: E. crassipes root in control sample, ER_50: E. crassipes root in 50 mg/L EBT dye sample, ER_500: E. crassipes root in 500 mg/L EBT dye sample, S_0: S. natans leaf in control sample, S_50: S. natans leaf in 50 mg/L EBT dye sample, S_500: S. natans leaf in 500 mg/L EBT dye sample. 
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Figure 7. Photos of phytoremediation: (a,f) plants before remediation, (b–e) E. crassipes after adsorption, (g) control S. natans after remediation, (h) S. natans after remediation in 500 mg/L dye solution, (i) leaves of S. natans after remediation. 
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Figure 8. Photosynthetic pigment determination for plants in 0, 50, and 500 mg/L dye solution. 
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Figure 9. PPO enzyme activity and concentration change of protein for S. natans at different initial dye concentrations after phytoremediation. 
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Table 1. Characteristics of Eriochrome Black T (EBT) dye.






Table 1. Characteristics of Eriochrome Black T (EBT) dye.





	
Properties of the Dye






	
Dye names

	
Eriochrome Black T, Mordant Black 11




	
Molecular formula

	
C20H12N3O7SNa




	
M. weight

	
461.381 g/mol




	
Max wavelength

	
530 nm




	
Colour index

	
14645




	
Colour

	
Powder: black, deep purple




	
Aqueous solution after protonated form: blue




	
Aqueous solution after making complex with C2+ and Mg 2+: red




	
Characteristics

	
Mono-azo
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Table 2. Seedling growth inhibition test.
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Sample

(mg/L EBT)

	
Lettuce Seed




	
Root Length (cm)

	
Number of Germinated Seeds

	
Root Growth Inhibition (%)






	
0

	
1.2

	
19.5

	




	
50

	
1.5

	
19.5

	
−23.7




	
100

	
1.2

	
15.5

	
4.4




	
150

	
1.0

	
17.0

	
21.7




	
200

	
0.9

	
16.0

	
30.2




	
250

	
0.9

	
18.0

	
30.4




	
500

	
0.8

	
18.0

	
32.2
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Table 3. Comparison of phytoremediation efficiency.
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	Plant
	Dye Name (Colour Index Number)
	Initial Concentration (mg/L)
	Efficiency (%)
	Reference





	Lemna minor
	Malachite Green (C.I. 11294)
	40
	98.0
	[23]



	Lemna minor
	Cristal Violet (C.I. 42555)
	40
	96.0
	[23]



	Sesbania cannabina
	Acid red B (C.I. 14680)
	100
	44.23
	[41]



	Sesbania cannabina
	Acid red B (C.I. 14680)
	500
	22.58
	[41]



	Sesbania cannabina
	Acid red B (C.I. 14680)
	1000
	12.23
	[41]



	Sesbania cannabina
	Acid scarlet GR (C.I. 27290)
	1000
	8.66
	[41]



	Eichhornia crassipes
	Reactive Black 5 (C.I. 20505)
	10
	99.5
	[42]



	Eichhornia crassipes
	Reactive Red 198 (C.I. 18221)
	10
	95.0
	[42]



	Nasturtium officinale
	Acid Blue 92 (C.I. 13390)
	5
	79.1
	[43]



	Eichhornia crassipes
	Eriochrome Black T (C.I. 14645)
	150
	33.0
	Present study



	Salvinia natans
	Eriochrome Black T (C.I. 14645)
	150
	77.5
	Present study
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Table 4. Bioconcentration factors calculated from 10 replicate EDX measurements for E. crassipes and S. natans.
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Bioconcentration Factors (%)




	

	
Eichhornia crassipes

	
Salvinia natans




	
Plant in

CEBT = 50 mg/L

	
Plant in

CEBT = 500 mg/L

	
Plant in

CEBT = 50 mg/L

	
Plant in

CEBT = 500 mg/L






	
Mg

	
−40.5

	
−81.2

	
−55.6

	
−75.2




	
P

	
−65

	
−78.6

	
−39.5

	
−69




	
S

	
−38.1

	
−66.3

	
−63

	
−68.9




	
K

	
7

	
−75

	
−48.4

	
−66.5




	
Ca

	
17.5

	
−68.4

	
−64.2

	
−88.8












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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