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Abstract

:

The biological treatment efficiency of dye wastewater using activated sludge (AS) is largely limited to the chromaticity and ecotoxicity of dyestuff. To alleviate this limitation, eleven industrial-grade disperse dyes were obtained from a fiber-dyeing factory, and for the first time, we studied the decolorization and detoxification effects of using the Pycnoporus laccase enzyme. Efficient decolorization was achieved with the following conditions: dye concentration 50 mg/L, 1-hydroxybenzotriazole (HBT) 0.15 mM, temperature 65 °C, pH 4, and laccase 0.33 U/mL. The decolorization rate of disperse dyes, ranging from 51 to 96% in this investigation, was highly dependent on the dye type, concentration, laccase loading, and HBT. The ecotoxicity of dyes was evaluated by studying the germination/growth of wheat seed as well as the respiratory rate of aerobic AS. Laccase treatment mitigated the phytotoxicity of dyes because of the higher wheat germination (e.g., increase of 38% for Black ECT 200%) and growth rate (e.g., increase of 91% for Blue 2BLN 200%). The reduced ecotoxicity of decolorized dye solution towards microorganisms was also confirmed by the finding that the oxygen uptake by aerobic AS was increased relative to that of the untreated samples (e.g., increase of 14 folds for Blue HGL 200%). In addition, the chemical oxygen demand (COD) of decolorized dye solution was slightly lower than that without decolorization during the respiratory test. The experimental results suggest that enzymatic decolorization and detoxification can be potentially used as a pretreatment method for disperse dye wastewater followed by AS treatment.
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1. Introduction


Synthetic dyes are broadly applied in various fields, e.g., textile, leather, cosmetic, and food and drug industries [1]. There are over 10,000 different dyes on the global scale, 70% of which are azo dyes, amounting to a worldwide production of >1,000,000 tons per year [2]. The available data show that almost all synthetic dyes (especially azo) are eco-toxic and likely to cause cancer and mutations in organisms [3]. According to the applicable properties, they can be classified into acid, basic, direct, disperse, active, and vat dyes [3]. In the textile industry, approximately 10–20% of dyes cannot be fixed onto the textures during the dyeing process, thereby generating a huge amount of dye-containing wastewater [4]. It has been estimated that 1.84 billion tons of textile wastewater were generated in 2015, and it is considered one of the major industrial wastewaters in China [5]. The direct discharge of dye wastewater without treatment may cause severe environmental pollution and ecological issues [6]. A series of treatment methods, such as physical, chemical, and biological treatments, along with their combinations, have been developed and evaluated [7,8]. Recently, increasing interest has been paid to the enzymatic decolorization of synthetic dyes (e.g., laccase) due to numerous advantages—fast reaction, low cost, mild conditions, no generation of undesired by-products such as extra sludge, etc. [9,10].



A number of enzymes have been proven capable of decolorizing synthetic dyes, with laccase being identified as one of the most efficient ones [11]. Laccase (EC 1.10.3.2) is a multi-copper-containing oxidase and is widely distributed in eukaryotic and prokaryotic organisms [12]. Among various sources, fungal laccases have gained a significant amount of interest due to their high redox potential, especially in comparison with bacterial ones [13]. Although decolorization with laccase alone has been well-documented, the presence of mediators, usually small molecules, plays a distinctly subsidiary role in enlarging the substrate spectrum and enhancing the catalytic efficiency [14]. 1-hydroxybenzotriazole (HBT) is one of the most employed and effective mediators [15]. With laccase alone or a laccase mediator system (LMS), the decolorization of numerous dyes has been achieved, but most of them are analytic-grade synthetic dyes [16]. The presence of an acid, base, salt, and mediators in industrial-grade dyes makes it more complex, toxic, and more difficult to be treated or decolorized by laccase or LMS [17]. To the best of our knowledge, the decolorization of industrial-grade dyes (especially disperse dyes) using laccase or LMS has been scarcely reported.



In addition to intensive coloration, toxicity toward the natural ecosystem represents another troublesome problem for dye wastewater. Following decolorization by laccase, detoxification has been found to be simultaneously achieved to some extent [18]. Some prokaryotes and eukaryotes have been employed as model organisms to evaluate the detoxification performance, including bacteria (pure culture, e.g., Vibrio fischeri), activated sludge (mixed culture), algae (e.g., Raphidocelis subcapitata), plants (e.g., Triticum aestivum), animals (mostly protozoan, e.g., Daphnia magna), and insect cells [19,20]. In the process of the industrial-scale treatment of dye wastewater, the biological method, i.e., the anaerobic/aerobic activated sludge (AS) method, is widely used as an indispensable part, usually following physical and chemical treatments. These combinations are often designed to remove color and chemical materials from wastewater. The decolorization in such practices can be mostly ascribed to anaerobic AS decomposition and partially to adsorption, which is also time-consuming and inefficient [21]. Furthermore, the performance of chemical oxygen demand (COD) removal by subsequent aerobic AS highly depends on the toxicity and bioavailability of decolorized/degraded dyestuffs from anaerobic AS decomposition. Since laccase has been proven capable of decolorizing synthetic dyes and might be able to replace the anaerobic AS process, there is a great necessity to evaluate the ecotoxicity of decolorized dye wastewater using laccase against aerobic AS.



Many types of dyes, such as acid, basic, and reactive dyes, have been well-studied by laccase or LMS [19], whereas the performance of the decolorization and detoxification of disperse dyes is unknown. Disperse dyes are generally used for dyeing hydrophobic fibers such as polypropylene and polyester [22]. The present work aimed to evaluate the decolorization efficiency of 11 disperse dyes obtained from a textile factory under varying reaction conditions with a laccase of the genus Pycnoporus. Following decolorization under optimal conditions for each dye, the ecotoxicity of the dye solution towards plant seed and AS was assessed, thus providing useful data for practical applications.




2. Materials and Methods


2.1. Laccase, Chemicals, Wheat Seed, and Activated Sludge


Thermostable laccase enzyme was produced by cultivating robust fungus Pycnoporus sp. SYBC-L3 (GenBank access number JX861099) in a bioreactor using submerged mode with detailed information described in our previous report [23]. The culture broth was centrifuged (8000 rpm for 10 min) to produce liquid fraction, which was termed as crude laccase enzyme and used in this study. Mediator 1-hydroxybenzotriazole (HBT) and enzyme-substrate 2,6-dimethoxyphenol (DMP) were procured from Macklin Reagent (Shanghai, China) and Sigma-Aldrich (St. Louis, MO, USA), respectively. The other chemicals were purchased from Sinopharm Group, China. Wheat seeds (labeled as Xinong 529) were obtained from Changfeng Seed Co., Ltd. (Shanxi, China). Eleven synthetic dyes of industrial grade were gifted from a fiber dyeing company (Huzhou, China) with the available information described in Table 1. The maximum absorbance wavelength of each dye solution in water was obtained by a UV-Vis spectrophotometer. Activated sludge (AS) was collected from a secondary clarifier in a local municipal wastewater treatment plant in Nanjing, China.




2.2. Measurement of Laccase Activity


In light of the high cost of purified laccase in practical applications, crude laccase as prepared in the above section was used in this study. The original activity of the crude laccase was determined as 33 U/mL. Laccase activity was spectrophotometrically determined with DMP (ε = 49.5 mM−1 cm−1) as substrate. The increase in absorption at 470 nm was recorded in a reaction system, as previously described [23]. One unit of laccase activity corresponded to the amount of enzyme that oxidized 1 μmol of DMP per min. The reaction system of 3 mL consisted of 2.4 mL citric-phosphate buffer (20 mM, pH = 3), 0.5 mL DMP solution (10 mM), and 0.1 mL enzyme solution.




2.3. Decolorization of Disperse Dyes


Compared to other types of synthetic dyes, disperse dyes are nonionic and show poor solubility in water due to hydrophobic functional groups [22]. In this study, the eleven industrial-grade disperse dyes were found to have good solubility in water at the experimental concentrations (25–100 mg/L). UV-Vis spectrophotometer was therefore employed to obtain the characteristic absorption peak by wavelength scanning of each dye solution at 50 mg/L, based on which calibration curve of each dye was obtained for further dye concentration determination in various treatments. The decolorization reaction was carried out in 250 mL flask that contained dye solution (25–100 mg/L), buffer (pH 3–8), laccase (0.165–3.3 U/mL), HBT (0.205–0.5 mM), and at temperature ranging from 25–80 °C. Upon completion of the reaction, the residual dye concentration in the supernatant was analyzed with a UV-Vis spectrophotometer. Decolorization rate (color removal) was calculated as follows: R (%) = [(Ai − At)/Ai] × 100, where Ai and At are the initial and final absorption values at peak wavelength for each dye, respectively [24].



The time course of decolorization within 3 h was obtained by recording the absorbance value of the reaction system every 30 min at each optimal reaction condition. The effect of pH values ranging from 3.0 to 8.0 on decolorization was studied by fixing other variables at optimal reaction conditions. Mediator HBT was added to the reaction system to study its effect on decolorization rate with other variables fixed at optimal reaction conditions. The effect of temperature on decolorization was carried out in the same way as described above.




2.4. Seed Germination and Growth Experiment


The pH values of both pretreated and untreated dye solutions were adjusted to 7.0 using 1 mol/L NaOH or HCl before the phytotoxicity experiment [25]. Decolorized dye solution was obtained under its optimal condition, as confirmed above. A total of 10 carefully selected intact wheat seeds, soaked in 3% H2O2 for 30 min in advance to disinfect the potential undesired microbes, were evenly placed onto the double-layered filter paper in a 9 cm glass Petri dish with sterilized water added for adequate seed imbibing. Three replicates were performed for water or each dye solution of a different treatment. A total of 5 mL of variously treated dye solution, sterilized using autoclave at 120 °C for 20 min to avoid microbial contamination, was added to each plate every 24 h. The plate was put into a thermostat incubator (25 ± 0.5 °C) for 7 d, where the first three days were under dark conditions and the latter four days under 12 h light and 12 h dark conditions. After the cultivation, the germination rate and shoot and root length of the sprout were recorded. Based on the data of shoot and root length of wheat sprout in water, the percent growth inhibition of wheat sprout in various dye solutions was calculated.




2.5. Oxygen Uptake by Aerobic Activated Sludge (AS)


Freshly collected AS from the municipal wastewater treatment plant (as described in Section 2.1) was aerated in the laboratory for 2 h to allow the depletion of residual nutrients in the AS. Subsequently, the AS was characterized as follows: sludge volume (SV 30) 21%, mixed liquid suspended solids (MLSS) 5900 mg/L, and sludge volume index (SVI) 35.6 mL/g. These data indicated the good settling performance of AS. To conduct the oxygen uptake experiment, three different treatment of each dye (concentration of 100 mg/L) was designed: un-decolorization with heat deactivated laccase, decolorization with only laccase, and decolorization with laccase + HBT, respectively. The decolorization treatment was completed under the optimal condition for each dye as identified in this study. The dye solution (250 mL) of different treatments was then mixed with AS at a volume ratio of 1:1, roughly giving rise to the final AS concentration (MLSS) of 2950 mg/L, which was close to the real AS concentration in industries. The mixed solution of total 500 mL was then adjusted to pH 7 and put in a bottle, which was connected to the PF–8000 aerobic/anaerobic respirometer system [26]. The oxygen uptake in each bottle was automatically recorded online over the time course of 12 h. In addition, the chemical oxygen demand of dye solution before and after the respiratory experiment was determined using the potassium dichromate method.




2.6. Statistical Analyses


Each experiment, including the decolorization and ecotoxicity test, was carried out in triplicate. The mean value plus standard deviation (SD) was calculated and presented in figures and tables.





3. Results


3.1. Visible Absorption Spectrum of Disperse Dyes


Eleven industrial-grade dyestuffs, all belonging to disperse dyes, were obtained from a textile dyeing factory (Table 1). According to the information on the packages, four dyes were further confirmed in detail concerning the chemical structures and dye classes: Disperse Scarlet GS 200% (azo), Disperse Blue HGL 200% (azo), Disperse Golden Yellow E-RGFLN 200% (azo), and Disperse Blue 2BLN 100% (anthraquinone). The detailed information on the remaining seven dyes was not available in the present study. Before the decolorization and ecotoxicity experiments, the visible absorption spectra of the dye solution in water were characterized, and the results are shown in Figure 1. Very broad absorption bands were found for most dye solutions. Some did not even show obvious absorption peaks, e.g., an extremely flat peak for Red 3B-KH2015 100% and Orange SE-4RF 200%, suggesting poor absorption ability. Double peaks were observed for the dye Yellow SE-4GL 100%, while only one peak showed for the other dyes. As seen in Figure 1, the characteristic absorption peak of each dye was identified (Table 1) and employed to determine the dye concentration using the corresponding calibration curve.



It can be seen from Figure 1 that the absorbance values of most dyes decreased to varying degrees at the individual maximal absorption wavelength, with the exception of Golden Yellow E-RGFLN 200% and Orange SE-4RF 200%, which showed a slight increase in the absorbance. This indicated that the majority of disperse dyes could be successfully decolorized by laccase alone or laccase + HBT. The most significant decolorization was found for Black ECT 300% using laccase with or without the addition of mediator HBT, followed by Blue 2BLN 100% and 200%, Red F3BS KH2040 150%, and Red 3B-KH2015 100%.




3.2. Effect of Different Parameters on Decolorization Rate


The time course of the decolorization rate of various dye solutions under the optimized reaction conditions (Table 1) is displayed in Figure 2a,b. Despite the variation in the chemical structure and composition of dyes, they were all decolorized effectively with laccase or laccase + HBT treatment, ranging from 50% to 95% within 3 h. It was also noted that the equilibrium of decolorization was reached in only 30 min, and afterward, no further decolorization took place. A relatively higher rate of decolorization (>85%) occurred on Blue 2BLN 100%, Blue 2BLM 200%, and Red 3B-KH2015 100%, while the lowest was observed for Yellow SE-4GL 100% (i.e., only 50%). It can be observed that there were still eight dye solutions with a low decolorization rate of <80%.



The effect of laccase dosage on decolorization rate is shown in Figure 2c,d. Previous reports found that increased laccase activity could enhance decolorization to varying degrees, which was, however, not consistent in this study. In contrast, no significant enhancement in the decolorization rate could be seen with the laccase dosage tested, starting from 0.165 to 3.3 U/mL. Higher laccase application even slightly reduced the decolorization rate for some dye solutions, e.g., Orange SE-4RF 200% and Blue 2BLN 100%. This might be ascribed to the introduction of colored substances in the crude laccase that led to the absorption increase at the characteristic wavelength. A practical application might consider a lower laccase dosage for cost-reduction benefits.



The initial dye concentration was a major parameter affecting the decolorization rate, as demonstrated in Figure 3a,b. A sharp descending trend was observed for decolorization when a high concentration was applied. Specifically, over 70% decolorization (mostly around 80%) was achieved for dye solutions at 25 mg/L, while 80% decolorization (mostly below 60%) remained for Red 3B-KH 100% when the dye concentration was set to 100 mg/L. In comparison with the dye concentration, the pH value seemed to influence the decolorization rate in a very weak manner, except for dye Blue 2BLN 100% and Black ECT 300%, whose optimal pH was found to be 4 and 6, respectively (Figure 3c,d).



Similar to the pH value, the temperature of the dye solution influenced the decolorization rate insignificantly (Figure 4a,b). With the exception of Blue 2BLN 100% and Blue 2BLM 200%, whose optimal temperature was 65 °C and 50 °C, respectively, the others kept a constant decolorization rate within the temperature range of 40–80 °C. HBT is one of the most commonly used mediators, and its effect on the decolorization rate is presented in Figure 4c,d. Generally, a positive effect was found for HBT (especially at a lower dosage) on the decolorization rate of 11 disperse dyes, in particular with 6 dye solutions, namely, Blue 2BLN 100%, Red 3B-KH2015 100%, Blue 2BLM 200%, Red F3BS KH2040 150%, Yellow SE-4GL 100%, and Black ECT 300%. The highest concentration of HBT, however, did not result in an increase in the decolorization efficiency; rather, a decreased or no effect was observed, especially in cases with a concentration higher than 0.2 mM, e.g., Blue 2BLN 100%, Red 3B-KH2015 100%, and Black ECT 300%. No significant improvement in the decolorization efficiency was observed for the other five dyes: Orange SE-4RF 200%, Blue HGL 200%, Rubine SE-2GF 200%, Golden Yellow E-RGFLN 200%, and Scarlet GS 200%.




3.3. Wheat Seed Germination and Growth in Different Dye Solution


To reveal the potential environmental effects, phytotoxicity toward wheat seed germination and growth in different dye solutions was determined, and the results are shown in Table 2 and Figure 5. Over 93% wheat seed germination was achieved in water, while in the un-decolorized dye solution, the germination rates were reduced to 17–90%, with most around 50%. The most severe inhibition was found for dye Black ECT 300% and Orange SE-4RF 200%, whose germination was as low as 26.7% and 16.7%, respectively. This demonstrated that the original disperse dye solution had an extremely hazardous impact on seed germination.



Compared with the original dye solution, laccase or laccase + HBT treatment upgraded the germination rate to varying degrees, which was still lower, however, than those in the water treatment. Additionally, in Table 2, elongated roots and shoots can be observed on wheat sprouts cultivated in the laccase or laccase + HBT-treated dye solution compared with those in untreated ones, indicating that the toxicity of decolorized dye solution applied to young plants was mitigated. As portrayed in Figure 5, the percent inhibition towards the shoot and root length was found to be slightly mitigated when exposing the wheat seed to laccase or laccase + HBT treated dye solution. The strongest mitigation inhibition was for Blue 2BLM 200% with laccase treated alone, which was reduced by >50% relative to the untreated sample.



Under the best decolorization conditions as determined above (Table 1), the initial dye solution was subjected to the following treatments: dye + deactivated laccase, dye + laccase, and dye + laccase + HBT. These treatments were then mixed with AS for the respiratory experiment. Within 12 h of continuous aeration, oxygen uptake was accordingly attained (Figure 6). With respect to the dye solution without decolorization (dye + deactivated laccase), an obvious inhibition of AS respiration was observed in eight dyes compared to those in water, namely, Blue 2BLN 100%, Red F3BS kH2040 150%, Black ECT 300%, Orange SE-4RF 200%, Blue HGL 200%, Rubine SE-2GF 200%, Golden Yellow E-RGFLN 200%, and Scarlet GS 200%, respectively, among which the last four dyes showed the strongest inhibition because of the lowest oxygen uptake. A relatively insignificant inhibition was found with the other three dyes: Blue 2BLN 100%, Red SB-KH2015 100%, and Yellow SE-4GL 100%.



Following decolorization with laccase or laccase + HBT, aerobic AS was exposed to different dye solutions or water to study the change in oxygen uptake by AS. A drastic alleviation in inhibition of AS was achieved for all the dyes. The increased oxygen uptake at the end of 12 h cultivation was in the range of 20% (Red 3B-KH2015 100% with laccase treatment alone) to 20 folds (Blue HGL 200% with laccase treatment alone) relative to the value of AS exposed to water (i.e., 12 mg oxygen). This demonstrated that laccase-catalyzed decolorization could remarkably alleviate the ecotoxicity of dyes toward AS. The discrepancy, however, was also observed among different dyes depending on dye type.



Furthermore, the COD value of the dye solution before and after the AS respiratory experiment was determined (Table 3). Most dye solutions of laccase-catalyzed decolorization were found to have lowered COD compared with their un-decolorized counterparts, except for three dye solutions, i.e., Blue 2BLM 200%, Yellow SE-4GL 100%, and Golden Yellow E-RGFLN 200%, which showed increased COD. The phenomenon of COD’s increase might be ascribed to the lysis of bacterial cells when exposed to highly toxic dye molecules, resulting in the release of intracellular constituents. The highest COD removal occurred with Red 3B-KH2015 100% (83.3%), Blue 2BLM 200% (38.9%), Yellow SE-4GL 100% 9 (34.4%), and Golden Yellow E-RGFLN 200% (5.72%) of laccase-catalyzed treatments, respectively.





4. Discussion


Azo dyes comprise the largest proportion of the global synthetic dyes, followed by anthraquinones and others [27], which was reflected well in the field investigation in this study. Compared to the reported dyes [28], most disperse dye solutions showed very broad absorption bands rather than narrow ones, except for Blue HGL 200%, suggesting that there could be a complex composition of industrial-grade dyestuff, usually supplemented to enhance the color strength and dye fixation [21]. Even though there is a significant number of articles reporting the decolorization of various dyes (mostly acid, basic, direct, and active) by laccase [9,29,30], the description of real dye wastewater or industrial-grade dyes is very scarce, especially for disperse dyes. Relative to simulated dye wastewaters, real textile wastewater or industrial-grade dyes show higher recalcitrance towards decolorization due to the complexity in composition that is usually unfriendly to enzymes. For example, 15% decolorization was achieved following 2 h treatment with Lentimus laccase and 4.5% with Trametes laccase [25]. Even if the incubation time was elongated to 24 h, only 43% decolorization of these dye effluents was attained [25].



Reaction parameters, e.g., time, pH, temperature, enzyme loading, mediator, and dye concentration, have been reported to influence decolorization significantly. For all disperse dyes, the highest decolorization was achieved around 30 min, which was similar to other reports of simulated dye wastewater [31]. A low decolorization rate has been observed for some dyes in this study, which was lower than the previous results of simulated dye solution [32], indicating that the other components, e.g., the presence of an acid, base, salt, and mediators, in industrial-grade dyes could negatively interfere with laccase-catalyzed decolorization. Some of these substances are reported to have an inhibitory effect on laccase activity and stability [12,33]. An enzyme loading of around 0.17 U/mL was proved to be effective for an optimized decolorization of dispersed dyes herein, which was in the range of 0.2–2 U/mL of enzyme for efficient decolorization [31,32]. Decreased decolorization has been confirmed along with the increased dye concentration, which is in good agreement with previous results [34]. The effect of pH on the decolorization of disperse dyes is consistent with the previous results that the best decolorization would occur around pH 5, while a pH above 6 or below 3 is not favorable to laccase-catalyzed decolorization [32]. These results are in favor of practical applications because there will be no need to further adjust the pH of wastewater with acid or alkaline to cater to laccase that is normally catalytically active in acidic conditions [35]. Efficient decolorization normally occurs at temperatures ranging from 40 to 60 °C [36], beyond which decolorization drops rapidly. Considering the effluent from the dyeing house usually has a high temperature of up to 80 °C, and most fungal laccase has an optimal temperature at 50–70 °C, it is possible to employ thermostable laccase to decolorize effluent instantly collected from the dyeing house. Generally, the decolorization of disperse dyes by laccase enzyme exhibited similar behavior to other types of synthetic dyes.



According to the field investigation, it is common that the direct discharge of untreated dye wastewater to the natural water body or its direct use as water for crop irrigation still exists in some regions of China. This suggests that synthetic dyes have a significantly detrimental effect on seed germination and growth [25]. In analytical-grade dyes (e.g., AB80 and AR37), their phytotoxicity toward rice germination and growth was almost completely relieved after laccase-catalyzed decolorization, i.e., equivalent to that in water [25], whereas in this study, such a change was relatively little, strongly indicating that components other than the dye molecules in the industrial-grade dyes could exert extra toxicity towards seeds and plants. Similar results—a slight alleviation in phytotoxicity towards Lepidium sativum—have been described for the fungus-induced decolorization of ABBB and AB129 in a recent study [16]. Interestingly, a decolorized dye solution of ABBB or AB129 seemed to cause a lower germination index (GI) than the initial dye solutions [16]. These results clearly demonstrate that huge discrepancies could be obtained in terms of the ecotoxicity evaluation when applying different testing organisms.



Based on the amount of the accumulated oxygen uptake, an inhibitory (less oxygen uptake) or stimulatory (more oxygen uptake) effect of the chemicals on AS respiration could be reflected [26]. Generally, the decolorization of disperse dyes by laccase led to less ecotoxicity and thus stimulated AS growth and metabolism, as reflected in the increased oxygen demand. Nonetheless, the different chemical structures of dyes could have varied the toxicity toward AS. In practice, dyes with higher toxicity toward AS can be collected and pretreated separately by laccase or LMS to lower their toxicity, thus enhancing the efficiency of the following biological units, i.e., the aerobic AS process. After the AS respiratory experiment, the COD of the decolorized solution showed lower values compared with those of the un-decolorized solution. The possible reason for this is that the degraded dye products were presumably readily absorbed and metabolized in bacterial cells due to the reduced toxicity. Another possible reason for this result was that a small part of organics, such as dye molecules in this study, might be transformed into H2O and CO2 by laccase with the presence of molecular oxygen [37].



Although the detoxification of a dye solution using laccase treatment has been confirmed, it is unknown if laccase treatment favors the subsequent AS-involved biological unit in the practical dye wastewater treatment process. A similar concept has been attempted, however. Manai et al. introduced a fungal ligninolytic enzyme directly into a CSTR tank containing real textile effluent fed with AS recycled from a secondary clarifier and elevated COD removal up to 95% from the control value of 75% [38]. Additionally, an improvement in color removal and strong resistance to shock loadings of pollutants, as well as the augmented sludge volume index (SVI) and microbial activity, have been observed simultaneously [38]. The results in this study and other reports strongly imply that there is potential for the laccase pretreatment of dye wastewater to achieve both effective decolorization and detoxification, thus improving the general treatment efficiency of dye wastewater.




5. Conclusions


The current study, for the first time, investigated the efficiency of the decolorization and detoxification of an industrial-grade disperse dye in an aqueous solution with an enzyme laccase alone or with a laccase-mediator system (LMS). Compared to other types of synthetic dyes, disperse dyes were more resistant to enzymatic decolorization. Generally, a decolorization rate of 51% to 96% was achieved in this study, which largely depended on various parameters, including the dye type, dye concentration, laccase loading, and HBT. Along with the decolorization, a notable reduction in the ecotoxicity of decolorized dyes towards plant seed and aerobic microbes was observed. During the respiratory test of aerobic AS, lowered COD values were found in most laccase-decolorized dye solutions compared with the un-decolorization sample, suggesting that laccase-catalyzed decolorization can improve the subsequent efficiency of the AS process and therefore potentially serve as an effective pretreatment approach for dye wastewater treatment.
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Figure 1. UV-Vis spectra of disperse dye solution (50 mg/L) before and after laccase (0.165 U/mL) or laccase (0.165 U/mL) + HBT (0.15 mmol/L) treatment. pH of each solution was natural and temperature was 25 °C. (a): Blue 2BLN 100% and Red 3B-KH2015 100%; (b): Blue 2BLM 200% and Red F3BS KH2040 150%; (c): Yellow SE-4GL 100% and Black ECT 300%; (d): Orange SE-4RF 200% and Blue HGL 200%; (e): Rubine SE-2GF 200% and Golden Yellow E-RGFLN 200%; (f): Scarlet GS 200%. 
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Figure 2. Time course of decolorization rate of 11 disperse dyes (a,b) under optimal reaction conditions listed in Table 1. Effect of laccase loading (0.165–3.3 U/mL) on decolorization of 11 disperse dyes with other parameters at optimal conditions (c,d). 
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Figure 3. Effect of initial dye concentration (a,b) and pH value (c,d) on decolorization rate of 11 disperse dyes with other parameters at optimal conditions, as listed in Table 1. 






Figure 3. Effect of initial dye concentration (a,b) and pH value (c,d) on decolorization rate of 11 disperse dyes with other parameters at optimal conditions, as listed in Table 1.



[image: Ijerph 19 07983 g003]







[image: Ijerph 19 07983 g004 550] 





Figure 4. Effect of temperature (a,b) and HBT dosage (0.025~0.5 mM) (c,d) on decolorization rate of 11 synthetic dyes with other parameters at optimal conditions, as listed in Table 1. 
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Figure 5. Inhibition rate of shoot and root elongation of wheat sprout under different treatments: deactivated laccase, laccase, and laccase + HBT. (a): Blue 2BLN 100%, Red 3B-KH2015 100%, and Blue 2BLM 200%; (b): Red F3BS KH2040 150%, Yellow SE-4GL 100%, and Black ECT 300%; (c): Orange SE-4RF 200%, Blue HGL 200%, and Rubine SE-2GF 200%; (d): Golden Yellow E-RGFLN 200% and Scarlet GS 200%.3.4. Oxygen Uptake by Aerobic AS in Different Dye Solutions. 
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Figure 6. Oxygen uptake by aerobic AS exposed to 11 synthetic dye solutions under different treatments: deactivated laccase, laccase, and laccase + HBT. (a): Blue 2BLN 100% and Blue 2BLM 200%; (b): Red 3B-KH2015 100% and Yellow SE-4GL 100%; (c): Red F3BS KH2040 150% and Black ECT 300%; (d): Orange SE-4RF 200% and Blue HGL 200%; (e): Rubine SE-2GF 200% and Golden Yellow E-RGFLN 200%; (f): Scarlet GS 200%. 
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Table 1. Description of 11 disperse dyes from a textile factory. ‘/’ means currently unknown in this study.
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	Dye

Name
	λmax (nm)
	MW

(g/mol)
	CAS
	Chemical Formula
	Structure
	Classification
	Optimal Condition for Decolorization





	Blue 2BLN 100%
	547
	304.69
	12217-79-7
	C14H9ClN2O4
	 [image: Ijerph 19 07983 i001]
	Anthraquinone
	pH 4, 65 °C, laccase 0.33 U/mL, HBT 0.15 mM, decolorization 95.6%



	Red 3B-KH2015 100%
	583
	/
	/
	/
	/
	/
	pH 4, 55 °C, laccase 0.33 U/mL, HBT 0.15 mM, decolorization 90.6%



	Blue 2BLM 200%
	629
	/
	/
	/
	/
	/
	pH 4, 50 °C, laccase 0.50 U/mL, HBT 0.50 mM, decolorization 94.74%



	Red F3BS KH2040 150%
	526
	/
	/
	/
	/
	/
	pH 4, 55 °C, laccase 0.50 U/mL, HBT 0.50 mM, decolorization 77.1%



	Yellow SE-4GL 100%
	486
	/
	/
	/
	/
	/
	pH 6, 65 °C, laccase 0.17 U/mL, HBT 0.50 mM, decolorization 51.2%



	Black ECT 300%
	580
	/
	/
	/
	/
	/
	pH 6, 50 °C, laccase 0.17 U/mL, HBT 0.15 mM, decolorization 65.5%



	Orange SE-4RF 200%
	488
	/
	/
	/
	/
	/
	pH 8, 70 °C, laccase 0.33 U/mL, HBT 0.50 mM, decolorization 81.2%



	Blue HGL 200%
	520
	639.41
	12239-34-8
	C24H27BrN6O10
	 [image: Ijerph 19 07983 i002]
	Azo
	pH 8, 80 °C, laccase 0.50 U/mL, HBT 0.50 mM, decolorization 65.4%



	Rubine SE-2GF 200%
	522
	/
	/
	/
	/
	/
	pH 8, 55 °C, laccase 0.50 U/mL, HBT 0.50 mM, decolorization 65.2%



	Golden Yellow E-RGFLN 200%
	417
	302.33
	6250-23-3
	C18H14N4O
	 [image: Ijerph 19 07983 i003]
	Azo
	pH 8, 45 °C, laccase 0.33 U/mL, HBT 0.15 mM, decolorization 66.8%



	Scarlet GS 200%
	527
	404.32
	78564-87-1
	C18H15Cl2N5S
	 [image: Ijerph 19 07983 i004]
	Azo
	pH 8, 70 °C, laccase 0.17 U/mL, HBT 0.20 mM, decolorization 65.5%
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Table 2. Germination rate and root and shoot length of wheat seed exposed to dye solution with or without laccase decolorization. The initial dye concentration was 50 mg/L, and the decolorization of each dye was achieved under its respective optimized conditions.
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Dye

	

	
Germination Rate (%)

	

	
Root Length (cm)

	

	
Shoot Length (cm)




	
Water

	
Un-Treated

	
Laccase +

HBT

	
Laccase

	
Water

	
Un-Treated

	
Laccase +

HBT

	
Laccase

	
Water

	
Un-Treated

	
Laccase +

HBT

	
Laccase






	
Blue 2BLN 100%

	
93.3 ± 9.4

	
76.7 ± 4.7

	
80 ± 16.3

	
76.7 ± 4.7

	
3.24 ± 1.1

	
1.45 ± 0.2

	
1.51 ± 0.3

	
1.47 ± 0.1

	
2.23 ± 0.7

	
0.8 ± 0.1

	
0.9 ± 0.3

	
0.95 ± 0.2




	
Red 3B-KH2015 100%

	
96.7 ± 4.7

	
93.3 ± 4.7

	
93.3 ± 4.7

	
96.7 ± 4.7

	
4.33 ± 0.3

	
1.72 ± 0.3

	
1.82 ± 0.1

	
1.82 ± 0.2

	
3.52 ± 0.7

	
1.56 ± 0.6

	
1.57 ± 0.1

	
1.62 ± 0.2




	
Blue 2BLM 200%

	
93.3 ± 4.7

	
83.8 ± 4.7

	
86.7 ± 4.7

	
96.7 ± 4.7

	
4.16 ± 0.4

	
1.13 ± 0.2

	
1.38 ± 0.4

	
2.6 ± 0.4

	
3.34 ± 0.3

	
1.29 ± 0.2

	
1.45 ± 0.2

	
2.47 ± 0.9




	
Red F3BS KH2040 150%

	
100.0 ± 0

	
60.0 ± 8.1

	
66.7 ± 17.0

	
66.3 ± 12.5

	
4.53 ± 1.1

	
0.56 ± 0.1

	
0.72 ± 0.1

	
0.58 ± 0.1

	
4.12 ± 1.5

	
0.71 ± 0.1

	
0.87 ± 0.1

	
0.73 ± 0.1




	
Yellow SE-4GL 100%

	
96.7 ± 4.7

	
90.0 ± 8.2

	
99.3 ± 4.7

	
86.7 ± 4.7

	
4.54 ± 1.2

	
0.66 ± 0.03

	
0.69 ± 0.1

	
0.68 ± 0.03

	
4.36 ± 1.6

	
0.95 ± 0.3

	
0.99 ± 0.2

	
1.12 ± 0.2




	
Black ECT 300%

	
90.0 ± 8.2

	
26.7 ± 9.4

	
36.7 ± 9.4

	
33.3 ± 12.5

	
7.94 ± 2.5

	
0.09 ± 0.03

	
0.11 ± 0.04

	
0.1 ± 0.05

	
8.78 ± 1.0

	
0.83 ± 0.5

	
0.88 ± 0.3

	
0.84 ± 0.3




	
Orange SE-4RF 200%

	
93.3 ± 4.7

	
16.7 ± 4.7

	
23.3 ± 4.7

	
20.0 ± 0.7

	
7.25 ± 2.4

	
0.04 ± 0.02

	
0.04 ± 0.01

	
0.07 ± 0.01

	
8.48 ± 1.7

	
0.39 ± 0.2

	
0.4 ± 0.02

	
0.40 ± 0.03




	
Blue HGL 200%

	
96.7 ± 4.7

	
60.0 ± 0.5

	
66.7 ± 9.3

	
63.3 ± 4.7

	
6.21 ± 1.6

	
0.23 ± 0.03

	
0.55 ± 0.1

	
0.40 ± 0.3

	
6.25 ± 1.2

	
0.95 ± 0.2

	
1.06 ± 0.1

	
1.01 ± 0.2




	
Rubine SE-2GF 200%

	
90.0 ± 8.2

	
50.0 ± 14.1

	
60.0 ± 14.1

	
53.3 ± 18.9

	
6.15 ± 1.0

	
0.16 ± 0.04

	
0.20 ± 0.1

	
0.17 ± 0.05

	
5.10 ± 1.3

	
1.08 ± 0.4

	
1.1 ± 0.5

	
1.09 ± 0.3




	
Golden Yellow E-RGFLN 200%

	
100.0 ± 0

	
70.0 ± 14.1

	
70.0 ± 14.1

	
66.7 ± 20.6

	
7.26 ± 0.1

	
0.42 ± 0.14

	
0.46 ± 0.04

	
0.43 ± 0.2

	
8.01 ± 0.2

	
1.60 ± 0.1

	
1.62 ± 0.2

	
1.73 ± 0.6




	
Scarlet GS 200%

	
100.0 ± 0

	
55.3 ± 12.5

	
63.3 ± 18.9

	
56.7 ± 17.1

	
7.52 ± 0.7

	
0.19 ± 0.07

	
0.29 ± 0.1

	
0.23 ± 0.02

	
8.14 ± 0.4

	
1.09 ± 0.2

	
1.53 ± 0.4

	
1.16 ± 0.2
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Table 3. Variation in COD (mg/L) of dye solution before and after AS oxygen uptake experiment. The initial dye concentration was 50 mg/L, which was treated with laccase or laccase + HBT. Treatments a, b, and c represent un-decolorized dye solution with heat-deactivated laccase followed by AS, decolorized dye solution with only laccase followed by AS, and decolorized dye solution with laccase + HBT followed by AS, respectively.
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Dye

	
Treatment a

	
Treatment b

	
Treatment c




	

	
CODcr (mg/L)

Before

	
CODcr (mg/L)

After

	
CODcr (mg/L)

Before

	
CODcr (mg/L)

After

	
CODcr (mg/L)

Before

	
CODcr (mg/L)

After






	
Blue 2BLN 100%

	
112.33 ± 2.05

	
97.67 ± 2.05

	
377 ± 2.94

	
197.67 ± 2.03

	
217 ± 2.16

	
147.67 ± 2.05




	
Red 3B-KH2015 100%

	
416 ± 2.94

	
67.12 ± 2.16

	
77.67 ± 2.06

	
47.67 ± 2.04

	
207 ± 2.45

	
112.33 ± 1.70




	
Blue 2BLM 200%

	
56 ± 2.74

	
77.67 ± 2.05

	
187.67 ± 2.01

	
77.67 ± 2.04

	
289.67 ± 1.25

	
177 ± 2.16




	
Red F3BS KH2040 150%

	
107.67 ± 2.05

	
58 ± 2.16

	
127.66 ± 2.04

	
97.67 ± 1.70

	
292.33 ± 1.70

	
270 ± 1.63




	
Yellow SE-4GL 100%

	
127.33 ± 2.09

	
207.67 ± 1.70

	
177.68 ± 2.09

	
61 ± 0.82

	
270 ± 1.63

	
177 ± 2.16




	
Black ECT 300%

	
147.67 ± 2.07

	
57.33 ± 2.05

	
126.67 ± 2.13

	
102 ± 2.16

	
260.67 ± 1.70

	
138 ± 2.14




	
Orange SE-4RF 200%

	
77.67 ± 2.03

	
67 ± 2.16

	
87.76 ± 2.32

	
77.67 ± 2.05

	
249 ± 2.94

	
188 ± 1.63




	
Blue HGL 200%

	
177.67 ± 2.06

	
70 ± 1.63

	
236.77 ± 2.49

	
108.33 ± 1.70

	
297.67 ± 2.05

	
287.33 ± 2.05




	
Rubine SE-2GF 200%

	
187 ± 2.16

	
56.33 ± 2.62

	
467.32 ± 2.03

	
138.33 ± 1.72

	
279.67 ± 2.87

	
262.33 ± 1.70




	
Golden Yellow E-RGFLN 200%

	
57.67 ± 2.05

	
477.67 ± 2.05

	
137.43 ± 2.07

	
127 ± 2.45

	
116.67 ± 2.87

	
110 ± 1.63




	
Scarlet GS 200%

	
17.67 ± 2.05

	
17.33 ± 1.25

	
87 ± 2.16

	
67 ± 2.16

	
149.33 ± 2.49

	
90.33 ± 1.25
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