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Abstract

:

This study investigates the biodegradation of Reactive Red 141 (RR 141), an azo dye prevalent in the textile industry, by bacteria isolated from activated sludge in a textile effluent treatment plant. RR 141, characterized by nitrogen–nitrogen double bonds (-N=N-), contributes to environmental issues when improperly disposed of in textile effluents, leading to reduced oxygen levels in water bodies, diminished sunlight penetration, and the formation of potentially carcinogenic and mutagenic aromatic amines. This research focuses on identifying bacteria from activated sludge with the potential to decolorize RR 141. Microbiological identification employs MALDI-TOF-MS, known for its precision and rapid identification of environmental bacteria, enhancing treatment efficiency. Results highlight Bacillus thuringiensis and Kosakonia radicincitans as the most promising strains for RR 141 decolorization. Analysis of micro-organisms in activated sludge and database exploration suggests a correlation between these strains and the decolorization process. It is worth noting that this is the first report on the potential use of K. radicincitans for azo dye decolorization. Three distinct culture media—BHI, MSG, and MS—were assessed to investigate their impact on RR 141 decolorization. Notably, BHI and MSG media, incorporating a carbon source, facilitated the bacterial growth of both tested species (B. thuringiensis and K. radicincitans), a phenomenon absent in the MS medium. This observation suggests that the bacteria exhibit limited capability to utilize RR 141 dye as a carbon source, pointing towards the influence of the culture medium on the discoloration process. The study evaluates performance kinetics, decolorization capacity through UV-VIS spectrophotometry, potential degradation pathways via HPLC-MS analysis, phytotoxicity, and enzymatic activity identification. B. thuringiensis and K. radicincitans exhibit potential in decolorizing RR141, with 38% and 26% removal individually in 120 h. As a consortium, they achieved 36% removal in 12 h, primarily through biosorption rather than biodegradation, as indicated by HPLC-MS analyses. In conclusion, the research emphasizes the importance of exploring bacteria from activated sludge to optimize azo dye degradation in textile effluents. B. thuringiensis and K. radicincitans emerge as promising candidates for bioremediation, and the application of MALDI-TOF-MS proves invaluable for rapid and precise bacteria identification.
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1. Introduction


The global textile trade is expected to grow by 4.4% between 2021 and 2028 [1]. This continuous growth in textile products relates to a wastewater production rate above 130 L per kg of produced fabric [2]. The diversity and recalcitrance of contaminants are associated with the toxicity of some substances, such as dyes, resulting in an effluent with high biological oxygen demand (BOD), chemical oxygen demand (COD), intensive color, and salinity [3,4]. Azo dyes are recalcitrant and highly water-soluble compounds widely used by the textile industry. They are chemically composed of nitrogen-to-nitrogen double bonds (-N=N-) [5]. The incorrect disposal of textile effluents impacts the environment holistically, for instance, reducing the oxygen concentration in water bodies as well as the sunlight penetration, with a consequent reduction in the photosynthetic activity of aquatic algae and plants, the formation of aromatic amines—potentially carcinogenic and mutagenic, among others [6,7]. An example is Reactive Red 141 (RR 141), an azo dye commonly used in the textile industry [8]. It is a compound with high stability and limited biodegradability, presenting a challenge in its remediation processes [8].



Usually, textile industry effluent treatment is composed of physical–chemical steps (coagulation/flocculation and decantation) followed by biological processes, mainly activated sludge [9]. In this context, the microbiome of activated sludge from wastewater treatment plants is being explored to identify isolated species with dye decolorization potential [7,10,11]. These environments indicate the presence of bacteria groups that have significantly adapted to a diverse range of azo dyes, thereby supporting the possibility of discovering novel and more effective bacteria for azo dye decolorization. [12]. Exploring activated sludges as a microbial consortia is a vital perspective to optimize biodegradation. Also, studying isolated strains from activated sludges enables the elucidation of biodegradation pathways. MALDI-TOF-MS (matrix-assisted laser desorption/ionization—time of flight—mass spectrometry) is highlighted as a promising methodology for activated sludge microbiome identification with consequent treatment-yield enhancement [2]. MALDI-TOF has high accuracy and precision for identifying environmental bacteria, thereby improving time and cost savings [13,14]. With enhanced reference databases, it should be routinely applied in environmental studies [13]. The technique demonstrates high accuracy in identifying various bacterium types, aiding rapid bacterial identification in diverse environmental settings [13,15].



Therefore, this study aimed to isolate and identify bacterial strains from activated sludge of a treatment textile wastewater plant capable of decolorizing RR-141 (Reactive Red 141) azo dye. The two most promising strains were used to investigate kinetic performance, decolorization ability through UV-VIS spectrophotometry, possible pathways via HPLC-MS (High Performance Liquid Chromatography—Mass Spectrometry) analysis, phytotoxicity, and enzyme activity identification. The scanning electron microscope of the activated sludge sample was also executed.




2. Materials and Methods


2.1. Chemicals


Reactive Red 141 (RR-141/RHE7B), acetonitrile (CH3CN, Sigma-Aldrich, St. Louis, MO, USA), brain heart infusion (BHI, KASVI, Milan, Italy), dibasic potassium phosphate (K2HPO4, VETEC, anhydrous, Duque de Caxias, Brazil), ethanol (C2H6O, Sigma-Aldrich, St. Louis, MO, USA), magnesium sulfate (MgSO4⋅7H2O, NUCLEAR, Angra dos Reis, Brazil), sodium chloride (NaCl, VETEC, Duque de Caxias, Brazil), formic acid (CH2O2, BIOTEC, São Paulo, Brazil), α-cyano-4-hydroxycinnamic acid (C10H7NO3, Sigma-Aldrich, St. Louis, MO, USA), trifluoroacetic acid (CF3COOH, ÊXODO CIENTÍFICA, Sumaré, Brazil), barium chloride (BaCl2·2H2O, DINÂMICA, São Paulo, Brazil), methanol (CH3OH, UV-IR-HPLC-HPLC isocratic Panreac, Castellar del Vallés, Spain), calcium chloride (CaCl2·2H2O, NEON, São Paulo, Brazil), magnesium sulfate (MgSO4·7H2O, VETEC, Duque de Caxias, Brazil), sodium bicarbonate (NaHCO3, NUCLEAR, Angra dos Reis, Brazil), potassium chloride (KCl, LAFAN, São Paulo, Brazil), dipotassium phosphate (K2HPO4, Sigma-Aldrich, São Paulo, Brazil), monopotassium phosphate (KH2PO4, NUCLEAR, Angra dos Reis, Brazil), ammonium sulfate ((NH4)2SO4, NUCLEAR, Angra dos Reis, Brazil), and glucose (C6H12O6, MERCK, São Paulo, Brazil) were used as chemicals, without any pre-treatment.




2.2. Bacterial Isolation


Activated sludge from the secondary settling tank of a textile industry treatment plant located in the city of Blumenau, Brazil was collected and transported to the laboratory at room temperature. The solid fraction of an activated sludge sample was separated from the liquid fraction through centrifugation (10,000× g for 5 min). Homogenized biological sludge (4 g L−1) was added in a 37 g L−1 of Brain Heart Infusion (BHI) solution and incubated at 30 °C and 150 rpm for 24 h. Later, the samples were diluted in a 0.85% NaCl solution, employing a dilution factor of 10−6. From this solution, 1 mL was spread in BHI agar and grown at 30 °C for 24 h in an incubator. The different colonies were transferred to BHI agar tubes and grown at 30 °C for 24 h. After, the isolated bacteria were maintained on BHI agar slants and 1.5 mL microcentrifuge tubes using a cryopreservative liquid (BHI with glycerol, 2:8) and preserved at −20 °C for further assays.




2.3. Microbiome Identification


The incubated cells (Petri plate—BHI at 30 °C for 24 h) were transferred, using a pipette tip, to a 1.5 mL screw-cap extraction tube (Eppendorf, Hamburg, Germany) and wholly mixed with 0.3 mL of double-distilled water. Absolute ethanol (0.9 mL) was added and cautiously mixed, and the tubes were centrifuged for 2 min at 20,000× g. The supernatant was rejected. The precipitate was air-dried and mixed thoroughly with 50 μL of formic acid (70%) and 50 μL of acetonitrile. The mixture was submitted to centrifugation (20,000× g, 2 min). The supernatant (1 μL) was dried at room temperature on a ground steel MALDI target plate. The samples received an extra layer of 2 μL of a saturated solution of α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid and were dried at room temperature [16]. An UltrafleXtreme MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) performed the mass spectrometry analysis on the linear positive ion mode. Mass spectra were obtained in a range from 2 to 20 kDa with ions generated via the irradiation of a smart beam using a frequency of 2000 Hz, PIE 100 ns, 7 kV lens [17]. The voltages were 25 and 23 kV for the first and second ion sources, respectively.



MALDI Biotyper CA System software (Bruker Daltonics, Bremen, Germany) was used to identify bacteria with cut-off values higher than 1.7 for species identification [18]. The values labeled as “score” in Table 1 signify the resemblance of the identified species to the database employed in the identification technique. A score > 2.3 implies a “highly probable identification”, while a score between 2 and 2.299 indicates a “confident identification of the genus and probable identification of the species”. Scores falling between 1.7 and 1.999 suggest a “probable identification of the genus”, and a score < 1.7 denotes an “unreliable identification” [19]. Lastly, the micro-organisms identified were compared with several databases (DOAJ, JSTOR, Science Direct, Scopus, Springer, and Google Scholar) to prospect potential azo-dye-degrading strains, and the used keywords were “strain name” AND “decolorization”.



The dominant micro-organisms within the biological sludge, harnessed as a microbial reservoir for dye remediation, are documented in Table 1. Additionally, the documental database used to identify scientific trends in the context of biological dye remediation is shown in Table 1. The most abundant strain in the activated sludge is Bacillus thuringiensis, which presents a moderate number of reports associated with decolorization than E. coli and B. cereus species (widely used). Moreover, certain identified bacteria, such as Kosakonia sp., display subtle yet discernible correlations with the decolorization process.



Acinetobacter baumannii, Klebsiella oxytoca, and Escherichia coli are gram-negative bacteria that are widely related to dye decolorization. A. baumannii aerobically decolorized two textile azo dyes—Reactive Blue and Reactive Black 5—with 90% and 87% efficiency after 48 h [20] and were also tested to decolorize Reactive black 5, Reactive blue 19, Reactive red 120, and Reactive Red 198 reaching yields above 96% [21,22]. K. oxytoca promoted the highest decolorization potential of 69.68% for vat brown dye [23] and achieved simultaneous decolorization (83.8% within 24 h) and biohydrogen production (2.47 mL h−1) [24]. E. coli was used to biodegrade methylene blue [25]. The authors reported 92.9% of dye removal. E. coli spp. can also be applied simultaneously with other micro-organisms, such as Pseudomonas putida [26], Enterobacter asburiae, E. ludwigii, and B. thuringiensis, with an excellent yield of over 96% [27].




2.4. Prospection of Potential Azo-Dye-Degrading Bacteria in Solid and Liquid Mediums


The azo dye decolorization potential in a solid medium was evaluated using the streak plate method. Preculture broth (100 μL) of each culture was streaked on a solid medium composed of BHI (37 g L−1) and RR-141 (60 mg L−1) and incubated at 30 °C for 168 h [28].



Three distinct growth mediums were employed for the investigation conducted in the liquid environment: the first medium consisted of BHI (37 g L−1); the second medium, referred to as mineral salt media (MS), was composed of the following components per liter: NaCl (5 g), MgSO4·7H2O (0.1 g), K2HPO4 (10 mg), KH2PO4 (1 g), and (NH4)2SO4 (2 g). For the third cultivation medium, the same composition as MS was used, but glucose (3 g L−1) was added as a carbon source. This last medium will be referred to as MSG. All liquid mediums had the addition of the dye RR-141 (30 mg L−1). The liquid culture mediums were inoculated with 10% (v/v) of each bacteria strain (approximately 1 × 109 cells mL−1) and incubated at 30 °C and 100 rpm for 7 days.



Following the incubation period, each culture sample was subjected to centrifugation at 10,000× g for 10 min. The resulting supernatant was then analyzed using a UV/Vis spectrometer (Femto Cirrus 80, São Paulo, Brazil) with measurements taken at a wavelength of 516 nm. The extent of color removal was quantified using the equation defined as Equation (1):


  D e c o l o r i z a t i o n   %   =       A B S   0   −   A B S   f         A B S   0     × 100  



(1)




where ABSf is the sample absorbance after 7 days and ABS0 is the initial system absorbance. Two strains (B. thuringiensis and K. radicincitans) that revealed the highest decolorizing potential in all assays were selected for the subsequent assays.




2.5. Evaluation of Carbon Sources on the Kinetic Degradation of Azo Dye


Batch assays were performed to confirm the azo-dye-decolorizing capability of the selected strains. The decolorization rate and their performance as isolated strains or a consortium were performed. The consortium was standardized in the same work volume, considering 10% (v/v) of inoculum (CFU (Colony formed unit) ≃ 1 × 109 cells mL−1 to each bacteria species). The decolorization kinetics were evaluated in three culture media: BHI, MS, and MSG (composition described in Section 2.4). All liquid mediums had the addition of the dye RR-141 (30 mg L−1).



The pH, microbial growth (assessed via optical density at 600 nm using a UV-Vis spectrophotometer), and decolorization (quantified at 516 nm using a UV-Vis spectrophotometer as outlined in Section 2.4) were monitored over 120 h.




2.6. Phytotoxicity Assay


Due to the rapid and uniform germination, Lactuca sativa seeds were used as standard assays [29]. Before inoculation, the seeds were cleaned, and the surface was sterilized using 99% ethanol solution for 5 min and then washed several times using sterilized distilled water. The assays were performed on sterile Petri dishes (Ø 90 mm) covered with qualitative filter paper (Unifil®, Curitiba, Brazil, 80 g m−2). In each plate, 3 mL of the solution to be tested were added, and 10 seeds were equally spaced on the filter paper. Tap water (TW) was a positive control [30]. The Petri dishes were sealed and incubated (TECNAL TE-371, type BOD, Piracicaba, Brazil) at 30 °C. The germination and growth rates were analyzed daily for 7 days. The experiment was carried out in duplicate.




2.7. Detection of Azo Dye


The azo dye was detected using an HPLC coupled to mass spectrometry detection (HPLC–MS) equipped via a C18 column (Shimpack XR-ODS 50 x 2.0 mm I.D.). The samples were prepared via precipitation with BaCl2 followed by filtration. The samples were eluted at a flow rate of 0.05 L.min−1 and monitored at 370 nm. The eluents A (ultrapure water containing 1% formic acid) and B (methanol) served as mobile phases in an isocratic mode (30% A and 70% B). Nitrogen was used as the nebulizing gas (1.50 L.min−1), heated sheath gas, and drying gas (3 L.min−1, 250 °C).




2.8. Enzymatic Azo Dye Degradation


Isolated colonies of each bacterial culture were inoculated (needle) in Petri dishes containing BHI agar and RR-141 (60 mg L−1) and then incubated at 30 °C for 24 h. The differences in the halo formation diameters were calculated considering the total and CFU diameter differences. The diameters resulted from two perpendicular axis measurement averages [31].





3. Results and Discussion


3.1. Screening of Dye Decolourization in Solid and Liquid Mediums


In biological processes, the bioavailability of enzymes interferes directly with the dye transformation, which can be performed extracellularly and intracellularly. Nevertheless, the most effective strategy involves extracellular degradation [32]. Since azo dyes have complex structures, their diffusion through cell membranes is hampered. Therefore, the assays performed in the solid medium are strictly related to degradation by extracellular enzymes. The visual analysis of Petri plates (Figure 1) indicated that K. oxytoca, B. thuringiensis, K. cowanii, and K. radicincitans colonies have the highest potential for decolorizing RR-141 (60 mg L−1) after 168 h of incubation at 30 °C. Moreover, the decolorization occurred primarily within 48 h of incubation.



A similar trend was observed by Kiayi et al. (2019) [28], where the solid-plate test promoted total decolorization of carmoisine (50 mg L−1) within 4 days by S. cerevisiae colonies, with no visual changes in the fifth and sixth days.



Biofilm-producing bacteria is an important factor since biofilm is an excellent means to retain micro-organisms and improve their performance in environmental biotechnologies [33,34]. Proteins and carbohydrates from EPS allow binds between the microbial biomasses and substrates, favoring their activities [33,34]. In this context, it is worth noting that the diffusion effects are essential to reach the high yields of biodegradability. Considering SEM micrographs of activated sludge (Appendix A, Figure A1), no biofilm was produced as an alternative to enhance the degradation process; the dye diffusion to the micro-organism is hampered in this experiment.



For the tests in a liquid medium, BHI and MSG media aimed to elucidate the optimal pathway for strain performance. This was achieved by evaluating their behavior in a nutrient-rich and opaque medium (BHI) and a less enriched and more translucid medium (MSG).



The analysis of the results confirmed B. thuringiensis (Figure 2) as the most promising dye-degrading species. It also indicated K. radicincitans, B. cereus, and A. baumannii as potential strains for RR-141 degradation.



Hence, building upon the outcomes of the solid and liquid mediums and considering the frequency of reports associated with each species (as depicted in Table 1), B. thuringiensis and K. radicincitans were chosen as candidates for subsequent investigations.




3.2. Effect of Carbon Sources and Dye-Decolorizing Kinetics by B. thuringiensis or K. radicincitans


The potential correlation between the carbon source provided by the culture medium and its impact on bacterial dye decolorization capacity was explored. To investigate this, the decolorization of the dye was examined while concurrently monitoring microbial growth and pH variation (Figure 3). This investigation was conducted using three distinct culture media (BHI, MS, and MSG), each within the context of the two chosen bacterial strains, B. thuringiensis and K. radicincitans.



Bacterial growth was more significant in the BHI medium, followed by MSG, for both strains (Figure 3a,b). No substantial changes in the optical density were identified in the MS medium (absence of carbon source, except azo dye RR-141), which could indicate the lack of ability of the strains to use the dye as a primary carbon source (Figure 4). Most micro-organisms are not capable of utilizing dyes as a carbon source for growth and require a carbohydrate source, such as peptone (present in BHI medium) or glucose (present in the MSG medium) [35].



In the system with the BHI medium, a more pronounced alkalinization of the medium is observed over time than in the MSG system (Figure 3c,d). In the MS system, where no bacterial growth was observed, there were no significant changes in pH. The decolorization efficiency of the azo dye is significantly influenced by pH. This could be attributed to the transportation of dye molecules across the cell membrane, a step recognized as the limiting factor in the decolorization process [35]. The optimal pH for decolorizing azo dyes varies according to the bacterial species but is often reported to be between 6 and 10 [35].



The decolorization of the azo dye RR-141 is depicted in Figure 3e,f. The B. thuringiensis strain performed better in MSG (38%), while K. radicincitans achieved the highest yield in the BHI medium (26%). This behavior could be linked to how these bacteria perform under specific conditions, including carbon and nutrient sources and pH levels.



The discoloration observed in this experiment may result from two combined or isolated mechanisms: (i) The process of biosorption and bioaccumulation of the azo dye by the bacterial biomass; (ii) The biodegradation of the azo dye through the bacteria’s metabolic/enzymatic machinery [36].



In the first case, the dye is removed from the liquid medium and stored inside the bacterial cell, but the azo dye does not undergo any chemical modification. This mechanism is especially interesting for applications in wastewater treatment processes contaminated by dyes when the objective is to reuse the dye, which can be separated from the effluent through the biosorption process.



On the other hand, in the biodegradation process, the azo dye is biodegraded into secondary metabolites or completely mineralized to H2O and CO2 [37]. The biodegradation process carried out by bacteria is generally an enzymatic process [36,38]. Enzymes such as azoreductaze, laccase, peroxidase, and phenoloxidase have been reported in the biodegradation processes of azo dyes [36,39,40,41,42]. Enzyme action comprehension and identification at each metabolism stage are essential to improve the degradation process and are indicated for further studies.




3.3. Enzymatic Azo Dye Degradation


The test in a solid medium was carried out to investigate the presence of enzymes in the azo dye decolorization process [43]. B. thuringiensis and K. radicincitans showed, after 24 h, a halo formation represented by a more translucid area surrounding the CFU that could be associated with extracellular enzyme production [31]. Considering the halo’s measurement (Table 2), K. radicincitans presented the best results, which indicate good development (Figure 4, OD graphic) and consequent enzymatic activity. In addition, the cell growth on dye-supplemented BHI agar medium with white colonies aspect can be associated with dye-decolorizing potential. Since cell mat coloring results from dye biosorption, maintaining the original mat color indicates biodegradation via an enzymatic process [44].



Oxidative and reductive enzymes are vital to azo dye biodegradation [45]. Azo dye remediation intermediated by enzymes can be intra or extracellular. However, the high complexity of azo dyes hampers their diffusion through cell membranes, so the preferable route is via enzyme release in the extracellular environment [46]. Microbial strains used in the decolorization process must have efficient enzymes and a transport system to permit the absorption of dyes in cells [45]. Enzymes improve the reductive cleavage of azo bonds, producing intermediate metabolites posteriorly degraded by aerobic or anaerobic mechanisms [47].



Azoreductases, laccases, and peroxidases are enzymes often related to azo dye discoloration. The action of azoreductase occurs through reduction mechanisms mediated by a flavoprotein in the microbial electron transport chain [48], which converts azo dyes into colorless products (aromatic amines) [47]. The laccases act either via direct or indirect oxidation [49] through an unspecific free radical mechanism that results in phenolic products and prevents the formation of aromatic amines [50]. The peroxidase mechanism comprises the oxidation of the phenolic group and the production of a radical close to the azo bonds [51].




3.4. Dye-Decolorizing Kinetics by B. thuringiensis and K. radicincitans as a Consortium


Degradation of azo dyes is frequently accomplished by employing microbial consortia. The cooperative metabolic interactions within these microbial communities contribute to a more extensive biodegradation and mineralization process. In this study, the consortium evaluation revealed a good development in both media, with MSG promoting better conditions for a higher decolorization yield (Figure 5). Compared to the isolated kinetic study, the decolorization process achieved better results in a minor period, with approximately 36% of decolorization yielded within 12 h, associated with a synergic effect.



Some microbial consortia had achieved yields and objectives that no individual strain could successfully reach in biodegradation studies [52,53,54]. Additionally, mixed culture evaluations are more similar to practical situations since aseptic conditions can add more cost and higher stability over environmental stress such as composition, pH, or temperature variations. The synergistic action can occur via different pathways: (i) A micro-organism causes dye biotransformation, rendering it more reachable to another organism that would not be able to act on this dye in its original state; (ii) Only the micro-organism promotes some solution decolorization via the modification of the chromophore. However, the complete degradation is not achieved, and the metabolic products may have a toxic nature, as in an anaerobic reduction of azo dyes. Once another micro-organism takes this unwished metabolite as a nutrient source, the complete degradation, leading to carbon dioxide, ammonia, and water, can be achieved (only by mixed populations). This mineralization reaction ensures that no potentially harmful degradation products are released into the environment [32].



It is not easy to reproduce and effectively interpret the results when using mixed cultures because it only provides a wide view of what is happening in the system; it is difficult to identify and quantify individual culture growth and it hampers the elucidation of the degradation mechanism [2]. For these reasons, the application and deep comprehension of color removal via single bacterial cultures are essential since they promote a more straightforward interpretation of experimental observations and reproducibility [55]. Comparing the two carbon sources tested, better discoloration was obtained in the MSG medium (40%) than in the BHI medium (18%). Studies on the decolorization of azo dyes have reported higher removal rates, but this removal may depend on the dye dosage [56]. Eslami et al. (2019) [56] showed a 98% removal of the RR198 dye by a bacterial consortium (Enterococcus faecalis and Klebsiella variicola) at concentrations of 10–25 mg L−1. Although, the removal efficiency was reduced at higher contractions (50, 75, and 100 mg L−1) (55.62%, 25.82%, and 15.42%, respectively). This indicates that the dye can be toxic to bacteria at higher concentrations and reduce the decolorization efficiency. B. thuringiensis and K. radicincitans may perform better in decolorizing R141 at lower concentrations than those used in this study (30 mg L−1). This hypothesis can be investigated in future studies.




3.5. Biodegradation Analysis


HPLC-MS analysis was conducted to verify the reduction in dye quantity within both individual bacterial systems and the consortium. This assessment was conducted in the culture medium where the most significant discoloration occurred. Specifically, we examined the removal of dye by K. radicincitans in BHI medium (K.BHI) and by B. thuringiensis in MSG medium (B.MSG) and evaluated the removal of dye in MSG medium by the bacterial consortium (BK.MSG).



The chromatograms of dye solutions at the initial and after each studied media treatment were obtained (Figure 5). The HPLC profile of the RR-141 solution in both media exhibited a single peak at retention times of 4.53 and 4.63 min to BHI and MSG, respectively (matrix effect—chromatography). The assay results of the solution after treatment exposed peaks corresponding to RR 141 with reduced intensity. The highest dye removal was observed in the K.BHI system, reaching 38%, followed by the B.MSG system with 19%, and the BK.MSG bacterial consortium system achieved a 10% reduction (Figure 5a).



While UV-Vis analysis (Section 3.2 and Section 3.4) and HPLC-MS measurements revealed a decrease in dye concentration following the biological treatments, no new peaks were observed in the chromatograms. The emergence of new peaks in chromatograms after biological treatment typically signifies the formation of byproducts resulting from bacterial metabolism, a common occurrence during the biodegradation process of RR 141 [57,58,59]. The absence of new peaks in the chromatograms of treated solutions contributes to a possible adsorption strand via the biomass generated [60,61,62]. Once adsorption significantly influences the decolorization phenomena, another speculation can be made about the effect of culture media and biomass composition and adsorption.



Table 3 summarizes the percentages of decolorization and removal of the RR 141 dye, measured via UV-Vis spectroscopy and HPLC techniques. While both methods aim to comprehend the process of dye decolorization, their outcomes may not necessarily align or exhibit the same trend. The optimal decolorization condition for B. thuringiensis, identified through UV-Vis spectroscopy analysis, demonstrated a 38% reduction, whereas HPLC analysis only indicated a 19% decolorization. Likewise, the bacterial consortium exhibited an optimal 40% decolorization via UV-Vis spectroscopy, while HPLC analysis revealed a lower 10% decolorization. In contrast, for K. radicincitans, HPLC analysis indicated a higher optimal decolorization (38%) than UV-Vis analysis (26%).



The decrease in UV-Vis spectroscopy absorbance is commonly misconstrued as dye biodegradation, primarily indicating decolorization rather than the actual degradation of the dye molecule [63]. UV-Vis spectroscopy, relying on a single wavelength, may misinterpret dye concentration in solutions due to factors like intermediate formation, overall solution changes, and pH-dependent dye peaks [63]. Because of this, UV-Vis responses cannot be directly compared with responses from techniques such as HPLC; they must complement each other. Therefore, UV-Vis analysis can be used to assess discoloration and HPLC to investigate the mechanisms of discoloration and the removal percentage [64].




3.6. Phytotoxicity Assay


A phytotoxicity study was carried out to evaluate the toxic or non-toxic nature of the dye. The analysis of phytotoxicity (Figure 6) revealed the toxic nature of Reactive Red 141 to the Lactuca sativa seeds. The germination rate was lower with Reactive Red 141 (60%, i.e., six of ten seeds germinated, on average) compared to tap water (80%, i.e., eight of ten seeds germinated, on average).



These findings align with previous studies highlighting the phytotoxic of azo dyes. An investigation by Sompark et al. (2021) revealed that the germination rate of mung bean seeds exposed to RR 141 at a concentration of 0.5 g/L was 62.50%, in contrast to the 100% germination observed when the seeds were subjected solely to distilled water treatment [65].



RR 141 was assessed for its impact on the germination of beetroot, cabbage, and tomato seeds, resulting in notably reduced germination rates of 36.7%, 40.0%, and 33.3%, respectively [59]. In contrast, when these identical seed varieties were germinated in a control group with pure water, a significantly higher germination rate exceeding 85% was observed [59].



The Reactive Red 141 is significantly inhibitory for the plants’ germination, indicating the presence of phytotoxic compounds. Azo dyes and some metabolites present carcinogenic, toxic, and mutagenic properties to the environment and humankind [66]. Bacterial azo dye degradation comprises the cleavage of azo bonds and the intermediates breakdown. However, three mechanism routes promote the carcinogenic activation of azo dyes: (i) Direct oxidation of the azo linkage to diazonium salts with highly reactive electrophilic behavior; (ii) Oxidation of azo dyes in the presence of structures formed by free aromatic amine groups; (iii) Reduction and cleavage of the azo bond with consequent formation of aromatic amines [67,68].





4. Conclusions


This study explores the potential of various bacteria for azo dye remediation in industrial wastewater. Bacillus thuringiensis and Kosakonia radicincitans show promise in decolorizing the azo dye RR141, achieving around 38% and 26% decolorization in 120 h, respectively. When used together as a bacterial consortium, they remove 36% of the dye in 12 h. The dye removal analyses conducted via HPLC-MS suggest that the primary removal mechanisms are associated with the biosorption of the dye into the bacterial biomass rather than its biodegradation. The study also investigates the impact of carbon sources and pH on decolorization, emphasizing the importance of nutrient-rich media. It suggests that microbial consortia can lead to more efficient decolorization but underscores the need to study individual bacterial cultures to understand their capabilities and mechanisms. Overall, the research offers valuable insights into bioremediation, highlighting the potential of specific bacterial strains and microbial consortia for addressing dye pollution in industrial wastewater. Further studies in this area could lead to more efficient and eco-friendly solutions.
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Appendix A. Scanning Electron Microscope (SEM)


The analysis of SEM micrographs of activated sludge indicated the presence of a biofilm matrix, very likely to beflocculating bacteria. Some essential characteristics are related to the structure and function of biofilm, for example, organic compounds such as extracellular polymeric substances (EPS), which play a significant role in modifying the surface (charge and hydrophobicity) to give suitable conditions for bacterial connection [21,22,23]. Large amounts of EPS and different bacterial species can be found in biofilms [24]. EPS is defined as a complex combination of high-molecular-weight microbial biopolymers. Its composition is based on humic substances, lipids, polysaccharides, proteins, and uranic acids. Its liquid anionic composition enables the effective sequestration of positively charged species, such as some dyes [25]. There are two primary forms of EPS: as a capsule covalently bounded to the cell surface or as slime polysaccharides roughly associated with the cell surface, as detected in Figure A1.
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Figure A1. Scanning electron microscope of the activated sludge—biofilm formation. 
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Figure 1. Decolorization potential study in the solid medium at 0 h and 168 h. 
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Figure 2. Decolorization yields of each isolated culture in BHI and MSG media. 
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Figure 3. Temporal evolution of bacterial growth ((a) B. thuringiensis; (b) K. radicincitans), pH variation ((c) B. thuringiensis; (d) K. radicincitans), and RR-141 decolorization ((e) B. thuringiensis; (f) K. radicincitans) in three culture media (BHI, MSG, and MS). 
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Figure 4. Temporal evolution of bacterial growth (a), pH variation (b), and decolorization rate of the consortia system in BHI and MSG media over 120 h, with pictures of the initial and end states of both medium (c). 
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Figure 5. Removal percentage of RR 141 dye for the tests K.BHI 1, B.MSG 2, and BK.MSG 3 (a) along with their respective chromatograms (MSG (b) and BHI (c)). 1 K. radicincitans in BHI medium; 2 B. thuringiensis in MSG medium; 3 the consortium in MSG medium. 
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Figure 6. Phytotoxicity experiments: (a) In RR-141 solution; (b) Tap water. 
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Table 1. Micro-organisms identified in the biological sludge and its association studies with decolorization detected using different journal directories.
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	Strain
	Score
	DOAJ *
	JSTOR *
	Science Direct *
	Scopus *
	Springer *
	Google Scholar *





	Bacillus cereus
	2.16
	0
	1
	92
	7
	335
	11,600



	Klebsiella oxytoca
	1.74
	0
	0
	8
	1
	57
	605



	Bacillus thuringiensis
	2.21
	0
	1
	31
	2
	112
	1190



	Kosakonia cowanii
	1.96
	0
	0
	1
	0
	1
	11



	Lysinibacillus fusiformis
	1.81
	0
	0
	4
	1
	17
	198



	Acinetobacter baumannii
	2.16
	0
	0
	10
	1
	43
	676



	Kosakonia radicincitans
	1.86
	0
	0
	0
	0
	0
	7



	Escherichia coli
	1.75
	7
	1
	318
	29
	1028
	17,200







* Journal directories.













 





Table 2. Measurements of the colony-forming unit and its halo for each bacteria species in the enzyme activity assay.






Table 2. Measurements of the colony-forming unit and its halo for each bacteria species in the enzyme activity assay.










	
	Bacillus thuringiensis
	Kosakonia radicincitans





	Øcolony (cm)
	0.250 ± 0.056
	0.549 ± 0.031



	Øcolony + halo (cm)
	0.339 ± 0.052
	0.675 ± 0.051



	Øhalo (cm)
	0.091 ± 0.017
	0.126 ± 0.031










 





Table 3. Percentages of decolorization (UV-Vis spectroscopy analysis) and removal (HPLC analysis) of RR 141 in liquid media.
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Micro-Organisms

	
Decolorization Percentage of RR 141 Dye

	
Removal Percentage of RR 141 Dye




	
BHI

	
MSG

	
MS

	
BHI

	
MSG






	
B. thuringiensis

	
29%

	
38%

	
4%

	
-

	
19%




	
K. radicincitans

	
26%

	
15%

	
10%

	
38%

	
-




	
Consortium

	
18%

	
40%

	
-

	
-

	
10%
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