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Abstract

:

To save energy and increase treatment efficiency, a visible-light photocatalysis system was coupled with a biological treatment system for the continuous removal of phthalate esters (PAEs) from synthetic wastewater. Di-(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), and dimethyl phthalate (DMP) were treated using an iodine-doped TiO2 photocatalyst, and the reactions followed first-order kinetics (similar to ultraviolet TiO2 photocatalysis) to produce phthalic acid as an intermediate product. The effects of various operating factors, such as PAE concentrations, pH, light intensity, retention time (RT), and the coexistence of PAEs, on individual PAE removal were investigated. DEHP-degrading bacteria were isolated from DEHP-contaminated soil, purified through serial dilution, and then identified through DNA sequencing. The results indicated that the optimal operating conditions for PAE removal with a visible-light photoreactor were a pH of 5, a temperature of 30 °C, a light intensity of 300 W, and an RT of 5.5 min. DEHP, which contains long and branched chains, was more difficult to degrade than DMP, which contains short alkyl side chains. Pseudomonas sp. was the most dominant bacteria in the DEHP-contaminated soil and was inoculated in a packed bed reactor (PBR) for complete PAE degradation. The effluent containing PAEs was pretreated using the visible-light photoreactor under a short RT. This treatment resulted in the effluent becoming biodegradable, and PAEs could be completely removed from the treated effluent by using the PBR. The coupled photobiological system achieved removal efficiencies of 99.6%, 99.9%, and 100% for DEHP, DBP, and DMP, respectively, during the continuous treatment. The results of this study indicate that the developed coupled system is an effective, energy-saving, and cost-efficient tool for treating wastewater containing PAEs.
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1. Introduction


Phthalate esters (PAEs) contain a diverse group of chemicals and play a key role in various commercial, industrial, and medical applications [1]. PAEs might leak into the environment from plastic products. PAEs are currently listed as priority pollutants and endocrine-disrupting compounds in several countries because of their link to several cancers [2]. Because they are priority pollutants, the PAE risks are assessed and attempts are made to reduce their production to control phthalate pollution. Some studies have reported the presence of PAEs in sludge and solid wastes, and PAEs are ubiquitous as environmental and food contaminants because they leach easily [3,4]. PAEs are composed of a variety of compounds with various structures and properties. The most abundant PAE in the environment is di-(2-ethylhexyl) phthalate (DEHP). DEHP is listed as a priority pollutant by the U.S. Environmental Protection Agency and the European Union [5]. Dibutyl phthalate (DBP) and dimethyl phthalate (DMP) are also common PAEs [6,7].



PAEs can be degraded by microbes under various conditions [8]. However, the biodegradation process is time-consuming when reducing PAE concentrations to a harmless level [9,10]. Furthermore, PAEs are difficult to remove using conventional water treatment processes, such as coagulation, sedimentation, filtration, and disinfection, because PAEs are biorecalcitrant and have low photodegradability [11]. Thus, developing an effective and efficient method for PAE removal is vital. Advanced oxidation processes (AOPs) have been proposed as a potential alternative approach for treating biorecalcitrant organic pollutants [12]. One of the most promising AOPs is TiO2 photocatalysis. However, the high energy demand for the complete mineralization of PAEs makes AOPs inefficient [13]. Consequently, to increase the efficiency and effectiveness of PAE treatment, AOPs are usually combined with biological processes [14]. In addition to PAEs, some heavy metal pollutants could be removed through adsorption or desorption methods [15]. Regarding photocatalysis, some investigations have been conducted on the degradation of PAEs under ultraviolet (UV) or sunlight irradiation by using TiO2 photocatalysis [2]. However, the large bandgap energy of TiO2 (3.2 eV) restricts its photocatalytic applications to the UV range. Therefore, to ensure that electromagnetic radiation across the solar spectrum is used effectively in photocatalysis, visible light is introduced into the TiO2 matrix to extend the photoresponse range [16]. An iodine (I)-doped TiO2 photocatalyst is highly efficient in decomposing pollutants under visible-light irradiation [17]. However, no study has used visible-light photocatalysis pretreatment and a biological system to remove PAEs efficiently from effluents.



Our study evaluated the efficiency of a visible-light-driven photocatalytic degradation system in removing PAEs from wastewater and the biodegradability of the treated solutions and effluents under a short retention time (RT). The effects of PAE concentration, pH, light intensity, RT, and the coexistence of PAEs in the photocatalytic system on the efficiency of removing individual PAEs were also evaluated. Furthermore, the compositions of the intermediate products in the photocatalytic pretreatment system were analyzed. Biodegradation was performed in a packed bed reactor (PBR) inoculated with a PAE-degrading strain to evaluate the feasibility of the developed coupled system (combination of a visible-light photocatalysis system and biological treatment system).




2. Materials and Methods


2.1. Materials


Analytical grade DEHP, DBP, DMP (purity = 99%), and titanium tetraisopropoxide (TTIP) (purity = 98%) were purchased from AccuStandard (New Haven, CT, USA). A neutral pH for the biological experiment was maintained automatically by using 0.1 M HCl or 0.1 M NaOH in a storage tank. PAE (DEHP, DBP, and DMP) stock solution (100 mg/L) was serially diluted to the desired concentrations, and 0.1 mL of polysorbate 80 (TWEEN 80, Sigma-Aldrich, St. Louis, MO, USA) was added to increase the solubility. The mineral medium (g/L) contained KH2PO4, 1.09; K2HPO4, 2.10; (NH4)2SO4, 0.40; CaCl2, 0.29; MgSO4, 0.21; MnSO4, 0.21; and FeSO4, 0.02. All culture media, biochemical reagents, and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. Furthermore, we used glassware rather than plasticware to avoid possible PAE contamination.




2.2. Synthesis of I-Doped TiO2


I-doped TiO2 was synthesized using a modified version of the method of Štengl and Grygar [16] and Hung et al. [10]. First, 0.89 mL of TTIP was mixed with 10 mL of isopropanol solution (0.3 M). This mixture was stirred for 30 min and then slowly dipped once with distilled water and alcohol until the hydrogel solution was cloudy. Subsequently, 35% HCl was added to the solution, and the solution pH value was adjusted to 3–4 until the solution transformed into a white transparent gel. A total of 100 mL of the transparent gel was mixed with 100 mL of 30% H2O2 solution to produce a yellow gelatinous mass. This mass was mixed with 0.7 g of KI and heated at 80 °C until a yellowish-white precipitate formed. After cooling for 30 h, the color of the precipitate changed to white, and I-doped TiO2 power was obtained.




2.3. Preparation of I-Doped TiO2-Coated Beads, Design of the Photoreactor, and Photocatalysis of PAEs


First, 0.5 g of I-doped TiO2 was mixed with a 1 mL solution containing 0.1 mL of acetylacetone and then mildly stirred to produce a viscous paste. Subsequently, the paste was added to 1.7 mL of distilled water and 0.05 mL of Triton X-100 and then mixed with 15 g of silica glass beads (internal diameter [ID] = 2 cm). Second, the beads coated with I-doped TiO2 were removed from the liquid by heating for 10 min at 80 °C and then further heating for 30 min at 450 °C in an oven to immobilize the I-doped TiO2. The concentration, specific surface area, and crystal size of the I-doped TiO2 on the surface of the glass beads were 0.38%, 205 m2/g, and 29.8 nm, respectively.



The concentric cylindrical photoreactor (length = 50 cm, ID = 7 cm) comprised an inner cylinder (ID = 5 cm) with an exterior surrounded by glass material. The light source of the photoreactor was a xenon lamp with a variable power supply (100–500 W), and the lamp was placed on the inner cylinder. The I-doped TiO2-coated beads were packed in the outer cylinder of the photoreactor (packing height = 30 cm, packing volume = 565 mL). A solution containing PAEs was introduced into the photoreactor in an upward flow mode by using a peristaltic pump.



To evaluate the basic characteristics of batch PAE photocatalysis, a petri dish (ID = 9 cm) was packed with I-doped TiO2-coated beads and 40 mg/L of PAEs (total volume = 31.8 mL). A xenon lamp with an intensity of 200 W was used to irradiate the area located 5 cm above the petri dish continuously at 30 °C. Changes in PAE concentration were recorded every 5 min for 60 min, and the reaction kinetics were analyzed. To evaluate the characteristics of continuous PAE photocatalysis, the concentric cylindrical photoreactor was used. Experiments were performed at various pH levels (2–10), PAE concentrations (0.1–50 mg/L), light intensities (200–400 W), RTs (4–7 min), and PAE mixture compositions to evaluate the effects of these parameters on the efficiency of PAE removal. PAEs were continuously fed into the photoreactor from the illumination part of the system. Unless otherwise stated, the operating conditions were as follows: pH = 5.0, temperature = 30 °C, RT = 5.5 min, and light intensity = 300 W. Effluents were continuously collected for 30 min, and the PAE concentration was determined using high-performance liquid chromatography (HPLC). The PAE removal efficiency was calculated as the average PAE removal efficiency over a 30 min operation time.




2.4. Screening, Identification, and Degradation Characteristics of DEHP-Degrading Bacteria


The DEHP-degrading bacteria were isolated from the soil. Soil samples were taken randomly from several locations near a plastic factory in Tainan City, Taiwan, at a depth of 10 cm from the topsoil. Soil samples were sequentially mixed with increasing DEHP concentrations (20–100 mg/L) and then acclimated for 7, 14, 18, and 21 days. The residual concentration of DEHP in the soil was analyzed. The denaturing gradient gel electrophoresis (DGGE) method was used to analyze the bacterial community in the soil (Section 2.7). To determine the dominant DEHP-degrading strains, the slurries of soil that were acclimated to DEHP (100 mg/L) after 21 days were serially diluted and plated on tryptone soy agar to isolate the culturable strain. Subsequently, the dominant bacterial colonies were individually identified through DNA sequencing until the isolate was the same as the dominant strain found in the DGGE method (i.e., the band with the brightest intensity).



To evaluate the characteristics of the DEHP-degrading strain when degrading various PAEs, the isolate was enriched in tryptone soy broth for 24 h. The batch PAE degradation experiment was conducted in a 300 mL conical flask. The DEHP-degrading strain was inoculated into a mineral medium containing 10 mg/L of PAEs (pH 7) to achieve a final cell concentration of 108 CFU/mL. The effects of pH (6.0–8.5), temperature (20–45 °C), reaction time (24 h), and the coexistence of PAEs (mixture of DEHP and DBP; mixture of DMP and DEHP; mixture of DMP and DBP; and mixture of DEHP, DBP, and DMP) on PAE removal were evaluated. Unless otherwise stated, the operating conditions were a pH of 7.0, a temperature of 30 °C, and a degradation time of 24 h.




2.5. Bioreactor (PBR) Design and Immobilization Procedure


A cylindrical PBR (length = 150 cm, ID = 20 cm) was constructed from acrylic material. Two pores were established at the top of the PBR for pH and dissolved oxygen measurements. Wastewater containing PAEs or intermediates from the photoreactor outlet was poured into the storage tank and introduced into the PBR in an upward flow mode.



The immobilization procedure of the DEHP-degrading strain is described in the following text. First, a 2.5 L packed volume of plastic Raschig rings (rosette type; ID = 2 cm) was positioned in the PBR as packing material. Second, the inflow solution containing the DEHP-degrading strain (2 × 108 CFU/mL) and the Luria–Bertani broth was continuously introduced into the PBR under an RT of 24 h for 2 weeks. Before the experiment, the blank test revealed that no PAEs were detected in the Raschig rings.




2.6. Coupled Photobiological System Design


The coupled visible-light photobiological system developed in this study consisted of a concentric cylindrical photoreactor, PBR, storage tank, peristaltic pump, and connecting tube (Figure 1). Wastewater containing a PAE mixture (each mixture of DEHP, DBP, and DBP had a concentration of 50 mg/L) was continuously introduced into the photoreactor. The parameter settings of the photoreactor were the same as those in Section 2.3. Before the effluent was poured into the PBR, the pH value of the effluent was automatically adjusted to 7 in the storage tank, and the effluent was then pumped to the PBR using a peristaltic pump under an RT of 4 h. The mineral medium was added to maintain the microbial activity in the PBR if required. The coupled system was continuously operated for 6 h, and the 6 h average efficiency of removing PAEs was noted.




2.7. Chemical and Biological Analysis


To analyze the PAE concentration, we used an HPLC system (Hitachi, Tokyo, Japan), which comprised two Hitachi L-6000 pumps, one L-5000 liquid chromatography controller, and one Hitachi L-4200 UV–visible detector at 280 nm. HPLC separation was performed using a C18 column (4.6 mm ID × 250 mm, 5 μm). The mobile phase was isocratic CHCl3:C6H14 (3:7), and the flow rate was 1 mL/min. The biochemical oxygen demand (BOD5) was measured using an OxiTop-i IS 6 system (WTW, Weilheim, Germany). The chemical oxygen demand (COD) was analyzed using a HACH DR2800 portable spectrophotometer (Hach, Loveland, CO, USA). The intermediate products of PAE photocatalysis were first extracted through solid-phase extraction and evaporated into vials. The extract was dissolved in a small volume of chloroform and then injected into a gas chromatography–mass spectrometry (GC–MS) instrument (injection amount: 0.5 µL). The GC–MS instrument comprised an HP 5890 series II gas chromatograph and an HP 5971 mass spectrometer (Agilent, Santa Clara, CA, USA). GC separation was performed using an Ultra-2 fused silica capillary column (0.2 mm ID × 25 m) in a temperature range of 100–280 °C. Helium was used as the carrier gas, and the gas flow rate was 31 cm/s. The injector and detector temperatures were set as 250 and 280 °C, respectively. The analysis of intermediate products was conducted in the EI mode at 70 eV under a full-scan setting. The electron impact mass spectrum of DEHP indicated that the molecular ion was detected at m/z 390 and other important ions were detected at m/z 279, 167, and 149 (base peak). DBP demonstrated the molecular ion at m/z 278 and other important ions at m/z 223, 205, 167, and 149 (base peak). DMP exhibited the molecular ion at m/z 194 and other important ions at m/z 167 and 149 (base peak).



To analyze the change in the soil bacterial communities during the acclimatization period, a Bio-Rad DGGE system (Hercules, CA, USA) with a Bio-Rad imaging program (Quantity One 4.5.2) was applied. Cell lysis, DNA extraction, and polymerase chain reaction amplification were conducted according to the methods of Chen et al. [18]. The segment of eubacterial 16S rDNA was amplified with the primer pair F968GC and R1401. The DNA samples were run on an 8% acrylamide gel with a 45%–60% denaturant gradient at a constant voltage of 100 V for 16 h at 60 °C. The resulting gels were stained with ethidium bromide for 20 min. Representative bands were identified by excising bands from the DGGE gel and then eluting, reamplifying, and sequencing them. The obtained sequences were compared with those in GenBank by using the BLAST program to determine the closest known relatives according to the partial 16S rRNA gene homology.





3. Results and Discussion


3.1. Degradation Kinetics of PAEs and Effects of PAE Concentration in the Photoreactor on Removal Efficiency


The photocatalytic reaction of PAEs usually follows first-order kinetics and can be described as follows:


    d   P A E s     d t   = − k    P A E s   0  ,  



(1)




where t is the irradiation time, k is the reaction rate constant, PAEs0 is the initial concentration of PAEs (mg/L), and PAEs is the concentration of PAEs at time t (mg/L). In the present study, the degradation kinetics of PAEs were examined in batch experiments, and degradation rates were highly reproducible, with r2 being equal to 0.9912 for the plots of the natural log of the DEHP concentration versus time (y = 0.0562x). The rate constant of the visible-light photocatalytic degradation was 0.0562 1/min. Similarly, the rate constants for DBP and DMP were 0.0618 and 0.0972 1/min, respectively. Therefore, the order of the PAEs in terms of their reaction rate was as follows: DMP > DBP > DEHP. Consequently, the photocatalytic reaction rate was negatively correlated with the structural complexity of PAEs. The reaction rate of the visible-light-assisted, I-doped TiO2 photocatalysis for DEHP was higher than that (0.0003 1/min) of UV-assisted TiO2 photocatalysis in our previous study [19].



Figure 2 depicts the effects of PAE concentration on the efficiency of removing PAEs in a continuous treatment with the visible-light photoreactor. The results indicated that the removal efficiency considerably decreased when the PAE concentration increased from 10 to 50 mg/L. Zhang et al. observed that a lower PAE concentration can react with higher abundances of · OH, which results in a higher PAE removal efficiency [20]. Consequently, the removal efficiency is negatively affected by an increase in PAE concentration. At 50 mg/L, the DEHP, DBP, and DMP removal efficiencies were 81.5% ± 1.2%, 85.8% ± 0.8%, and 96.8% ± 1.5%, respectively. At 5 mg/L, the efficiency of removing PAEs reached 100%. The results of Xu et al. (2010) indicated that the DBP and DMP removal efficiencies at 5 mg/L were only 98% and 80%, respectively, in a PW12–TiO2-simulated sunlight system [2]. We hypothesize that completely removing PAEs, especially DEHP with a complex structure, under a short RT (e.g., 5.5 min) through only photocatalysis is difficult. Associated chemical and biological characteristics, such as the BOD5/COD ratio, were measured to assess the effect of visible-light photocatalysis on the biodegradability of synthetic wastewater. Table 1 lists the BOD5/COD ratios of PAE-containing wastewater that was treated using the visible-light photoreactor. The results indicated that the higher the inlet PAE concentration, the lower the BOD5/COD ratio and, thus, the biodegradability of effluents. In general, when the inlet PAE concentration was >40 mg/L, the biodegradation index (BOD5/COD) of the effluent of the photoreactor was ≤0.4. PAE-degrading bacteria might be required in a subsequent biological system to achieve 100% PAE removal in the event of a high PAE concentration.




3.2. Effects of pH, RT, and Light Intensity on PAE Removal Efficiency of the Photoreactor


The results indicated that pH had a nonsignificant effect on the PAE removal efficiency (>99.5% at a PAE concentration of 40 mg/L) between pH values of 2 and 4 (p > 0.05). However, an increase in the pH of the inlet wastewater containing PAEs led to a clear decrease in their removal efficiency when the pH was 5–6 (Figure 3a). The removal efficiency gradually increased when the pH was ≥8. Although higher PAE removal efficiencies were observed at pH values of 2–4 than at other pH values, the acidic environment at pH values of 2–4 would affect the microbial activity in the PBR. Thus, the pH for the photocatalysis pretreatment was set to 5 to ensure suitable conditions for the microbial degradation system. Under this condition, the DEHP, DBP, and DMP removal efficiencies were 85.2% ± 1.2%, 90.6% ± 0.6% and 98.5% ± 0.3%, respectively.



The RT of the wastewater containing PAEs in the visible-light photoreactor varied between 4 and 7 min. The highest removal efficiency (95.6% ± 0.6%) of DEHP at 40 mg/L occurred under an RT of 7 min. The DMP and DBP removal efficiencies were 100% under an RT of 7 min (Figure 3b). Therefore, in the photoreactor, the longer the liquid RT (i.e., the lower the flow rate) of wastewater, the higher the PAE removal efficiency. However, the effect of RT on PAE removal varied depending on whether the PAEs were easily photolyzed [1]. Among the PAEs, the aforementioned effect yielded the highest and lowest removal efficiencies for DMP and DEHP, respectively. In general, the PAE removal rate of the biodegradation system was lower than that of the photocatalysis system. Thus, a reasonable RT of 5.5 min was adopted to achieve a satisfactory PAE removal efficiency and a low volume in the storage tank. The developed coupled system outperformed the photo-Fenton pretreatment system developed in our previous study, which had a RT of up to 36 min [14].



Figure 3c shows how the recalcitrant DEHP and DBP removal efficiencies increased significantly in a linear manner with the visible-light intensity. DMP removal also increased, but nonsignificantly. Therefore, a higher light intensity excited the I-doped TiO2 catalyst to generate more free radicals [19]. Because of financial considerations, the optimal light intensity for PAE photocatalytic degradation was 300 W. Consequently, the removal efficiencies for 40 mg/L of DEHP, DBP, and DMP were 84.9% ± 1.2%, 90.8% ± 0.8%, and 98.7% ± 0.2%, respectively. However, the removal efficiency for 10 mg/L of DEHP was 89% in a visible-light photoreactor (300 W) when using a Z-scheme Bi2O3/TiO2 catalyst [21].




3.3. Effect of Coexisting PAEs on PAE Removal in the Visible-Light Photoreactor


In a real wastewater environment, PAEs are usually a mixture of multiple pollutants [22]. To understand the effect of coexisting PAEs on individual PAE removal, the DEHP, DBP, or DMP removal efficiencies from the PAE mixtures were analyzed using a photoreactor. The concentration of each PAE in the mixture was set to 20 mg/L. As displayed in Figure 4, the DEHP and DBP removal efficiencies were considerably affected by the coexistence of PAEs. The removal efficiencies for DEHP (86.5% ± 1.2%) and DBP in the mixture (92.3% ± 0.6%) were significantly lower than the DEHP and DBP removal efficiencies in separate solutions at the same concentration (96.2% ± 0.2% and 98.5% ± 0.3%, respectively) (Figure 2). However, the effect of PAE coexistence on the DMP removal efficiency, which has a simple chemical structure, was minimal. Therefore, PAE mixtures in wastewater affect the removal efficiencies for ecalcitrant DEHP and DBP.




3.4. Analysis of the Intermediate Products in the Visible-Light Pretreatment System


HPLC and GC–MS analyses were performed to identify the PAE compounds and their intermediate products in the visible-light-pretreated effluent. Sampling began 30 min after initiating the visible-light pretreatment system, and the molecular ion and fragment peaks were compared with GC–MS data stored in the National Institute of Standards and Technology (NIST) library. The similarities between the intermediates and NIST standards ranged from 96.7% to 99.5%. The UV photocatalytic degradation pathways of DBP and DEHP were investigated by Kaneco et al. [23] and Chung and Chen [19], respectively. A comparison of their results with those of our study on DEHP, DBP, and DMP revealed that the only intermediate product common to the photochemical degradation of PAEs was phthalic acid. Furthermore, the formation of monomethyl phthalate, monobutyl phthalate, and mono-2-ethylhexyl phthalate indicated that the oxidation of the aliphatic chain was a common initiating pathway for the formation of these three PAEs. Moreover, although the light sources used in the three studies were different, they had a limited effect on the pathways of PAE photocatalysis.




3.5. Changes in the Bacterial Community of the Soil and the Degradation Characteristics of DEHP-Degrading Bacteria


Figure 5a shows the DGGE profiles of the bacterial community in the soil. The bacterial community was sequentially acclimated to various DEHP concentrations. We observed a change in the bacterial community structure, and the complexity of the DGGE bands exhibited a decreasing trend when DEHP concentrations increased in the soil. When DEPH was not added to the soil, 36 discriminable DGGE bands were identified. When the DEHP concentration increased from 20 to 100 mg/L, the number of discriminable DGGE bands decreased stepwise to 35 (20 mg/L), 31 (40 mg/L), 20 (60 mg/L), 16 (80 mg/L), and 10 (100 mg/L). When 100 mg/L of DEHP was in the soil, only two significantly distinguishable DGGE bands were observed. The dendrogram of the DGGE banding patterns in the soil indicates that the bacterial community acclimated to various DEHP concentrations (Figure 5b). When creating the dendrogram, we assumed that DGGE fingerprinting would produce a qualitative representation of the major variations in the composition of the bacterial community in the soil. The branching patterns suggested that the bacterial composition changed with the DEHP concentration. Two significant clusters of the DGGE banding patterns are shown in the dendrogram: (1) the banding pattern corresponding to the soils that contained 0, 20, and 40 mg/L of DEHP and belonged to the same cluster with 84.0% similarity and (2) the pattern corresponding to the soils that contained 60, 80, and 100 mg/L of DEHP and belonged to the same cluster with 81.2% similarity. Further analysis revealed that the pattern corresponding to the soils that contained 0 and 20 mg/L of DEHP belonged to the same subcluster with 99.1% similarity, and the pattern corresponding to the soils that contained 60 and 80 mg/L of DEHP of belonged to the same subcluster with 89.1% similarity. The aforementioned results clearly indicate that species within the same cluster tended to use DEHP in the same manner, and the DEHP concentration in the soil was the deciding factor in determining the composition of the bacterial community.



To better understand the differences in bacterial diversity among samples, we excised and sequenced discriminable bands to determine the strains, phylogeny classifications, similarities in nucleotide sequences, and relative abundance under different acclimated concentrations (Table 2). Twenty discriminable bands (A–T) were identified as members of five eubacterial phyla when feeding the bacteria DEHP at concentrations of 60, 80, or 100 mg/L. Six bands (A, D, N, P, Q, and S) were grouped with the phylum Proteobacteria, and their closest relatives exhibited homology with Providencia sp., Acinetobacter lwoffii, Ochrobactrum anthropic, Pseudomonas sp., Burkholderia pyrrocinia, and Achromobacter denitrificans, respectively. Six bands (B, C, E, F, G, and H) were clustered within the phylum Bacillota, namely Bacillus megaterium, Bacillus antracis, Staphylococcus aureus, Staphylococcus gallinarum, Enterococcus faecalis, and Streptococcus sp., respectively. Five bands (I, K, O, R, and T) were clustered within the phylum Actinomycetota, namely Jonesia denitrificans, Corynebacterium nitrilophilus, Rhodococcus ruber, Mycobacterium houstonense, and Gordonia terrae, respectively. Three bands (J, L, and M) were clustered within the phylum Bacteroidota, namely Flavobacterium sp., Niabella ginsenosidivorans, and Terrimonas lutea, respectively.



When we summed the relative concentrations of various bacterial phyla in the acclimated soils containing 60–100 mg/L of DEHP, we found that the Proteobacteria phylum was the predominant phylum and accounted for 78.6–82.7% of all bacterial phyla. This result is consistent with the results obtained in previous studies [24]. The DGGE band results indicate that Providencia sp., B. megaterium, B. antracis, A. lwoffii, S. aureus, E. faecalis, T. lutea, O. anthropic, Pseudomonas sp., and G. terrae were consistently present at various DEHP concentrations, but P. fluorescens and G. terrae were significantly dominant. S. gallinarum, Streptococcus sp., J. denitrificans, R. ruber, M. houstonense, and A. denitrificans were present at DEHP concentrations of 20–80 mg/L, but M. houstonense and A. denitrificans were dominant. A third bacterial group that included Flavobacterium sp., C. nitrilophilus, N. ginsenosidivorans, and B. pyrrocinia was discovered exclusively at relatively low DEHP concentrations (≤60 ppm). Among all the bacterial strains, Pseudomonas sp. was the most dominant and accounted for 71.80–81.32% of the total bacterial community in the acclimated soils that contained 60–100 ppm of DEHP. Thus, Pseudomonas sp. might have considerable potential for DEHP removal.



In one study, Providencia sp. was isolated from compost-amended soil and exhibited potential in degrading PAEs [25]. B. megaterium can use a wide range of PAEs as the sole carbon and energy sources for cell growth [26]. Under optimal operating conditions, B. anthracis can efficiently degrade DEHP over a wide concentration range [27]. Studies have revealed that A. lwoffii has high DEHP-degrading activity [28]. S. aureus and E. faecalis can degrade aromatic azo dye and exhibit favorable characteristics for destroying the ring structure of DEHP [29,30]. Bai et al. reported that Terrimonas sp. can degrade DEHP through de-esterification and β-oxidation [31]. O. anthropi can degrade various PAEs, including DEHP, and is consistently present in the soil at various DEHP concentrations [32]. Pseudomonas fluorescens can use PAEs at high concentrations as the sole source of carbon and energy [33], and G. terrae can degrade DEHP at high concentrations [24]. Therefore, in this study, Pseudomonas sp. and G. terrae accounted for 71.80–81.32% and 11.60–14.32% of the total bacteria community, respectively, in the contaminated soil with 60–100 mg/L of DEHP.



S. gallinarum, Streptococcus sp., and J. denitrificans are responsible for degrading cyclic compounds, such as DEHP, and are present in soil over a wide DEHP concentration range [34,35,36]. R. ruber, M. houstonense, and A. denitrificans are DEHP-degrading bacteria that are relatively dominant at a DEHP concentration of 20–80 mg/L [37,38,39]. Studies have reported the moderate DEHP biodegradation potential of Flavobacterium sp., C. nitrilophilus, N. ginsenosidivorans, and B. pyrrocinia, which were found exclusively at relatively low DEHP concentrations in this study [31,40,41,42].



PAEs have alkyl side chains of various lengths. Because DEHP, which has a long alkyl chain, can be biodegraded by DEHP-degrading bacteria, PAEs with a short alkyl chain (such as DMP and DBP) can also be biodegraded. Thus, the culturable DEHP-degrading strain Pseudomonas sp. was adopted to evaluate the degradation characteristics of DEHP. In the batch experiments, pH marginally affected the PAE biodegradation efficiency (98.6–100%) of Pseudomonas sp. at a PAE concentration of 10 mg/L and a pH range of 6.5–8.0. A reaction temperature between 30 and 35 °C was suitable for PAE biodegradation (>99%) by Pseudomonas sp. When the PAE mixture was treated by Pseudomonas sp., the removal efficiency for individual PAE solutions decreased by 0.5% and 6.5% for DMP and DEHP, respectively. The degree of influence is highly related to the decomposition difficulty of each PAE. Kanaujiya et al. reported that PAE mixtures with short alkyl side chains (e.g., DMP) degraded faster under bacterial action than PAEs with long and branched chains (e.g., DEHP) [22].




3.6. PAE Mixture Removal by Using the Coupled Photobiological System


We tested the developed coupled system in the continuous mode. In a short period, we achieved partial destruction of the PAE side chains by conducting visible-light photocatalysis to increase biodegradability. According to Figure 6, the coupled photobiological system achieved removal efficiencies of 99.6%, 99.9%, and 100% for DEHP, DBP, and DMP, respectively. Thus, the PAEs were almost completely degraded. Furthermore, the photoreactor system achieved removal efficiencies of 76.2% ± 1.6%, 81.5% ± 1.2%, and 93.6% ± 0.5% for DEHP, DBP, and DMP, respectively. Therefore, the removal efficiencies achieved with the coupled photobiological system were considerably higher than those achieved with the photoreactor system alone. The DEHP removal efficiency (99.6%) for a 50 mg/L inlet mixture with the coupled system was considerably higher than that (73.1%) for a 10–35 mg/L inlet mixture with the coupled photo-Fenton pretreatment and biological system [14]. Furthermore, the complete degradation of PAEs requires diverse metabolic genes and enzymes [43]. Thus, selecting a suitable bacteria strain for the bioreactor is crucial. Zeng et al. reported that the PAE-degrading strain P. fluorescens can use a PAE mixture as the sole source of carbon and energy, even at a high concentration (200 mg/L) [33]. This phenomenon might explain the high efficiency of the developed system, which was inoculated with a highly efficient PAE-degrading strain. In addition, the optimal operation parameters and detailed cost–benefit evaluation of the PAE removal efficiency using the developed coupled photobiological system will be useful for successful industrial applications.





4. Conclusions


The present study is the first to evaluate PAE mixtures by using a coupled visible-light photobiological system. The photocatalysis in the visible-light photoreactor follows first-order kinetics. Furthermore, the DEHP removal efficiency is affected considerably when another PAE mixture (DEHP, DBP, or DMP) simultaneously exists in the wastewater. When conducting photocatalytic pretreatment over a short period, an increase in the biodegradability of the effluent considerably improves the performance of the PBR. The developed coupled visible-light photobiological system considerably outperforms the UV photoreactor system alone in terms of the removal efficiency, energy consumption, and cost. The developed coupled photobiological system is feasible and promising for continuously degrading PAEs in wastewater. The optimal parameters of the coupled visible-light photobiological system when incorporating direct sunlight in the photocatalysis of PAEs should be examined in a future study.
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Figure 1. Schematic of the developed coupled photobiological system. (1) Fluid flowmeter, (2) concentric cylindrical photoreactor, (3) xenon lamp, (4) storage tank, (5) peristaltic pump, (6) cylindrical PBR, (7) plastic Raschig rings, (8) stirring machine, (9) I-doped TiO2-coated beads, and (10) pH controller. 
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Figure 2. Effect of the initial PAE concentration on the continuous removal of PAEs from synthetic wastewater introduced into the visible-light photoreactor. PAE concentration: 0.1 to 50 mg/L; light intensity: 300 W; pH: 5.0; temperature: 30 °C; and RT: 5.5 min. 
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Figure 3. (a) Effect of the pH on the continuous removal of 40 mg/L of PAEs from synthetic wastewater introduced into the visible-light photoreactor. Light intensity: 300 W; temperature: 30 °C; and RT: 5.5 min. (b) Effect of the RT on the continuous removal of 40 mg/L of PAEs from synthetic wastewater introduced into the visible-light photoreactor. Light intensity: 300 W; temperature: 30 °C; and pH: 5.0. (c) Effect of the light intensity on the continuous removal of 40 mg/L of PAEs from synthetic wastewater introduced into the visible-light photoreactor. Temperature: 30 °C; RT: 5.5 min; and pH: 5.0. 
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Figure 4. Effect of the coexistence of PAEs on the continuous removal of PAEs from synthetic wastewater that contains a mixture of PAEs (20 mg/L of DEHP, DBP, and DMP) and is introduced into the visible-light photoreactor. Light intensity: 300 W; temperature: 30 °C; pH: 5.0; and RT: 5.5 min. 
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Figure 5. (a) DGGE profiles of the bacterial community in soil sequentially acclimated to various DEHP concentrations (0–100 mg/L). (b) Dendrogram showing relations between DGGE banding patterns in soil when bacteria are sequentially acclimated to various DEHP concentrations. 
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Figure 6. PAE removal efficiency of the visible-light photoreactor and developed coupled photobiological system from synthetic wastewater containing a PAE mixture (50 mg/L of DEHP, DBP, and DMP). Light intensity: 300 W; temperature: 30 °C; pH: 5.0; and RT: 5.5 min. The pH of the photoreactor effluent was automatically adjusted to 7.0 in the storage tank, and the effluent was then continuously piped into the PBR under an RT of 4 h. 
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Table 1. Effect of visible-light photocatalysis on the biodegradability (BOD5/COD) of PAEs. The PAE concentration ranged from 10 to 50 mg/L.
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	10
	20
	30
	40
	50





	DEHP
	0.71
	0.68
	0.51
	0.45
	0.35



	DBP
	0.72
	0.7
	0.58
	0.51
	0.38



	DMP
	0.75
	0.72
	0.65
	0.56
	0.41
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Table 2. Nucleotide sequence similarity and relative abundance of the sequenced DGGE bands.
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Band

	
Phylogeny

	
Closest Relatives

	
Relative Abundance of DGGE Bands (%)




	
Similarity (%)

	
60 mg/L

	
80 mg/L

	
100 mg/L






	
A

	
Proteobacteria

	
Providencia sp.

	
98.5

	
0.81

	
1.08

	
0.35




	
B

	
Bacillota

	
Bacillus megaterium

	
99.8

	
0.34

	
0.83

	
0.31




	
C

	
Bacillota

	
Bacillus antracis

	
98.2

	
0.85

	
0.92

	
0.97




	
D

	
Proteobacteria

	
Acinetobacter iwoffii

	
99.6

	
0.41

	
0.71

	
0.82




	
E

	
Bacillota

	
Staphylococcus aureus

	
99.6

	
0.46

	
0.72

	
0.76




	
F

	
Bacillota

	
Staphylococcus gallinarum

	
99.8

	
0.16

	
0.48

	
–




	
G

	
Bacillota

	
Enterococcus faecalis

	
98.6

	
0.31

	
0.67

	
0.61




	
H

	
Bacillota

	
Streptococcus sp.

	
99.2

	
0.26

	
0.28

	
-




	
I

	
Actinomycetota

	
Jonesia denitrificans

	
99.6

	
0.28

	
0.21

	
-




	
J

	
Bacteroidota

	
Flavobacterium sp.

	
99.3

	
0.42

	
-

	
-




	
K

	
Actinomycetota

	
Corynebacterium nitrilophilus

	
99.5

	
0.85

	
-

	
-




	
L

	
Bacteroidota

	
Niabella ginsenosidivorans

	
99.6

	
1.21

	
-

	
-




	
M

	
Bacteroidota

	
Terrimonas lutea

	
99.1

	
1.32

	
1.81

	
0.28




	
N

	
Proteobacteria

	
Ochrobactrum anthropi

	
99.8

	
1.40

	
1.98

	
0.26




	
O

	
Actinomycetota

	
Rhodococcus ruber

	
99.2

	
0.96

	
0.84

	
-




	
P

	
Proteobacteria

	
Pseudomonas sp.

	
98.2

	
71.80

	
73.71

	
81.32




	
Q

	
Proteobacteria

	
Burkholderia pyrrocinia

	
99.5

	
1.60

	
-

	
-




	
R

	
Actinomycetota

	
Mycobacterium houstonense

	
99.6

	
2.38

	
1.62

	
-




	
S

	
Proteobacteria

	
Achromobacter denitrificans

	
98.8

	
2.58

	
1.33

	
-




	
T

	
Actinomycetota

	
Gordonia terrae

	
99.5

	
11.60

	
12.81

	
14.32
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