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Editorial on the Research Topic 
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Humankind is facing the significant challenge of water scarcity (Martins et al., 2020). Since 1950, the world population has doubled, and global water consumption has increased by more than 600% (Martins et al., 2020). A report by the United Nations demonstrated that two-thirds of the world’s population would face water stress by the year 2025 (Ahmed, 2006). A significant fraction of the increased water consumption was attributed to the rapid growth in the industrial developments (Sathya et al., 2022). Nearly all water consumed in industries ends up as industrial wastewater (IWW). The release of IWW into the environment may adversely affect the environment and pose a health threat to humans and our ecosystem (Martins et al., 2020).
Innovative solutions are therefore needed to provide adequate treatment of IWW to meet the increasingly stringent discharge standards and explore options to obtain sufficient water to support industrial developments (Cai et al., 2021). Treating and reclaiming treated industrial effluent can be an effective option to meet both challenges. Nonetheless, IWW is far more complex than domestic sewage, containing numerous organic and inorganic pollutants and exhibiting much greater variability in wastewater characteristics (Sathya et al., 2022). As a result, employing state-of-the-art biological treatment technologies alone is often inadequate for meeting stringent discharge standards, not to mention the ability to meet water reclamation requirements (Samaei et al., 2018; Sathya et al., 2022). Alternatives such as advanced oxidation processes (AOPs, e.g., ozonation (Deng et al., 2021a; Jothinathan et al., 2021), Fenton (Cai et al., 2020a; Cai et al., 2021; Sathya et al., 2022) and photocatalytic oxidation (Thiruvenkatachari et al., 2008; Autin et al., 2013) and separation processes (e.g., membrane filtration (Deng et al., 2021b; Liu et al., 2021) and adsorption (Ambaye et al., 2020) have been used for treating recalcitrant organics. However, AOPs typically require high energy (e.g., O3-generation in the ozonation process and UV-irradiation in the photocatalytic process) and chemical (e.g., oxidants and catalysts in the Fenton process and persulphate-based oxidation process) consumptions and therefore are expensive options (Loh et al., 2021; Wu et al., 2021; Jothinathan et al., 2022). Separation processes, on the other hand, have been used for pollutant removal and resource recovery, but innovative strategies are still needed to reduce their costs (Ambaye et al., 2020; Liu et al., 2021). Thus, there is a need to develop innovative technologies and build upon our knowledge of existing technologies for IWW treatment and reclamation.
Beyond the development of innovative technologies, combinations of the existing technologies could also obtain considerable performance with reduced energy and chemical consumption. Deng et al. (2021b) combined catalytic ozonation processes with a membrane bioreactor (MBR) for the treatment of phenolic wastewater produced by the petrochemical industry. This combination achieved total organic carbon (TOC) and phenolic compounds removals of 98.0% and 99.4%, respectively, and decreased the membrane fouling rate of MBR by 88.2%. The pretreatment by catalytic ozonation in the combined process reduced the acute biotoxicity of the wastewater by 79.2% and increased the 5-day biochemical oxygen demand to chemical oxygen demand ratio (BOD5/COD) by 2.45-folds, which significantly contributed to the performance enhancement and membrane fouling mitigation of MBR (Deng et al., 2021b). Tong et al. (2018) combined the adsorption processes by ligntie-activated coke (LAC-adsorption) and immobilized biological filter (IBF) in the treatment of heavy oil wastewater on a pilot-scale system. The combined process obtained a dissolved organic carbon (DOC) removal of 85.9%, where most biorefractory compounds were removed by the pre-LAC-adsorption process and benefitted the subsequent IBF, and the post-LAC-adsorption process contributed to amides removal (Tong et al., 2018). Cai et al. (2020b) combined the fluidized bed reactor-based Fenton processes (FBR-Fenton) with a biological activated carbon (BAC) system for the reclamation of reverse osmosis concentrate and obtained a COD removal of 69% with a low average effluent COD of 26 mg/L. In the combined process, the FBR-Fenton processes markedly contributed to the degradation of humic acid and fulvic acid and improved the BOD5/COD ratio by 4.2-10.0 times, which strengthened the performance of the BAC system (Cai et al., 2020b).
In addition to the IWW treatment and effluent reuse, the recovery of valuable resources is also essential under the global trends of the circular economy (Goglio et al., 2019; Soltangheisi et al., 2019; Cheng et al., 2022). Wastewater is a rich source of organic carbon, nutrients (e.g., nitrogen N) and phosphorus P) and metals (e.g., potassium K), copper (Cu) and silver (Ag). Concerning energy generation, Heidrich et al. precisely determined the energy content of domestic wastewater (DWW) through freeze-drying samples to minimize the loss of volatiles and organic matters. Their results indicated that DWW contains an energy generation potential of 7.6 kJ/L (Heidrich et al., 2011). Wang et al. also estimated that the energy content of DWW related to COD was 23 W per capita (Wang et al., 2017). Similar assessments on IWW are lacking, but a significant energy recovery potential of organic IWW can be estimated due to their normally much higher organic carbon concentration. In terms of nutrients, it has been estimated that more than 20% of consumed P from minerals is excreted by human activities (Cordell et al., 2009). Robles et al. estimated that the global resource recovery from waste streams could essentially retrieve 50% of the P consumed by humans. Additionally, an N to P mass ratio of over 3 has been widely observed in research done on various waste streams, which indicated that more N than P is lost during the wastewater treatment (Batstone et al., 2015; Robles et al., 2020). Some kinds of IWW contain extremely high concentrations of N and P compared to DWW (Bokun et al., 2020; Deng et al., 2022). For example, in coking wastewater, the ammonia concentration is usually in a high range of 500-2,000 mg N/L, and it could further research the range of 3,500-10,000 mg N/L in the semi-coking wastewater when the pyrolytic temperature of coal was reduced to 600°C-800°C (Ma et al., 2017; Bokun et al., 2020; Huang et al., 2021). P concentration is usually high in the waste streams, such as fertilizer production wastewater, paper pulping and making wastewater and some of the chemical industry wastewater (Bian et al., 2011; Hutnik et al., 2013; Gentili & Sveriges, 2014). Specifically, the P concentration in the wastewater from the phosphorus mineral fertilizers industry (Hutnik et al., 2013) and the wastewater from PolyTH production industry (Bian et al., 2011) could reach 445 mg P/L and 15,000-18,000 mg P/L, respectively. Metal ions are also rich in IWW, such as K and Mg are rich in dairy wastewater and manure wastewater (Goglio et al., 2019), and Ag and Cu are rich in deplating wastewater (Gu et al., 2020). Based on the abovementioned information, IWW is an abundant source of energy, nutrients and metals to be recovered and reused, which could significantly contribute to the circular economy. Furthermore, the worldwide increase in consumption and the gradual depletion of natural resources have emphasized the need for resource recovery from waste streams (Goglio et al., 2019; Soltangheisi et al., 2019). Therefore, instead of releasing resource-rich waste streams into the water bodies increasing the environmental risk, this resource recovery can lead to multiple benefits, such as generating valuable products, greatly improving wastewater treatment processes, reclaiming wastewater, maintaining the ecological balance of aquatic environments and reducing the carbon footprint in wastewater disposal. In order to fulfill this vision, novel technologies for resource recovery from IWW need to be developed by the research community.
This Research Topic focuses on novel technologies for IWW treatment for the purpose of resource reclamation. This includes the dissemination of knowledge generated from studies regarding the development, optimization, and applications of advanced technologies aiming at the treatment and resource recovery of IWW. It also aims to address an important aspect of sustainable water management with an emphasis on meeting the needs of the industrial sector from a global perspective.
We hope this Research Topic can contribute significantly to both the research and the engineering communities for managing IWW treatment and reclamation.
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The alcohol industry discharges large quantities of wastewater, which is hazardous and has a considerable pollution potential. Cultivating microalgae in wastewater is an alternative way of overcoming the current high cost of microalgae cultivation and an environmentally friendly treatment method for industrial effluents. The study analyzed the growth and biochemical composition of Chlorella vulgaris cultivated in membrane-treated distillery wastewater (MTDW) and nutrients removal efficiency. The results showed biomass productivity of 0.04 g L−1 d−1 for MTDW with the contents of content of protein, carbohydrate, and lipid at 49.6 ± 1.4%, 26.1 ± 0.6%, and 10.4 ± 1.8%, respectively. The removal efficiencies of TN, TP, and COD were 80, 94, and 72.24% in MTDW, respectively. In addition, removal efficiencies of 100, 85.37, and 42.86% for Ca2+, Mg2+, and Mo2− were achieved, respectively. The study added to our growing knowledge on the cultivation of Chlorella with wastewater, suggesting that it was feasible to cultivate Chlorella with MTDW and represented an economical and environmentally friendly strategy for microalgae biomass production and reuse of wastewater resources.
Keywords: wastewater treatment, microalgae, Chlorella, distiller wastewater, biomass production
INTRODUCTION
Industrial wastewater is one of the main sources of pollution of the water environment, and its production has a serious negative impact on the ecosystem and human life. Therefore, the fight against wastewater has become a major issue in terms of health, environment, and economy (Abdel-Raouf et al., 2012). The quality and quantity of industrial wastewater vary according to the type of industry. The metal processing industry emits chromium, nickel, zinc, cadmium, lead, iron, and titanium compounds. The printing plant releases inks and dyes (Hanchang, 2009). Wastewater from paper mills contains chloride organics and dioxins, as well as suspended solids and organic wastes (Lindholm-Lehto et al., 2015). The petrochemical industry discharges a large number of phenols and mineral oil (Éverton et al., 2018). The content of suspended solids and organic matter in wastewater from food processing plants is very high (Qasim and Mane, 2013). In contrast, distilleries produce large amounts of acidic, stubborn, and colored wastewater with high organic content (Sanjay and Jamaluddin, 2018), which may lead to the destruction of the aquatic environment causing eutrophication, affecting human health and recreational activities (Sanjay and Jamaluddin, 2018; Stutter et al., 2018; Thoré et al., 2021). The alcohol industry discharges up to 0.3 billion m3 of high-concentration wastewater each year in China (Guo et al., 2006), which has become the second largest source of organic pollution. Cassava alcohol wastewater is widely produced in cassava-based bioethanol industries (Quan et al., 2014). In general, about 12 tons of wastewater would be generated to produce 1 ton of cassava ethanol (Lin et al., 2016). Industrial wastewater with high organic and acidic substances many contain as high as 40,000∼130,000 mg L−1 chemical oxygen demand (COD) concentration (Gang et al., 2008).
The source of industrial wastewater comes with different characteristics. Hence, the treatment of industrial wastewater should be specifically designed for specific wastewater. Recently, several technologies such as photocatalysis (Al-Mamun et al., 2019), electrodialysis (Deng et al., 2020; Liu et al., 2020), iron-oxides-doped granular activated carbon catalyst (Deng et al., 2021), and Fe/C galvanic cells strengthened A2O process (Fe/C-A2O) (Peng et al., 2020) have been developed with significant effects for industrial wastewater treatment. Presently, distilleries use a multi-stage strategy in wastewater treatment, including pretreatment, secondary treatment, and tertiary treatment. Pretreatment reduces temperature of the wastewater as well as removes suspended solids of large particles in the wastewater (Yang and Wyman, 2007), while an anaerobic wastewater treatment system removed most of the organic matter in the wastewater (Sanjay and Jamaluddin, 2018). Finally, most of the N and P in the wastewater is removed through advanced treatment such as anaerobic and aerobic processes and membrane bioreactor (MBR) (Noor et al., 2013). However, the wastewater after membrane treatment still contains some amount of organic matter, nutrients, and other substances, which may be harmful to the environment. Conventional treatment methods are extensively used, they are however characterized by excessive use of chemicals, high operational and maintenance cost. These methods also generate huge amounts of sludge, thereby making conventional treatment methods environmentally and economically unfavorable (Amenorfenyo et al., 2020).
The microalgae-based wastewater treatment is an environmentally friendly wastewater treatment method, which is often used to treat secondary or tertiary wastewater and is considered one of the promising technologies for wastewater treatment. As a kind of eukaryotic green microalgae with strong photosynthesis ability, Chlorella is considered as one of the easily cultivated microalgae that contains high-quality protein, carotenoids, vitamins, and minerals, it has long been proposed as a healthy food substitute for humans and animals (Liu et al., 2013; Liu et al., 2014; Znad et al., 2018). The use of Chlorella for wastewater treatment and nutrient recovery reduces cost of wastewater treatment, and production of useful biomass (Sánchez-Zurano et al., 2021). In recent years, cultivation of microalgae especially Chlorella vulgaris in wastewater have attracted more and more attention. According to previous studies, Chlorella could remove organic contaminants, and heavy metals from as urban wastewater (Tercero et al., 2014), domestic wastewater (Aziz and Ng, 1992), textile wastewater (Chu et al., 2009), and piggery wastewater (Ji et al., 2012). However, little is known about cultivation of Chlorella in membrane-treated distillery wastewater (MTDW) for nutrient recovery and biomass production, and its feasibility.
In this study, we performed the biomass production of Chlorella coupled with the treatment of MTDW, which seeks to explore the nutrient removal efficiency, biomass production and productivity, and biochemical content of C. vulgaris grown in MTDW. The work sought to give useful information that will lead to the understanding of the cost-effective method of wastewater treatment and microalgae biomass production.
MATERIALS AND METHODS
Collection and Pre-Inoculation of Microalgae
Freshwater algae C. vulgaris was acquired from the laboratory of Ecology of Water Area and Aquaculture Environment of Fisheries College, Guangdong Ocean University, South China. The vegetative cells were grown photoautotrophically at 2000 lx (white light). The 7-day-old algal cells were collected and inoculated into 2 L Erlenmeyer flasks filled with 1 L of BG11 medium at an initial optical density of 0.2 (OD680) in FDFF illuminated incubator 2000 lx (white light) and 25°C for 9 days.
Wastewater Collection and Analysis
The wastewater used in this study, MTDW was collected from SDIC Guangdong Bio-Energy Co., Ltd., Zhanjiang, South China. The wastewater sample was collected in a 5 L plastic container that was thoroughly pre-washed with the wastewater from the company. To reduce the decomposition of a substrate, MTDW sample was stored at 4°C before the wastewater characteristics analysis. Then wastewater was pretreated by means of filtration using a glass microfiber filter (934-AH, Whatman, United States) to remove turbidity and large particles. The filtered sample was autoclaved at 121°C for 30 min to eliminate bacteria and other algal growth inhibitors.
Determination of Dry Weight and Chlorophyll a
Microalgae biomass concentration were measured every 72 h. Dry weight (DW) was determined by filtering a 10 ml samples of the algal suspension through pre-weighed (m1) filters (47 mm, 1.2 μm, Whatman). Then drying the filters (105°C, overnight) to a constant weight and weighing with microbalance (m2). The DW (g L−1) was calculated with Eq. 1.
[image: image]
Biomass productivity (g L−1 day−1) was calculated with Eq. 2.
[image: image]
where DWi and DW0 represent the dry biomass (g L−1) at time ti and t0 (day).
The pigment contents of the microalgae thus chlorophyll a was analyzed after extraction in 95% ethanol (w/v). Briefly, 5 ml of the suspensions were filtered and freeze-dried at −20°C for 12 h; the dried biomass was suspended in ethanol for 4 h in dark. The suspensions were later centrifuged at 5,000 rpm for 10 min and the pigment contents of the supernatant were spectrophotometrically measured at 665 and 649 nm. The Eq. 3 was used to calculate the pigment contents (Hartmut and Alan, 1983).
[image: image]
Carbohydrate, Protein and Lipid Quantification
Protein extractions were determined according to the modified method described in Barbarino and Lourenço (2005) and Ge et al. (2018). As follows: weigh 30 mg powder of Chlorella, and then add 8 ml of distillery water. After soaking for 12 h, centrifuge at 15,000 rpm (4°C) for 20 min to collect the supernatant. Then use 2.0 ml 0.1 N (or 2 M) NaOH to re-extract the concentrated pellets. After centrifugation at 15,000 rpm (21°C) for 20 min, the supernatant was collected and mixed with the previous supernatant. 10 ml of the extract was taken to determine protein concentration with the aid of Bio-Rad DC protein as-say (Cat. 500-0111, Bio-Rad Laboratories, Hercules, United States). Anthrone colorimetric approach was used to assess carbohydrate and protein content of the supernatants using a Hach model DR 2800 spectrophotometer, glucose, and serum albumin were used as the standard for carbohydrate and protein.
Ge and Champagne (2016) methods were used to assess lipid content. Briefly, the microalgal suspension was harvested via centrifugation (4°C, 5000 rpm, 10 min), the bio-mass was washed twice with distillery water, and then oven-dried overnight at 60°C. A 0.1 g dry biomass of Chlorella was immersed in 3 ml of distillery water and vortexed at 3,000 rpm for 30 s, then placed in a water bath at 90°C for 20 min. Methanol/chloroform (extraction solution) of a proportion of 1:2 v/v was added after it attained room temperature. The lipids of sample were extracted overnight at room temperature after which, 1 ml of distillery water was added. The organic phase was collected by centrifugation (20°C, 10 min) and transferred into a pre-weighted dish. The chloroform was evaporated at 50°C, and then the extracted lipids were subjected to gravimetric analysis.
Nutrients Concentration and Removal Efficiency
All samples were filtered through filter paper (0.22 μm, Whatman) and analyzed for nutrients, TN, TP, and COD. Macro and Micronutrients were tested by Qingdao Sci-tech Innovation Quality Testing Co., Ltd. (China). Total Nitrogen (TN), Total phosphorus (TP), and COD were determined every 3 days starting from the day of inoculation. Persulfate digestion method and acid-persulfate digestion method were used for analyzing TN and TP, respectively. COD concentration was measured with a multi-functional water quality analyzer (LIANHUA, 5B-3B, China).
Nutrient removal efficiency (%) is calculated by the Eq. 4.
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where C0 is the nutrient concentration of the influent and C1 is the nutrient concentration of the effluent.
FAMEs Test and GC Analysis
A 0.1 g wet sample of Chlorella was hydrolyzed and methylated with 2 ml of 100% acetyl chloride in 20 ml of methanol solution at 90°C (Ge et al., 2018). Then, filter the sample with filter paper (90 mm, Whatman) by washing it with 10 ml of methanol. Next, use a rotary evaporator to evaporate the methanol, and then add 10 ml of hexane and vortex the sample for 5 min. Use a glass pipette (Fisherbrand™ Pasteur) to remove the hexane layer and evaporate the hexane, and then analyze the recovered FAME by gas chromatography (GC). Helium was used as a carrier gas. The temperature of the injector and detector is 260°C. The FAME peaks in the samples were identified by comparing their retention times with those of the standards (Supelco TM 37 component FAME mix, Sigma-Aldrich).
RESULTS
Microalgae Growth
C. vulgaris was cultivated in MTDW and BG11 (control) under 30°C, 4,000 lx, 40% Vinoculation/Vmedia growth condition for 15 days to assess biomass and biomass productivity. The growth curve of C. vulgaris was shown in Figure 1A. The algal biomass in MTDW and control are 0.65 g L−1 and 0.26 g L−1 with biomass productivity of 0.04 g L−1 d−1 (MTDW) and 0.02 g L−1 d−1 (control) respectively, after 15 days. This result was totally higher than the results obtained by Tan et al. (2018). The study showed maximum Chl-a (see Figure 1B) content in both the MTDW and the control with 6.48 ± 0.67 mg L−1 and 1.80 ± 0.65 mg L−1 on day 14 and day 8 respectively. However, both media showed a decreasing trend in Chl-a, with 5.73 ± 0.94 mg L−1 and 0.76 ± 0.16 mg L−1 at the end of the cultivation period. Both treatments showed totally different growth patterns. The MTDW experienced a lag phase between day 1 and 2, and the exponential growth phase was experienced in day 3 and lasted for 14 days. The stationary phase set in toward the end of the cultivation period as the nutrient concentration diminished. The control showed steady growth throughout the cultivation period. The lag phase lasted for a day whiles exponential growth begun on the third day and lasted up to day 14.
[image: Figure 1]FIGURE 1 | The dry weight (A) and Chl-a content (B) of C. vulgaris in the MTDW group and BG11 group.
Biochemical Composition of C. vulgaris Cultivated in MTDW and BG11 Media
Table 1 depicts the biochemical composition of C. vulgaris biomass cultivated in MTDW and control (BG11) at the end of the treatment. As the results showed, MTDW demonstrated 2-fold higher protein content than the control. The MTDW recorded 49.6 ± 1.4% protein content compared to 22.4 ± 2.3% of the control medium. And 26.1 ± 0.6% and 29.9 ± 1.1%, and 10.4 ± 1.8% and 16.2 ± 0.4% of carbohydrate and lipids for MTDW and the control respectively. Compared with the control, the reason for the lower carbohydrate and lipid content in MTDW may be related to the light intensity. This is in agreement with a similar result obtained by Qiu et al. (2019). It is however clear that MTDW can promote protein production in C. vulgaris than BG11 medium. This result was slightly higher than that of Miao et al. (2016). It is documented that higher nitrogen content induces algae growth that could lead to accumulation of amino acid (Martínez et al., 2000). C. vulgaris showed higher biomass growth in MTDW than BG11 which translated into higher protein production.
TABLE 1 | Biochemical compositions of C. vulgaris cultivated in MTDW and BG11.
[image: Table 1]The amino acid content and composition were analyzed in MTDW and BG11 at the end of the cultivation. As shown in Table 2, all tested amino acids in the MTDW group were higher than those in the control group.
TABLE 2 | Amino acids compositions and contents (g/100 g dry biomass) of C. vulgaris cultivated in MTDW and BG11.
[image: Table 2]GC analysis of fatty acid composition C. vulgaris in both MTDW and the control are shown in Table 3. The contents of Myristic Acid, Palmitic Acid, Margaric Acid, Oleic Acid, Linoleic Acid, Erucic Acid, and 11,14,17-Eicosatrienoic Acid in the MTDW group were lower than those in the control group, and the contents of Palmitoleic Acid, Stearic Acid, Arachidonic Acid, and α-Linolenic Acid were higher than those in the control group. Pentadecanoic Acid, γ-Linolenic Acid, Behenic Acid, Arachidonic Acid, 13-16-Docosadienoic Acid, Lignoceric Acid, and 15-Tetracosenoic Acid were similar in both MTDW and the control.
TABLE 3 | Fatty acid compositions and contents (g/100 g dry biomass) of C. vulgaris cultivated in MTDW and BG11.
[image: Table 3]MTDW Treatment Using C. vulgaris
TN, TP, and COD Removal
The concentration of TN, TP, and COD were presented in Figure 2. Nitrogen, is the main component of algal proteins and enzymes catalyst, and are responsible for microalgae growth, photosynthesis and metabolism (Kong et al., 2021). The study showed 80% TN removal efficiency. However, the highest removal rate was observed on the exponential growth phase. This coincides with a study reported by Iasimone et al. (2018).
[image: Figure 2]FIGURE 2 | The changes in TN (A), TP (B), and COD (C) concentration of MTDW group.
Phosphorus is another key element for microalgae growth and other cellular activities (energy transfer and biosynthesis of nucleic acids) (Kong et al., 2021). Affected by the utilization of C. vulgaris, TP concentration decreased steadily within the first 12 days until stable on day 15. Affected by C. vulgaris, 94% TP removal efficiency was recorded at the end of cultivation period. Based on the results, phosphorus (TP) removal could directly be affected by C. vulgaris growth due to culture conditions. Asian and Kapdan (2006) reported 78% phosphate removal efficiency for C. vulgaris cultivation at 7.7 mg L−1 initial concentration, less than 30% removal efficiency at higher concentration, this is clear that cultivation conditions of microalgae could affect phosphorus removal efficiency.
COD concentration (Figure 2C) varied during the period of measurement. There was a slide increase in concentration on day 6 and day 9. Again, the highest COD removal was recorded at the exponential growth phase of C. vulgaris with 72.24% removal efficiency. It was observed from the results that COD in MTWD was effectively utilized by C. vulgaris.
Macro and Micronutrient Removal
As shown in Table 4, at the end of the cultivation period, removal efficiency obtained for macronutrients ranged between 3.92 and 100% compared to 15.56–42.86% for micronutrients. Ca2+ reduced from the initial concentration of 0.01 mg L−1 to 0.00 mg L−1 in MTDW with a removal efficiency of 100%. The concentration of Mg2+ reduced from 18.8 mg L−1 to 2.75 mg L−1, and the removal efficiency reached 85.37%. The concentration of Na+ and K+ decreased from 269 mg L−1 to 1,020 mg L−1–253 mg L−1 and 980 mg L−1, and the corresponding removal efficiencies were 5.59 and 3.92%, respectively. For micronutrients, Mo2- had the highest removal efficiency of 42.86%, and the concentration reduced from 0.07 mg L−1 to 0.04 mg L−1. Followed by As3+, B−, and Pb2+, their concentrations were reduced from 0.03 mg L−1, 0.30 mg L−1, and 0.03 mg L−1 to 0.02 mg L−1, 0.20 mg L−1, and 0.02 mg L−1, respectively, and the corresponding removal efficiencies were all 33.3%. The concentration of Cu2+ and Fe3+ in MTDW decreased from the initial 0.18 mg L−1 and 1.80 mg L−1 to 0.13 mg L−1 and 1.52 mg L−1, and the removal efficiency reached 27.78 and 15.56%, which were lower than other micronutrients. In addition, Zn2+ and Mn2+ were not detected in this experiment.
TABLE 4 | Macro/micro nutrient concentrations and RE values in MTDW.
[image: Table 4]DISCUSSION
Microalgae is a single-cell bioreactor driven by sunlight that converts carbon dioxide into potential proteins, lipids, carbohydrates, and high-value biological compounds, in the presence of a sufficient amount of nitrogen, phosphorous, and some trace elements. By 2024, the overall market potential of algae-based products expected to reach approximately USD 1.143 billion (Mehta et al., 2018). Meanwhile, the viable market potential of microalgae in the phytoremediation of wastewater and biofuels is currently increasing (Mustafa et al., 2021). Wastewater treatment with microalgae has been considered an environmentally sound bioremediation method and applied for more than 60 years (Jing et al., 2007). Many microalgae can grow effectively under wastewater conditions by utilizing the rich inorganic nitrogen and phosphorus in wastewater, such as Desmdesmus sp. (Benítez et al., 2018), Scenedesmus sp. (Han et al., 2020), Acutodesmus dimorphus (Chokshi et al., 2016), C. vulgaris (Lv et al., 2018; Mujtaba et al., 2018), and so on. Due to its rich in protein and other nutrients, bio-safety, and the feasibility of large-scale outdoor cultivation and maintenance, Chlorella has become one of the most in-depth studies of microalgae in biomass production and wastewater treatment (Liu and Chen, 2014). Previous studies have shown that Chlorella can grow and produce biomass in wastewater such as urban wastewater (Tercero et al., 2014), domestic wastewater (Aziz and Ng, 1992), textile wastewater (Chu et al., 2009), piggery wastewater (Ji et al., 2012), etc. Our study showed that cultivating Chlorella with MTDW was also a feasible strategy.
Although Chlorella is easily adaptable to different wastewater media, the nutrients in the wastewater significantly affect the growth of microalgae and the production of biomass (Cai et al., 2013). When wastewater is used as a nutrient source for wastewater-based microalgae cultivation, carbon: nitrogen (C: N) and carbon: phosphorus (C:P) ratios could be considered (Chiu et al., 2015). Lee and Lee (2002) pointed out that Chlorella kessleri culture could successfully remove high concentrations of nitrogen from wastewater supplemented with glucose, indicating that sufficient carbon source supply was beneficial to the utilization of nitrogen and phosphorus. Chui et al. (2015) suggested that the carbon limitation in wastewater could be overcome by adding waste CO2, such as flue gas. In addition, the typical N/P ratio for the optimal conditions for microalgal biomass production is 8:1 (Chui et al., 2015). However, the N/P ratio of MTDW is close to 5:2, which means that the nitrogen source in the wastewater would be another limiting factor for microalgae growth. According to Chiu et al. (2015), the biomass productivity of Chlorella in different wastewater ranged from 0.029 g L−1 d−1 to 0.64 g L−1 d−1. In contrast, 0.04 g L−1 d−1 biomass productivity of Chlorella cultured in MTDW is not high, indicating that the use of MTDW to cultivate Chlorella to produce biomass still has much room for improvement.
Due to microalgae can use nutrients in wastewater to promote their growth, microalgal are particularly useful for reducing the concentration of inorganic nitrogen and phosphorus of wastewater (Ahluwalia and Goyal, 2007). Previous studies have shown that Chlorella has a very significant removal effect on nitrogen, phosphorus, and COD in different wastewater (Lam et al., 2017; Benítez et al., 2018; Lv et al., 2018; Mujtaba et al., 2018). However, the nutrient concentration of wastewater from different sources is different, which has a direct impact on the removal of nutrients. Kumar et al. (2019) reported that the nitrogen removal efficiency of Chlorella in sewage wastewater (38%) was lower than that of kitchen wastewater (67%), while the removal efficiency of phosphorus (88%) is higher than that of kitchen wastewater (75%). In this study, the removal rate of TP in MTDW by Chlorella reached 94%, the removal rate of TN was 80%, and the removal rate of COD exceeded 70%. These results indicate that Chlorella was very effective in MTDW treatment to reduce the organic and inorganic nutrients released into natural water, thereby preventing eutrophication problems.
Many studies have shown that utilizing microalgae could effectively remove metal elements from wastewater (Cabanelas et al., 2013; Cho et al., 2013; Zhu et al., 2013). Some metal ions can be attached to the cell surface through one or more surface complexation, ion exchange, and redox (Sheng et al., 2004; Vinod et al., 2010). Biosorption also involves cell metabolism and other processes, during which metal ions enter the cell through metal transporters, and are finally stored in vacuoles or organelles (Mehta and Gaur, 2005; Flórez-Miranda et al., 2017). Chlorella has been reported to remove many metals from wastewater, including Al, Ca, Cd, Cu, Fe, Mg, Mn, Ni, Ur, and Zn (Sandau et al., 1996; Lau et al., 1999; Chong et al., 2000; Mehta and Gaur, 2001; Mehta and Gaur, 2005; Wang et al., 2009). Similar to previous studies’ conclusions, our study shown that Chlorella could effectively remove Ca, Mg, Mo, Fe, As, B, Pb, and Cu in distillery wastewater.
Cultivation of microalgae in large quantities is challenged by the high cost of nutrients and freshwater. According to (Kadir et al., 2018), the cultivation of microalgae in wastewater is an alternative way of overcoming the current high cost of microalgae cultivation. Slade and Bauen (2013) estimated more than 50% reduction in production cost by cultivation microalgae in wastewater as a nutrient, CO2 and freshwater source. The composition of MTDW is stable and could be used for Chlorella cultivation without complicated treatment, which can effectively reduce the cost of Chlorella cultivation. On the other hand, Chlorella can remove nutrients, organic matter, and metals from MTDW. These substances may lead to the destruction of the aquatic environment causing eutrophication, affecting human health and recreational activities (Stutter et al., 2018). In addition, because biomass is rich in protein and fatty acids, C. vulgaris could be cultivated in MTDW as a high-quality protein source in aquaculture.
CONCLUSION
The growth and biochemical composition of C. vulgaris cultivated in MTDW and nutrients removal efficiency from the wastewater were analyzed. After cultivated 15 days in MTDW, 0.65 g L−1 algal biomass with biomass productivity of 0.04 g L−1 d−1 were obtained. The protein content, carbohydrate, and lipids reached 49.6 ± 1.4%, 26.1 ± 0.6%, and 10.4 ± 1.8%, respectively. 94% of phosphorus and 80% of nitrogen were removed from MTDW, and the removal efficiency of COD reached 72.24%. In addition, there was the highest removal efficiency of Ca2+ in MTDW with recording a 100%. Followed by Mg2+, an 85.37% removal efficiency was reached. The removal efficiency of other nutrients Na+, K+, Fe3+, As3+, B−, Mo2-, and Cu2+ obtained ranged 3.92–42.86%. This study proved that it was feasible to cultivate Chlorella with MTDW and represented an economical and environmentally friendly Chlorella cultivation strategy. There appears to be a great potential for Chlorella in the area of tertiary distillery wastewater treatment. The feasibility of applying it to full-scale requires further research in culture strategy to maximize biomass production and improve the removal efficiency of nutrients in wastewater.
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Methylene blue (MB) is a common pollutant in wastewater of printing and dyeing industry. At present, ozone oxidation is commonly used in the treatment of printing and dyeing wastewater. Ozone is used for oxidation reaction directly and indirectly. However, the reaction rate is not fast enough. In this study, the attapulgite (ATP) was modified by tetrabutyl titanate-ethanol solution. The TiO2/ATP nanocomposite with high catalytic activity was prepared. The synthesized samples were subjected to characterized by X-ray diffraction (XRD) and Fourier Transform infrared spectroscopy (FTIR). The morphology and particle size of the particles were observed by scanning electron microscopy (SEM). The TiO2/ATP nanocomposite was calcined at 300°C for 2 h, and the degradation rate of 80 mg/L methylene blue was 99.8%. The experimental results show that the ozone, temperature and mass transfer factors are excluded, and the effects of temperature, MB concentration and pH on the degradation of methylene blue are investigated. The optimal reaction conditions are as follows: The ozone concentration is 0.067 g/min; the ozone flow rate is 0.15 NL/min; the stirrer rotation speed is 550 r/min; the catalyst is 0.1 g; the temperature is 50°C; Based on the results, the reaction mechanism was derived and the kinetic study of the experiment was carried out.
Keywords: titanium dioxide, attapulgite, methylene blue, catalytic ozonation, kinetics
INTRODUCTION
At present, the discharge of dye industry wastewater has reached 2 billion tons per year (Xue 2021). Considered as environmental pollutant, there are over 30,000 kinds of synthetic dyes used worldwide. Among them, the wide application of methylene blue in the printing and dyeing industries has resulted in the alarming pollution of industrial wastewater containing methylene blue to other pure water bodies (Zhang et al., 2008).
The current approaches of wastewater treatment containing organic dye include biological method, coagulation method, oxidation method, adsorption method and membrane separation method. The most commonly used methods for treating dyeing wastewater at home and abroad are biochemical method, flocculation precipitation method and catalytic oxidation with activated as catalyst where later two approaches have been the common practice (Song et al., 2003; Li, 2007; Chen et al., 2009). The activated carbon is expensive and the regeneration process is complicated, which limits its wide application.
Because of its unique crystal structure, large specific surface area, high chemical and mechanical stability, attapulgite is suitable for catalyst carrier. Especially for the low price, attapulgite has practical significance in wastewater treatment. Meanwhile the slag can be reused, where the photocatalyst can be prepared with TiO2. Studies showed that activated attapulgite is resistant to organophosphorus pesticides such as trichlorfon and dichlorvos (Peng et al., 2006; Zhang et al., 2013; Yang et al., 2014). In the wastewater treatment process, the transitional metallic,as a catalytic, can speed up the reaction, and improve the reaction efficiency. The results of previous experiments showed that the homogenous catalysis of Zn, Ti, Mn, Ni. Sometimes, the same element can be not only used as a catalyst in the solution, but also in the solid phase accelerator as an active component (Yin et al., 2003). TiO2 has been widely studied for the degradation of various organic compounds because it is nontoxic, highly efficient, stable, environmentally friendly, and inexpensive (Virkutyte and Varma, 2012; Yin et al., 2013; Fang et al., 2014; Yu et al., 2019; Qiao et al., 2021). So, TiO2 was used as the active component of multiphase catalyst in this paper. Oxygen atoms in ozone have strong electron-philicity or proton-philicity, so they show strong oxidizability. Ozone molecules decompose into highly active oxygen atoms, and part of ozone decompose into hydroxyl radical •OH with strong oxidizing effect in water. Strong oxidation of oxygen atoms and •OH in water can sterilize, destroy the organic structure, degrade the organic matter, make the organic matter mineralization (Masschelein, 1992). The process has the characteristics of non-toxic, low secondary pollution, low selectivity, quick action time and high efficiency. ATP is a very good catalyst carrier, where TiO2 was loaded on as the active component can promote the conversion of ozone oxide into hydroxyl radical which can accelerates the decomposition of MB.
In this paper, TiO2/attapulgite nanocomposite were successfully prepared. The catalytic process, with ozone-assisted oxidation was investigated, including the effects of temperature, MB concentration and pH on the degradation of methylene blue. Moreover the property and microstructure of the catalyst were measured. And the degradation mechanism of MB was derived and the reaction kinetic was proposed.
EXPERIMENTAL
Experimental Set-Up
The experimental set-up used in the experiment are a 4 flask with 250 ml volume, 101-1AB electric blast drying oven (Beijing Zhongxing Weiye Century Instrument Co., Ltd.) for drying sample, a constant temperature magnetic stirrer (Shanghai Lichen Bangxi Instrument Technology Co., Ltd.) for reaction, HY-010 type ozone generator (Chengdu Yifeng Hongyuan Environmental Protection Technology Co., Ltd.), I3 type UV-visible spectrophotometer (Jinan Haineng Instrument Co., Ltd.) for analysis sample concentration and OTL1200 type tube furnace for modifying catalyst with high temperature. The experiment set-up is shown in Figure 1:
[image: Figure 1]FIGURE 1 | Diagram of experimental devices. 1-Ozone generator, 2-colloidal sampler, 3-thermometer, 4-exhaust pipe, 5-tail gas recovery cup, 6-four-necked flask, 7-magnetic stirring heater, 8-stirring rotor.
Experimental Reagents
The chemical reagents used in the experiment are methylene blue C16H18CIN3S·3H2O, attapulgite (ATP) Mg5Si8O20(OH)2(OH2)4·3H2O, tetrabutyl titanate (C16H36O4Ti), anhydrous ethanol (C2H5OH), hydrochloric acid (AR), ammonia (AR), sodium diethyldithio carbamate (AR), hydroxylamine hydro-chloride (AR), ammonium citrate (AR), ethylenediamine (AR), trichlorome -thane (AR).
Preparation of ATP/TiO2
About 40 g of attapulgite with a particle size of about 180 mesh was screened and immersed in 200 ml of 4 mol/L dilute hydrochloric acid for 8 h, and then filtered by suction to neutrality and dried in an oven at a temperature of 80°C for 4 h. A tetrabutyl titanate-ethanol impregnation solution with a volume ratio of 1:4 was placed for use. The water absorption of 31.8 g acid-modified attapulgite was measured to be 24.5 ml, and it was dried in an oven for 3 h. Subsequently, 24.5 ml of tetrabutyl titanate-ethanol impregnation solution was added to 31.8 g of attapulgite, sealed with a plastic wrap, and immersed for 13.5 h. The impregnated attapulgite was hydrolyzed in a water bath for 1 h, hydrolyzed to Ti(OH)4, dried in an oven and oxidized to TiO2, and dried for 3 h. The attapulgite was placed in a tube furnace and calcined at 500°C for 2 h, and sealed in a bag.
Characterization
The X-ray diffractometer (XRD) was used for the physical phase and purity analysis of all samples on the DX-2600 instrument with Cu Kα as the radiation source with an operating voltage of 30 kV and a current of 10 mA. The morphology of the particles was observed by transmission electron microscopy (SEM), and the working voltage was 15 kV. The compostion and functional groups of all catalysts were qualitatively analyzed via infrared spectroscopy (FTIR) with spectral scanning range: 4000-4000 cm−1.
Catalytic Oxidation of Methylene Blue Wastewater
An analytical balance was used to weight 0.1 g of modified attapulgite from section 2.3 for later use. A certain amount of methylene blue stock solution was removed from the 1000 mg/L methylene blue mother liquor to prepare a methylene blue reaction solution of the desired concentration. The prepared MB solution was poured into a dry four-necked flask, with a magnetic stirrer; the four-necked flask containing the solution was placed in a water bath where the MB solution below the water. The speed and temperature of the magnetic stirrer were set; the bottom of the meter and the bottom of the trachea were at the same level as the stirrer; when the reaction temperature of the MB solution reached the specified temperature, it would pass through the four ports. After the modified attapulgite catalyst was added into the flask, the ozone generator switch was turned on and the timer was started. The sampler was used to take 5 ml of sample liquid through the sampling port every time. The residue was filtered through the disposable filter head and then put into the sample tube for testing. The temperature was controlled during the reaction so that the temperature difference was lower than ±1°C. After the reaction was completed, the solution with a constant volume was measured by an ultraviolet spectrophotometer at its maximum wavelength of 665 nm. The degradation rate is calculated according to the following formula:
[image: image]
Where D is the degradation rate (%), and A and A0 are the absorbance before and after degradation, respectively.
RESULTS AND DISCUSSION
SEM of the Sample
The SEM is employed to study the morphology of the attapulgite/TiO2 composite materials. The SEM images ot three composite samples, calcined at 300°C, 400°C, and 500°C for 2 hours were shown in Figure 2. One can see that the attapulgite has a loose structure as well as a large surface area and specific surface area, so it has a good adsorption effect. The TiO2 nanoparticles with a particle size of less than 10 nm are more uniformly distributed on the surface of the attapulgite clay, and the morphology and size of the TiO2 and the attapulgite clay change little after loading. Nevertheless, the TiO2 nanoparticles are not fully attached to the surface of the attapulgite clay. With a small amount of TiO2, the crystal form has anatase transformed into rutile type, and a small amount of spherical-like particles appear on the surface. A small portion is dispersed around the TiO2/attapulgite powder, which indirectly increases the specific surface area and surface area. When the temperatures are 300°C and 400°C, the structure changes little, but the crystal structure of TiO2 on the surface will change. At 500°C, the catalyst has a loose structure. Although the surface area has increased, the pore structure of the crystal will collapse, thereby reducing the specific surface area.
[image: Figure 2]FIGURE 2 | (A) SEM image of Original soil, (B) Calcination at 300°C, (C) Calcination at 400°C, (D) Calcination at 500°C.
As shown in Figure 2A, the surface of the original attapulgite without heating has a layered structure with a smooth surface, which has a large surface area and specific surface area.
Figure 2B is the SEM of the modified attapulgite that was calcined at 300°C, one can see that the surface of the heated attapulgite becomes porous, and the internal structure changes. The small white spheres on the surface are TiO2 particles which increase the surface area and the adsorption efficiency.
Figure 2C shows the SEM of attapulgite calcined at 400°C,whchi showed a more fluffy porous structure with a dense layers, the shapes of TiO2 particles become irregular than those in Figure 2B.
When the attapulgite is calcined at 500°C, its surface becomes fluffier and more porous as shown in Figure 2D. Meanwhile the pores collapse, the surface is sintered, and the growth of TiO2 crystals is hindered.
XRD Characterization of the Sample
In order to further investigate the coating condition of the sample, the X-ray diffraction spectrum of sample was collected. The range is 5–90°. The XRD results were analyzed by Jade software to obtain the phase analysis and the results. ATP/TiO2 calcined at 300, 400, and 500°C are shown in Figure 3.
[image: Figure 3]FIGURE 3 | XRD patterns of ATP and ATP/TiO2 prepared under different calcination temperture.
It can be seen from that the XRD patterns of four ATP samples have a strong diffraction peak where the 2θ is at 8.495°. For the ATP/TiO2 sample with a calcination temperature of 300°C, a strong diffraction characteristic peak of TiO2 appears when 2θ is 25.339 and 30.807, respectively. For the ATP/TiO2 sample calcined at 400°C, a strong diffraction characteristic peak of TiO2 appears when 2θ is 27.446, 36.085, and 54.322, respectively. At the calcination temperature of 500°C, a strong diffraction characteristic peak of TiO2 show at 25.27 and 48.049. The higher the temperature, the more TiO2 is loaded in the ATP. In the four graphs, the diffraction peak of ATP decreases with the rising temperature. This is ascribed to the reduction of the ATP diffraction peak intensity caused by the hydroxyl group on the attapulgite clay’s surface as well as the separation of adsorbed water, crystal water and structural water. When the temperature is too high, the internal channel collapses. Other peaks in the graph are caused by the presence of impurities in the sample itself. The overall crystal lattice of the catalyst is intact and not destroyed. The product has obvious diffraction peaks, and the interlayer spacing fluctuates. The diffraction peaks remain orderly after calcination, and the crystal lattice is intact.
In order to further investigate the coating condition of the sample, the FTIR of sample was collected.
Figure 4 was the FTIR patterns of ATP and ATP/TiO2. The absorption peaks at 470 and 1032cm−1 corresponded to the stretching vibration of the Si-O-Si bond in amorphous SiO2. The absorption band of modified attapulgite near 700cm−1 is produced by asymmetric stretching vibration of Ti-O. The absorption peak at 1639cm−1 is produced by N-H. The absorption peak in the range of 3000 to 3800cm−1 is generated by the surface hydroxyl group of SiO2. The absorption peaks of ATP/TiO2 were weakened because other chemical bonds were formed after the modification.
[image: Figure 4]FIGURE 4 | FTIR patterns of ATP and ATP/TiO2.
Catalytic Oxidation of Methylene Blue by ATP/TiO2
Effect of Ozone
In 150 ml MB solution, the experimental condition as follows: the concentration is 60 mg/L, the flow rate of ozone is 0.15 NL/min, the concentration of ozone is 0.067 g/L, pH is 5.5, the amount of attapulgite is 0.1 g, the stirring speed is 55 r/min, and the reaction temperature is 50°C. The reaction results are as shown in the figure below:
It can be seen from Figure 5, when the same modified attapulgite is added, the ozone ratio is different, and the degradation rate of methylene blue increases to some extent. In the absence of ozone, the degradation rate can reach 90% or so. After the introduction of ozone, the rate can reach 98%. This indicates that the catalyst has a certain adsorption capacity, but the degradation rate can be further improved under the indirect oxidation of ozone. The addition of catalyst significantly improves the efficiency, indicating that the catalyst plays a critical role in the degradation of methylene blue.
[image: Figure 5]FIGURE 5 | Comparative experimental results of ozone and catalyst.
The effect of ozone concentration was also considered, and the results are as shown in Figure 6:
[image: Figure 6]FIGURE 6 | Effect of ozone concentration on degradation rate.
It can be seen from Figure 6 that the degradation rate of MB decreases with the increasing ozone flow rate. When the ozone concentration is above 0.067 g/L, the degradation rate of MB decreases with the increase of ozone concentration. Nevertheless, when the ozone concentration is below 0.067 g/L, the degradation rate of MB decreases as the ozone concentration declines. Thus, it can be concluded that the optimal ozone concentration is 0.067 g/L.
The reason is that during the reaction, the ozone content in the solution is affected by the dissolution, reaction and decomposition of ozone (Chen et al., 2015; Zhang et al., 2015). Within a certain ozone flow range, as the ozone flow rate increases, the solubility of ozone in water increases, and the yield of •OH also increases, resulting a faster degradation of MB. For a certain volume of reaction system, the solubility of ozone in the solution is constant. After he solution is saturated with ozone, the ozone in the reaction system is excessive, in which case, the impact of the amount of ozone on the reaction is negligible. When the ozone flow exceeds a certain value, excessive ozone will participate in the quenching reaction of OH (see Equation 1), which reduces the amount of •OH involved in the reaction and thus impacts the degradation of MB.
[image: image]
The gas-liquid mass transfer factor is eliminated, so that the reaction system is controlled by reaction and non-mass transfer control. In this experiment, in order to make the degradation rate of MB as high as possible, the ozone flow rate was chosen to be 6 L/min. If applied to industrial production, the economic efficiency of unit ozone removal MB should be evaluated to determine the optimal ozone flow.
Effect of Reaction Temperature
The experimental condition as follows: At a rotational speed of 550 r/min, the ozone flux is 0.15 NL/min, the ozone concentration is 0.067 g/L, and the pH is 5.5. The amount of attapulgite is 0.1 g, the initial concentration of 150 ml of MB solution is 60 mg/L. The reaction was carried out under the conditions of 20°C, 30°C, 40°C, 50°C, and 60°C, respectively. The change curve of MB degradation rate over time is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Effect of reaction temperature on MB degradation rate.
It can be seen from Figure 7 when the reaction temperature is lower than 50°C, the degradation rate of MB gradually increases with the rising reaction temperature; when the reaction temperature is 50°C, the change in reaction temperature has little effect on the degradation of MB. Therefore, with the increase of reaction temperature, the degradation rate of MB first increases and then remains unchanged According to the study by Masschelein (1992), ozone is quite poor in stability and is easy to decompose at even room temperature (see Eq. 2). The half-life of ozone decomposition in water is related to temperature. When the temperature is below 50°C, the decomposition rate will increase accordingly as it rises, and more •OH will be produced in the solution, and increasing temperature will enhance the activation in the reaction system (Li, 2007). The ratio of molecules increases the probability of effective collision and accelerates the degradation rate. Nevertheless, when the temperature rises to a certain value, the solubility of ozone in water will be greatly reduced. Because •OH can be decomposed by ozone in water, the degradation rate is reduced accordingly.
[image: image]
The optimum reaction temperature is 50°C, at which neither the solubility of ozone in water is not too low nor the degradation rate is not too slow, thus the reaction rate can be maintained at a suitable temperature. Furthermore, this is also the temperature that is easier to control, so the temperature of subsequent experiments is set to 50°C as well.
Effect of MB Solution Concentration
The experimental condition as follows: the reaction temperature is 50°C, the rotation speed is 550 r/min, the ozone flux is 0.15 L/min, the ozone concentration is 0.067 g/L, the attapulgite dosage is 0.1 g, pH is 5.5, the initial concentration of 150 ml MB solution is 40 mg/L. The experiment was performed under the conditions of 50 mg/L, 60 mg/L, 70 mg/L and 80 mg/L. The variation curve of MB degradation rate over time is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Effect of MB solution concentration on MB degradation rate.
The gas-liquid-solid heterogeneous reaction is a complex process. As can be seen from Figure 8, under the above optimal experimental conditions, the initial concentration of MB was changed to observe the degradation of MB. The results showed that the degradation rate is faster as the initial concentration of MB is lower. Because of the heterogeneous catalysis, the reactants are adsorbed before the catalytic reaction, and adsorbed in the catalyst pores for catalytic oxidation. Due to the limited the adsorption sites, the higher the MB concentration, the lower the adsorption efficiency. In addition, because the molecular weight of the adsorbed reactants is also limited, the degradation rate declines as the increasing concentration.
Effect of pH
The experimental condition as follows: the reaction temperature is 50°C, the rotational speed is 550 r/min, an ozone flux is 0.15 L/min, the ozone concentration is 0.067 g/L, attapulgite dosage is 0.1 g, an initial concentration of 150 ml of MB solution IS 80 mg/L. The change curve of MB degradation rate over time is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Effect of pH on MB degradation rate.
The results showed that the decolorization rate of MB increases along with the pH. Under acidic conditions, the decolorization rate is lower than that under alkaline conditions. By analyzing the principle of ozone oxidation, it is found that the oxidation intensity of ozone enhances with the rising pH. The above experimental phenomenon indicates that the hydroxyl radical generated by ozone decomposition by itself is the main driving force for MB degradation. Under acidic conditions, the direct reaction between ozone and MB molecules is much slower. Therefore, the degradation process of MB can be expressed by a continuous quasi-first-order equation.
Effect of Catalyst Calcination Temperature
The tetrabutyl titanate-ethanol impregnation liquid has a volume ratio of 1:4. After intermediate treatment, it is calcined by a nitrogen atmosphere in a tube furnace, and calcined at 300°C, 400°C, and 500°C, respectively. The effect of calcination temperature on the degradation rate of 80 mg/L MB solution was investigated. The experimental results are as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Effect of calcination temperature on methylene blue wastewater.
When the calcination temperature is too high, the catalyst pores collapse and the specific surface area of adsorption is reduced, so the degradation rate will be slowed down, whereas, the temperature increases TiO2 and ATP load better, so the final degradation rate will tend to a close value.
Recycle and Re-Use
Collect the used composite catalyst, wash it several times with deionized water, dry it and grind it. Obtain the relationship between the number of times the composite catalyst is used and the degradation rate, as shown in Figure 11:
[image: Figure 11]FIGURE 11 | The effect of times of use.
From Figure 11, it can be seen that the recovered attapulgite/TiO2 composite photocatalyst still exhibits high catalytic activity, and the degradation effect can reach 89% even if it is used for the fourth time. This shows that attapulgite as a carrier can give full play to its characteristics of strong adsorption and high thermal stability. The composite catalyst solves the problem of secondary pollution while processing methylene blue, and enhances the utilization rate of titanium dioxide.
Ozone Reaction Kinetics
Ozone enters the aqueous solution through aeration, in which the gas-liquid contact mass transfer is involved, and the gas is diffused in the water. According to classical dual-mode theory (Achari et al., 2021; Wu et al., 2021), ozone oxidation of organic matter may exist in two forms: the form of ozone gas diffuses into the liquid, reacts with organic matter at the gas-liquid interface or liquid film before entering the liquid phase, and the selectivity of ozone for such substances Strong results; another portion of unreacted ozone reacts with the organic matter through the liquid membrane into the liquid phase.
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Where [O3] and [D] are the concentrations of ozone molecules and organic matter, respectively, and the ozone concentration and OH are deemed to be constant values. In the unbuffered MB solution, a quasi-stable condition for hydroxyl radicals is assumed. The concentration of hydroxyl radicals can be estimated by Benitez and Beltran from Eq. 5:
[image: image]
In the formula, [HO·] and [HOO·] are the concentrations of hydroxyl radicals and hydroxide ions, respectively. [O3] is the dissolved ozone concentration, [D] is the concentration of the MB solution, and kHO· is the second-order rate constant of the [·OH] reaction path. kHOO· is a kinetic constant for the decomposition of ozone to form a free radical HOO· under high pH conditions. At higher pH, the ozone molecules decompose more hydroxyl radicals, resulting in a large amount of hydroxide ions. Substituting [OH] in Eq. 5 into Eq. 6, yields Eq. 7:
[image: image]
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Since the concentration of O3 is excessive, the ozone oxidation process of MB molecules is an apparent quasi-first-order kinetic reaction. Therefore, the formulas kO3·[O3] and 3k·OOH·[O3] are assumed to be constant.
Under acidic conditions, the MB solution in deionized water has a PH of 5.5. In weakly acidic solution, because the MB solution is a non-buffered solution, [OH−] is 0 in the solution. The kinetic formula is the apparent first-order kinetics:
[image: image]
With the standard curve of MB solution, the molar concentration at time t at T = 50°C, CMB = 80 mg/L, and pH = 5.5 is obtained. Because ozone is continuously and excessively introduced during the reaction, k·[O3] in the formula can be used as a constant. MATLAB software is used to theoretically model the formula. The kinetic equation is:
[image: image]
The following results are obtained by fitting the experimental data, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Residual analysis.
As shown in the figure, the residuals of the experiments are evenly distributed on the upper and lower sides of the zero line, indicating a good fitting degree.
The k values with different temperatures were obtained as shown in Table 1.
TABLE 1 | k values fitted at different temperatures.
[image: Table 1]According to Arrhenius formula.
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Ea was obtain by plotting lnk 1/T.
From Figure 13, the slope is −5610.59, so the Ea is 46.646 kJ/mol.The results show that when the ozone is excessive, the ozone concentration is constant, and the degradation kinetics of the MB solution is the apparent first-order kinetics. Under acidic conditions, MB degradation is carried out by direct ozone oxidation, whereas under alkaline conditions, MB degradation is carried out by indirect ozone oxidation. In terms of the relative degradation rate, the higher the pH, the faster the degradation rate. For the final degradation rate, the weak acidity, neutrality and alkalinity can reach 99% degradation rate. This indicates that the above kinetic equation is suitable for most reactions, except for strongly acidic reactions. The degradation rate of MB in this process is 99.8% greater than 73.8% obtained by some reaserchers (Yin et al., 2003) under the optimum condition.
[image: Figure 13]FIGURE 13 | Residual analysis.
CONCLUSION
In this work, the experimental scheme is to impregnate the attapulgite with a volume of tetrabutyl titanate-ethanol solution. After drying, the tetrabutyl titanate was hydrolyzed to TiO2 under the action of water vapor, and calcined at a low temperature of 300°C to obtain a uniform distribution of surface anatase TiO2. The TiO2 attapulgite nanocomposite was loaded, and the material had high catalytic activity.
The attapulgite modified with TiO2 was calcined at 300°C for 2 h, and the degradation rate of 80 mg/L methylene blue was 99.8%. The experimental results show that the ozone, temperature and mass transfer factors are excluded, so the effects of temperature, MB concentration and pH on the degradation of methylene blue are investigated. The optimal reaction conditions are as follows: The ozone concentration is 0.067 g/min; the ozone flow rate is 0.15 NL/min; the stirrer rotation speed is 550 r/min; catalyst is 0.1 g; the temperature is 50°C.
The decolorization process of MB is quasi-first-order kinetics, and the kinetic equation is obtained with Ea 46.646 kJ/mol.
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The strong stability of Cu–ethylenediaminetetraacetic acid (Cu–EDTA) results in the low decomplexation efficiency by the traditional Fenton process. For breaking this limitation, a three-dimensional electro-Fenton (3D-EF) system was constructed to study the decomplexation of Cu–EDTA at different pH, and the effects of Fe2+ concentration, particle electrode dosage, current density, and coexisting ions on decomplexation performance were investigated. The results showed that 3D-EF exhibited high pollutant removal efficiency in a wide pH range compared with the traditional electro-Fenton process. The optimal conditions for the removal of Cu–EDTA were as follows: the pH was 7, Fe2+ was 1 mmol L−1, granular activated carbon was 2 g L−1, and current density was 10 mA cm−2, and the optimum Cu–EDTA removal efficiency reached 90.95%. In addition, the presence of Cl− slightly improved the decomplexation efficiency, whereas NO3− and HPO42− inhibited the removal of Cu–EDTA. The kinetics of Cu–EDTA decomplexation in all experimental groups followed the first-order kinetic equation.
Keywords: Cu-EDTA, three-dimensional electro-Fenton, decomplexation, parameter optimization, electrochemical
INTRODUCTION
The chelator ethylenediaminetetraacetic acid (EDTA) is widely used in electroplating, metallurgical, and chemical cleaning industries to form stable complexes with heavy metals of different structures (Wang et al., 2019; Wang Y. et al., 2020). Their efficient removals remain a key challenge in the field of wastewater treatment. Cu–ethylenediaminetetraacetic acid (Cu–EDTA), a strong stability complex compound in wide pH range of wastewater, poses potential hazards to water, soil environments, and human health (Song et al., 2021), and it is difficult to remove from wastewater by chemical precipitation and other processes. Therefore, appropriate methods should be taken to overcome this problem (Hu et al., 2021; Wang and Chen, 2021; Wang and Tang, 2021).
Some promising treatment methods for removing the stable complex from wastewater have received extensive attention, such as electro-coagulation (Xie et al., 2020), nonthermal plasma oxidation (Wang et al., 2019; Liu et al., 2021), photo-electrocatalytic oxidation (He et al., 2021; Shah and Patel, 2021), ozone-based oxidation (Zhao et al., 2018a; Guan et al., 2022), and microwave-assisted Fenton reaction (Wang H. et al., 2020; Xia et al., 2021). Electrochemical advanced oxidation processes (EAOPs) are sought-after for many researchers due to their high degradation efficiency, versatility, and environmental friendliness (Wang and Zhuan, 2020; Wang and Chen, 2021; Wang and Wang, 2021). The hydroxyl radical (·OH) produced from the electro-Fenton (EF) process by the reaction of Fe2+ and H2O2 solution owns the characteristics of strong oxidation, high reactivity, easy formation, non-selectivity, and harmlessness, which has been proved to have perfect removal performance for the stable complex in wastewater (Wang and Wang, 2018; Chen and Wang, 2021). Chu et al. (2022) prepared several composite cathodes using graphite, carbon nanotube, and polytetrafluoroethylene, and the degradation efficiency of cefepime reached nearly 100% at pH 3.0. Zhang et al. (2022) synthesized a novel core-shell Fe@Fe2O3–CeO2 composite for effective degradation of the tetracycline (TC) pollutant, and TC removal efficiency reached 90.7% within 1 h at the optimum pH of 3.85. Midassi et al. (2020) used the carbon-felt cathode and boron-doped diamond anode to completely remove chloroquine at pH 3.0. Hence, three-dimensional electro-Fenton (3D-EF) is appropriate for refractory organics removal, and whether it owns the same decomplexation efficiency on Cu–EDTA needs to be further studied.
The EF reaction could produce high activity only in a narrow pH range (may be in pH 2.5–3.5), which greatly limits the application of EF technology. In order to solve the problems, the 3D-EF system has been constructed by adding particle electrodes between the anode and cathode. It was reported that the rhodamine B removal reached 91.6% in the 3D-EF system in the presence of Fe–Cu/kaolin particle electrodes (Zhang et al., 2019). Iron foam was used as the particle electrode in a 3D-EF system in the study of Zheng et al. (2019) and found that the chemical oxygen demand (COD) and total nitrogen (TN) removal percentage in folic acid wastewater reached 43.5 and 70.4%, respectively, under the following optimal conditions: the initial COD concentration of 10 g L−1, applied current of 0.3 A, initial pH of 3, and particle electrode of 4 g. It is noteworthy that the Long’s team reported that the diclofenac removal rate reached 96.3% in the presence of manganese slag–loaded active substance as a particle electrode (Long et al., 2019). Among them, it can be noted the work of Li M. et al. (2021), who prepared Cu–Fe bimetallic aerogel-like carbon as a catalytic particle electrode based on sodium alginate to remove 81.1% of fulvic acids at pH 5.4, voltage 2.5, and catalyst dosage of 4 g L−1.
In the 3D-EF system, the electrode plate, pH, Fe2+, particle electrodes, current density, and coexisting ions could affect the efficiency of pollutant removal. Among them, the electrode material plays a decisive role in the generation of OH, which is a key factor in the wastewater treatment by EF (Ou et al., 2019). According to the reports, graphite electrode plates (carbon materials) have been widely examined and regarded as the most efficient electrode plates (Zhang et al., 2019; Zhang B. et al., 2019; Song et al., 2020). Graphite material plates showed better removal effect for some refractory organics, but less research was carried out on Cu–EDTA using graphite polar plates. Due to the unique functional group structure on the surface of graphite (carbon materials), organics decompose through free radical–induced pathways (Duan et al., 2018). Compared with other electrodes, graphite electrodes are easier to obtain, low-cost, nontoxic, and own a high specific surface area, which will be cost-effective in electrochemical analysis (Le et al., 2017; Zhao K. et al., 2018). In addition, the excellent electrical conductivity of graphite makes it an ideal candidate for electrodes (Pan et al., 2020; Tasić et al., 2021).
In this study, a 3D-EF system with granular-activated carbon (GAC) as the particle electrode was used to remove Cu–EDTA. The effects of main parameters (the pH value of initial solution, Fe2+ concentration, particle electrode dosage, current density, and coexisting ions) on the decomplexation performance of Cu–EDTA were optimized. In addition, the reaction kinetics for all optimization processes were fitted. This study provides a new idea for the decomplexation of Cu–EDTA and other complexes, and provides a suitable way for the treatment of complex heavy metal complexes.
MATERIALS AND METHODS
Chemicals
All the reagents used in this study were of analytical grade. Ethylenediaminetetraacetic acid disodium salt (C10H14N2Na2O8·2H2O) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Copper sulfate (CuSO4·5H2O), sodium chloride (NaCl), sodium nitrate (Na2NO3), disodium hydrogen phosphate (Na2HPO4·12H2O), and sodium sulfate (Na2SO4) were purchased from Tianjin Damao Chemical Reagent Factory. (Tianjin, China). Sodium hydroxide (NaOH) was purchased from Shantou Xilong Scientific Co., Ltd. (Shantou, China). Sulfuric acid (H2SO4) was purchased from Hengyang Kaixin Chemical Reagent Co., Ltd. (Hengyang, China). GAC was obtained from Shanghai Aladdin Inc. (Shanghai, China). The particle size of GAC is approximately 0.6–2 mm. Solutions were prepared with Milli-Q water.
Experimental Setup
In this study, the experimental device consists of a 5 A, -30 V DC-regulated power supply (HXD-305DM), 500-ml beaker, and magnetic stirrer (IKA). The polar plates were dual graphite electrode plates (100 × 50 × 5 mm) with a 70-mm plate spacing and GAC particle electrode. The graphite electrode plate and GAC were boiled in dilute acid and alkali for 30 min, ultrasonic cleaned for 20 min, and dried in an oven at 105°C for 10 h.
Experimental Procedure
The Cu–EDTA reserve solution of 50 mg L−1 was added into a 500-ml breaker with a volume of 300 ml solution for each experiment. Besides, 0.2 mol L−1 NaOH and H2SO4 were used to adjust the initial pH, and 0.047 mol L−1 Na2SO4 was used as the electrolyte. The reaction time was 120 min, and the samples were taken three times at 10, 30, 60, 90, and 120 min. After that, sample’s pH were adjusted to 11 with H2SO4 or NaOH to form hydroxide precipitates of heavy metal ions to remove from the supernatant and diluted 500 times for further detection. The concentration of the remaining heavy metal complex in samples was determined by inductively coupled plasma mass spectrometry (ICP-MS) after being filtered by a 0.22-µm membrane.
Cu–EDTA Degradation by 3D-EF
In order to prove the advantage of the 3D-EF system for the decomplexation of Cu–EDTA, a GAC system (pH = 3 and Fe2+ = 1 mmol L−1), EF system (pH = 3, Fe2+ = 1 mmol L−1, and current density 4 mA cm−2), and 3D-EF system (pH = 3, Fe2+ = 1 mmol L−1, GAC 2 g L−1, and current density 4 mA cm−2) were set up. Three samples were taken at 10, 30, 60, 90 and 120 min to detect the Cu concentration.
Parameter Optimization of 3D-EF Degradation
The relevant factors include pH, Fe2+, particle electrodes, and current density to assess the efficiency in removing Cu–EDTA via the 3D-EF. For investigating the effect of pH on the decomplexation of Cu–EDTA, the changes of Cu–EDTA removal efficiency in different pH (pH = 3, 5, 7, and 9) were investigated. Different amounts of Fe2+ (0.5, 1.0, 1.5, and 2.0 mmol L−1 Fe2+) were put into the solution to study the effect of Fe2+ dosages on Cu–EDTA decomplexation. This was followed up by using the most suitable pH solution obtained from the previous experiment. Subsequently, different doses of the particle electrode (doses of 1, 2, 3, 4, 5, and 6 g L−1) were added to discuss the effect of the particle electrode on the decomplexation of Cu–EDTA. The most suitable conditions such as pH, Fe2+ dosages, and particle electrode were prepared. A certain current density (2, 4, 6, 8, 10, and 12 mA cm−2) was added to study its effect on Cu–EDTA decomplexation.
Effect of Coexisting Ions on Cu–EDTA Removal
The effects of coexisting ions (Cl−, NO3−, and HPO42−) were studied in terms of the most suitable conditions such as solution pH of 7, 1 mmol L−1 Fe2+, 4 g L−1 GAC, and current density of 10 mA cm−2.
Chemical Analytical Methods
The solution pH was measured by a pH meter (PB-10, Sartorius). During the electrolysis, samples were collected at specific time intervals for copper ion determination. If not noted otherwise, each experiment was repeated three times to ensure the repeatability of experimental results. The concentrations of copper ions were determined by inductively coupled plasma mass spectrometry (ICP-MS, NexlON 2000). The conditions for the detection of copper ions were as follows: a radio frequency power of 1500 W, plasma gas flow of 15 L min−1, and auxiliary gas flow of 1.0 L min−1 and nebulization gas flow of 1.0 L min−1.
Statistical Analysis
Three replicates were conducted for each sample, and average values were calculated and shown in charts. Origin 8.6 software was used for drawing figures.
The Cu–EDTA removal rate was calculated by Eq. 1.
[image: image]
where R is the removal efficiency at time (t), C0 is the initial concentration, and Ct is the copper ion concentration at time (t).
The term removal rate refers to the kinetic process; the Cu–EDTA decay is followed by the first-order reaction kinetics with reaction rate constants (Kobs) determined in min−1 according to Eq. 2.
[image: image]
where t is the electrolysis time (min).
RESULTS AND DISCUSSION
Removal of Cu–EDTA by 3D-EF
Three different reaction systems, i.e., GAC adsorption system, EF reaction system, and 3D-EF reaction system were studied to prove the advantage of the 3D-EF process for the decomplexation of Cu–EDTA, and the results were demonstrated in Figure 1. The decomplexation efficiency of Cu–EDTA increased with the reaction time extended in all experience groups (Figure 1A), and the removal rates of Cu–EDTA were 11.37, 75.46, and 86.81% in three groups, respectively. The 3D-EF reaction system owned higher removal efficiency than that of GAC adsorption and EF processes. From Figure 1B; Table 1, it is noted that the degradation of Cu–EDTA in all systems conformed to the first-order kinetic model, and the reaction rate constant Kobs of the 3D-EF, GAC, and EF were 0.0175, 0.0126, and 0.0012, respectively, which indicated that the 3D-EF reaction system owns a good application prospect for Cu–EDTA decomplexation. Hu et al. (2021) prepared the Ni/GO-PAC particle electrode, and Cu–EDTA degradation reached 99% at 1 mmol L−1 Cu–EDTA, current density of 1.6 mA cm−2, and pH = 3.15. Also, Song et al. (2021) used RuO2–IrO2/Ti and Al electrodes to treat Cu–EDTA wastewater, and the Cu removal efficiency reached 99.85%. Zhao et al. (2018b) explored the application of the EF technique by using iron-sacrificing electrodes, and the effluent could meet discharge standard (0.3 mg L−1 for Cu in China) under the initial pH of 2.0, H2O2 dosage of 6 ml L−1 h−1, current density of 20 mA cm−2, and sulfate electrolyte concentration of 2 g L−1.
[image: Figure 1]FIGURE 1 | (A) Removal efficiency of Cu–EDTA in different reaction systems and (B) kinetics fitting of Cu–EDTA removal in different reaction systems. (pH = 3 and Fe2+ = 1 mmol L−1).
TABLE 1 | Pseudo-first-order kinetics of Cu–EDTA removal in different reaction systems.
[image: Table 1]In the 3D-EF process, the additional particle electrode adsorbed pollutants, and the contaminated materials underwent electrochemical degradation on the surface of the particle electrode to achieve the efficient removal. The lower current was able to enhance the removal efficiency of pollutants, which could greatly improve the chemical reaction rate and treatment effect. Therefore, the 3D-EF reaction system exhibited better performance than the conventional EF reaction system. Theoretically, using activated carbon as the particle electrode in the EF reaction system was able to enhance Cu–EDTA removal, which was related to the particle electrode increasing the electrode specific surface area, increasing the utilization of the whole space, and improving the mass transfer effect (Zhang et al., 2018; Li H. et al., 2021), and a synergistic strengthening effect should appear with the combination of the activated carbon and electrochemical process. However, this synergy was not obvious in this study. It might because that the adsorption of Cu–EDTA by activated carbon was presented and occupied the active sites of the particle electrodes, and with the reaction extending, the Fe2+ and ∙OH on the surface of the particle electrode formed the Fenton reaction, whose products (Fe3+ and Cu2+) took the place of these sites to inhibit the synergistic strengthening performance.
pH Application Window for Cu–EDTA Decomplexation by 3D-EF
Different initial pH conditions could affect the degradation efficiency of Cu–EDTA and is illustrated in Figure 2A. The removal efficiency of Cu–EDTA reached more than 80% at different initial pH conditions, and the removal rates of Cu–EDTA were 84.22, 88.04, 90.19, and 87.74%, when the pH ranged from 3 to 9. Among them, the Cu–EDTA removal rate reached the maximum when the pH was 7. The experimental results proved that using GAC particles as the particle electrode in a 3D-EF system broke a limitation of pH conditions, which enabled the 3D-EF reaction system to better treat various types of water quality and greatly broadened the application window of pH. The kinetics of Cu–EDTA removal at different pH conditions were fitted as shown in Figure 2B. The reaction rate constant Kobs of Cu–EDTA reaches maximum at pH 7 and reaction time 120 min. The reaction rate constant Kobs showed a tendency of increasing at first and then decreasing with the increase of the initial pH, which was the same as the removal effect of Cu–EDTA (Table 2).
[image: Figure 2]FIGURE 2 | (A) Effects of pH application on the Cu–EDTA complex-breaking removal effect of Cu–EDTA and (B) kinetic fitting of Cu–EDTA removal effect.
TABLE 2 | Pseudo-first-order kinetics of Cu–EDTA removal at different pH.
[image: Table 2]The lower pH values tend to have higher pollutant removal rates in many EF studies. Shi et al. (2021) demonstrated that the removal rate of ibuprofen could reach 90.2% in 120 min at pH 3.0 and current density of 10 mA cm−2. Also, for aniline, ciprofloxacin, and cefazolin, their removal efficiencies were more than 99, 91.30, and 95.8% under acid condition, respectively (Ma et al., 2021; Yao et al., 2021; Ghasemi et al., 2020). GAC particles, particle electrodes used in a 3D-EF system, made this system remove Cu–EDTA better under neutral conditions. The reason could be explained as follows: low pH value contributed to higher oxygen evolution potential and direct oxidation played the dominant role. However, there would be a certain side reaction of hydrogen forming in the negative area, which inevitably occupied some of the active spots (Eq. 3) (Guan et al., 2018). Under acidic conditions, the Fenton reaction occurred between Fe2+ and ∙OH on the electrode surface of GAC particles, which could improve the oxidation ability of the whole reaction system and enhance the removal effect of Cu–EDTA. On the contrary, with the pH increase, the side effect of oxygen forming would occur in the positive area. The decomposition of H2O2 into H2O and O2 under alkaline conditions was also occurred in a certain scavenging reaction with ∙OH. In turn, the ∙OH on the particle electrode surface decreased and the oxidation capacity was somewhat diminished, so that the treatment efficacy decreased at high pH values (Eqs 4–6) (Zheng et al., 2019; Zhang M.-h. et al., 2019). Therefore, the operation of the 3D-EF system with GAC particles at neutral or near neutral pH reduced the chemical requirements for pH regulation and reduced operating costs to achieve optimal treatment performance.
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Influencing Factors of Cu–EDTA Removal by 3D-EF
Fe2+ Dosage
The Fe2+ dosage has certain influence on Cu–EDTA removal in a 3D-EF process. As shown in Figure 3A, the removal rate of Cu–EDTA presented an increasing trend first and then decreased with the increase of Fe2+ dosage. The highest removal efficiency could reach up to 90.95%, which was achieved at a Fe2+ dosage of 1 mmol L−1 after 120 min reaction. Kinetic fitting of Fe2+ dosage for Cu–EDTA removal is shown in Figure 3B with the increase of Fe2+ concentration. The reaction rate constant Kobs also showed a trend of increasing first and then decreasing, and the reaction rate constant Kobs peaked at the Fe2+ dosage of 1 mmol L−1. The reaction rate constant Kobs reached a maximum of 0.0215 at 1 mmol L−1 Fe2+ (Table 3).
[image: Figure 3]FIGURE 3 | (A) Effects of Fe2+ dosage on the removal effect of Cu–EDTA and (B) kinetic fitting of removal effect of Cu–EDTA.
TABLE 3 | Pseudo-first-order kinetics parameters of removal effect of Cu–EDTA by Fe2+ dosage.
[image: Table 3]Fe2+ was the core of the 3D-EF reaction system. The removal of Cu–EDTA depended mainly on the reaction of the plate and the particles without Fe2+ adding into this reaction system. The activity of microelectrolysis was weak with low-dosage Fe2+ addition, and the Cu–EDTA removal rate gradually increased with increasing Fe2+ dosage to generate more ∙OH through the system reaction (Eq. 7) (Feng et al., 2010; Chu et al., 2021). Too high Fe2+ concentration increased the contact probability of Fe2+ and H2O2 and also subsequently increased the ∙OH production. However, too much of Fe2+ and ·OH produced side effects and formed Fe3+, which consumed a large amount of ·OH, resulting in the decline of the Cu–EDTA removal rate in the 3D-EF reaction system (Eq. 8) (Huang et al., 2020; Zhang et al., 2020).
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Particle Electrode Dosage
Particle electrode loading was also another key factor affecting the 3D-EF reaction system to treat Cu–EDTA. As seen in the inset of Figure 4A, the removal rate of Cu–EDTA was similar with that of the Fe2+ dosage experiment group, and the highest removal rate of Cu–EDTA was 87.71% after 120 min of reaction when the particle electrode was 4 g L−1 Figure 4B; Table 4 showed that the removal efficiency of the Cu–EDTA reaction rate constant Kobs reached a maximum value of 0.0190 at the particle electrode dosage of 4 g L−1.
[image: Figure 4]FIGURE 4 | (A) Effects of particle electrode dosage on the Cu–EDTA removal effect and (B) kinetic fitting of Cu–EDTA removal effect.
TABLE 4 | Pseudo-first-order kinetics parameters of Cu–EDTA removal with different particle electrode dosages.
[image: Table 4]The particle electrode was distributed throughout the reaction system and formed microelectrode particles under the action of an electric field, which increased the specific surface area of the electrode, shortened the electrode spacing, greatly improved the mass transfer rate and current utilization efficiency, and improved the treatment capacity of pollutants (Dargahi et al., 2021). As the particle electrode increased, the surface area and the adsorption sites on the electrode increased, and then the Cu–EDTA removal efficiency increased accordingly (Wang et al., 2021). With the continuous increase of the particle electrode, the excess particle electrode occupied more space in the reaction system, which made the reaction system overloaded. In turn, the current and mass efficiencies will also be affected, such as leading to the short circuiting of the particle electrode and inhibiting the removal of contaminants (Zheng et al., 2016; Ghanbarlou et al., 2020).
Current Density
Figure 5A shows the removal effect of Cu–EDTA at different current densities. The worst removal effect of Cu–EDTA was 71.52% after 120 min at a current density of 2 mA cm−2. With the increase of current density to 10 mA cm−2, the best removal efficiency of Cu–EDTA was obtained with the removal rate of 87.26%. However, Cu–EDTA removal efficiency showed a decreasing trend as the current density continued to increase to 12 mA cm−2 within the reaction system. In Figure 5B, the reaction rate constants Kobs at a current density of 10 mA cm−2 were much larger than those at other current densities. From Table 5, the reaction rate constant Kobs reached a maximum of 0.0180 at a current density of 10 mA cm−2.
[image: Figure 5]FIGURE 5 | (A) Effects of current density on the removal efficiency of Cu–EDTA and (B) kinetic fitting of removal effect of Cu–EDTA.
TABLE 5 | Pseudo-first-order kinetics parameters of Cu–EDTA removal with different current density.
[image: Table 5]As the current density increased within the reaction system, the electron density and H2O2 production on the electrode also gradually increased, and Fe2+ reacted with H2O2 to generate ·∙OH (Eq. 9). Moreover, the removal of Cu–EDTA gradually increased because the electron transfer between electrodes increased and accelerated the progress of its direct oxidation reaction on the electrode surface (Barhoumi et al., 2016; Moreira et al., 2019). Further increasing current density did not significantly improve the removal efficiency of Cu–EDTA because excess H2O2 was a scavenger of ·OH. The high current density would accelerate the decomposition of H2O2 and promote the occurrence of competitive side reactions such as hydrogen evolution (Eq. 3) and oxygen evolution (Eq. 10) resulting in the decrease of the concentration of ·OH (Zhang et al., 2020; Zhang et al., 2022).
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Coexisting Ions
The efficiency of the 3D-EF reaction system was affected by all kinds of ions in wastewater, which could accelerate the decomposition rate of H2O2 through competitive adsorption. The images as shown in Figure 6A further supported that the coexistent Cl− could promote the removal of pollutions in the 3D-EF reaction system. After 120 min, the Cu–EDTA removal rate reached 87% in the control group, and the experiment group after adding Cl− could achieve 87.55% removal efficiency, which was slightly improved by 0.55% compared with that of the control group. Hence, it can be concluded that Cl− owned a certain promoting effect on the removal of Cu–EDTA by the 3D-EF process. However, the removal efficiency of Cu–EDTA was 85.45 and 82.90%, respectively, when NO3− and HPO42- were added into the reaction system for 120 min, which was 1.55 and 4.1% lower than that of the control group. This phenomenon reflected that NO3− and HPO42− could inhibit the removal of Cu–EDTA.
[image: Figure 6]FIGURE 6 | (A) Effects of coexisting ions on the removal efficiency of Cu–EDTA and (B) kinetic fitting of removal effect of Cu–EDTA.
From Figure 6B, the slope of the reaction system with the addition of the Cl− group was larger than that of the control group, while the slopes of the reaction system with the addition of NO3− and HPO42− groups were smaller than those of the control group. The reaction rate constant Kobs of 0.0186 for the addition of the Cl− group was larger than that of the control group (0.0178) and so as the addition of NO3− and HPO42− groups (0.0167 and 0.0157, respectively) (Table 6).
TABLE 6 | Pseudo-first-order kinetics parameters of Cu–EDTA removal with coexisting ions.
[image: Table 6]It was noticed that a certain promotion of Cu–EDTA removal was found after the addition of Cl−, which was related to the reactive chlorine species generated in this reaction system. Because the active species generated after the addition of Cl− exhibited a higher lifetime than ·OH, the diffusion of active species played a promoting role for Cu–EDTA removal (Rommozzi et al., 2020; Mandal et al., 2020). Cl− involved in the hydrogen evolution reaction in the anode region to form Cl2 and underwent further hydrolysis to form highly oxidized ClO− promoting the removal of Cu–EDTA (Eqs 11–13). NO3− and HPO42− would have a competitive electronic effect with Cu–EDTA, and NO3− and HPO42− were also able to scavenge a certain ·OH, which in turn generated more reactive NO3·and H2PO4·leading to a decrease in Cu–EDTA removal effect (Eqs 14, 15) (Cheng et al., 2017; Teng et al., 2021). Therefore, NO3− and HPO42− would inhibit Cu–EDTA removal in the 3D-EF reaction system.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
CONCLUSION
In this study, the 3D-EF reaction system using GAC particles as particle electrodes could effectively achieve the goal of Cu–EDTA decomplexation. The performance of Cu–EDTA decomplexation by 3D-EF was better than that by the GAC and EF with a decomplexation efficiency of 90.95%, which broke the pH limit of the traditional EF reaction system and widened the application window of pH. Cu–EDTA was optimally treated at an initial pH of 7, 1 mmol L−1 Fe2+, 4 g L−1 GAC, and current density of 10 mA cm−2. In addition, Cl− promoted the removal of Cu–EDTA in the 3D-EF reaction system; however, NO3− and HPO42− inhibited Cu–EDTA removal.
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In bioaugmented wastewater treatment systems, it is essential for recalcitrant pollutant-degrading bacteria to form biofilms. Inducing biofilm formation in these bacteria, however, is challenging as it involves multiple inter-related regulating pathways and environmental factors. Herein, we report the remarkable promoting effect of Ca2+ on biofilm formation of two novel pyridine-degrading bacteria with poor innate biofilm-forming capabilities, Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07. The roles of Ca2+ in different biofilm development stages were investigated. Our data showed strong influences of Ca2+ on the initial attachment of the two strains onto positively charged glass surfaces by altering cell surface charge as well as the cation bridging effect. Contrary to many other biofilm promoting mechanisms, Ca2+ downregulated the extracellular polymeric substances (EPS) production per cell in both Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07, while increasing biofilm biomass. This is attributed to the strong cationic bridging between Ca2+ and EPS which can elevate the efficiency of the extracellular products in binding bacterial cells. Furthermore, Ca2+ increased the protein-to-polysaccharide (PN/PS) ratio in biofilm EPS of both strains, which favored cell aggregation, and biofilm establishment by increasing the hydrophobicity of cell surfaces. More intriguingly, the intracellular c-di-GMP, which can drive the switch of bacterial lifestyle from planktonic state to biofilm state, was also elevated markedly by exogenous Ca2+. Taken together, these results would be of guidance for applying the two strains into bioaugmented biofilm reactors where Ca2+ supplement strategy can be employed to facilitate their biofilm formation on the surfaces of engineering carriers.
Keywords: biofilm formation, calcium cation, cell-to-surface attachment, cationic bridging, extracellular polymeric substances (EPS), c-di-GMP
INTRODUCTION
Nitrogenous heterocyclic compounds (NHCs) such as pyridine and quinoline are toxic organic pollutants commonly found in wastewater from coal coking, gasification, and refining processes in coal chemical industries (Bai et al., 2010; Xu et al., 2015). Due to their high polarity, once released into the environment, they can spread quickly, and exert harmful effects on ecological systems and human health (Kaiser et al., 1996; Thomsen and Kilen, 1998; Bi et al., 2006). Furthermore, their stable structures make them highly resistant to conventional biological wastewater treatment employing common microorganisms (Liang et al., 2018). Therefore, bioaugmentation, which utilizes selected microorganisms capable of degrading these recalcitrant organic pollutants, is getting increasing attention and is regarded as an effective, and economically feasible solution (Herrero and Stuckey, 2015). For example, taken pyridine as a target pollutant, various bacteria belonging to the genus of Micrococcus (Sims et al., 1986), Rhizobium (Shen et al., 2015), Shinella (Bai et al., 2009), Paracoccus (Bai et al., 2008), and Pseudomonas (Mohan et al., 2003) have been isolated and used for degradation of pyridine in wastewater treatment. However, the application of the bioaugmentation strategy also faces many challenges. In particular, the inoculated bacteria often fail to colonize in the microbial community due to inhospitable conditions or intense competition from indigenous species (Raper et al., 2018). Fu et al. (2009) reported that the inoculated strain disappeared from a biological aerated filter (BAF) within 3 days and attributed it to its poor biofilm-forming ability. On the other hand, strategies that promote the formation of stable biofilms by the inoculated bacteria on carriers have been shown to improve the degradation of target pollutants in bioaugmented systems (Zhao B. et al., 2018; Yue et al., 2018). However, the existing knowledge of efficiently regulating bacterial biofilm formation is obscured especially in the field of wastewater treatment engineering.
Biofilms are well-organized microbial communities, in which cells adhere to biotic or abiotic surfaces and are covered by a self-secreted extracellular polymeric substances (EPS) matrix. They represent the most widespread lifestyle for microbes (Stoodley et al., 2002; Flemming and Wuertz, 2019). Compared to the planktonic lifestyle, biofilms provide a range of advantages for microbial cells to enhance the stability of community structures, and their resistance to unfavorable conditions or environmental shock loads by enhancing intercellular communication and cooperation (Jefferson, 2004; Flemming et al., 2016). Biofilm formation is a complex, multi-step process involving various self-regulated mechanisms, e.g., quorum sensing (QS) (da Silva et al., 2017), bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) signaling (Wu et al., 2015), and flagella and pili mediated motility (Van Houdt and Michiels, 2005), as well as multiple surface properties including hydrophilicity and surface charge (Renner and Weibel, 2011). Moreover, biofilm development is influenced by many environmental factors such as temperature, pH, nutrients, hydraulic shear force, osmotic pressure, and divalent cations (Rinaudi et al., 2006; Zhou et al., 2013; Gomes et al., 2014). Therefore, to promote biofilm formation of the inoculated bacteria in bioaugmented reactors, it is important to identify the most crucial ones from those intricate factors.
Calcium cation (Ca2+) has been widely recognized as the important second messenger in bacterial cells, participating in modulating many cellular activities and metabolic pathways (Dominguez et al., 2015; Parker et al., 2016). Many studies noted that calcium played non-negligible roles in the formation of bacterial biofilms, yet the effects varied widely in different bacterial species. For instance, calcium was found to stimulate cell-to-cell adhesion and biofilm establishment of Pseudomonas mendocina NR802 (Mangwani et al., 2014), Citrobacter werkmanii BF-6 (Zhou et al., 2016), Bacillus sp. (He et al., 2016), Flavobacterium columnare (Cai et al., 2019), and Vibrio fischeri (Tischler et al., 2018); but it was also shown to inhibit biofilm formation of Staphylococcus aureus (Shukla and Rao, 2013), and Vibrio cholerae (Bilecen and Yildiz, 2009). In these previous studies, calcium was found to alter cell surface charge and the electrical double layer (Marcinakova et al., 2010), elevate the production of extracellular proteins and polysaccharides (Mangwani et al., 2014; He et al., 2016), and enhance cationic bridging between bacterial cells via its interactions with EPS components such as extracellular DNA (eDNA) (Das et al., 2014). However, the specific mechanisms through which calcium mediates bacterial adhesion and subsequent biofilm formation remain inconclusive and even a subject of controversy. Moreover, the bacteria species ever studied are mainly model species or from clinical, food-related, plant-related, and marine environments. Thus, it necessitates investigating more bacterial strains from wastewater treatment plants.
In this study, we evaluated the effects of calcium on the biofilm establishment and architecture of two pyridine-degrading bacteria, Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07. The underlying mechanisms of calcium-mediated regulation were also explored from the perspectives of initial cell-to-surface attachment, EPS production, and c-di-GMP signaling. The purpose of this study was to provide a fundamental understanding of the roles that calcium plays in regulating bacterial biofilm-forming behaviors, and practical guidelines for more efficient application of the two NHC-degrading strains in bioaugmented biofilm reactors.
MATERIALS AND METHOD
Chemicals
Tryptone and yeast extract were purchased from Oxoid (United Kingdom). 1% (w/v) crystal violet solution, phosphate buffered saline (PBS), and BCA Protein Assay Kit were purchased from Solarbio (China). The fluorescent dyes, SYTO9 and tetramethyl-rhodamine conjugates of concanavalin A (conA-T), were obtained from Invitrogen (United States). All the other conventional inorganic or organic chemicals used in the study were of analytical grade.
Bacterial Strains and Medium
Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07, isolated from the activated sludge of a coking wastewater treatment plant, were chosen as the representative research objects, for they were Gram-negative and Gram-positive, respectively. The two strains could grow by taking pyridine as the sole carbon and nitrogen source and showed highly efficient pyridine-degrading abilities. Their 16S rRNA gene sequences can be obtained in GenBank database of NCBI with accession numbers MG760359 and MG760365. The main biochemical characteristics of the two strains were also summarized in Supplementary Table S1. Particularly, the motility of the two strains was tested using the method described in Supplementary Text S1. The Luria-Bertani (LB) medium (Sezonov et al., 2007) containing 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl was used for bacteria enrichment and biofilm formation.
Biofilm Cultivation and Quantification
Microtiter plate biofilm formation assay (O'Toole, 2011) was used to culture and quantify biofilm with some modifications, for its advantages in accuracy, repeatability, and batch processing. Firstly, the bacterial strain was grown in LB medium at 37°C to middle exponential phase until OD600 = 1.0 and washed twice with 0.9% NaCl. Then the harvested cells were resuspended in LB medium with a final OD600 of 0.5. Next, 1 ml cell suspension was seeded in each well of 12-well polystyrene plates (Corning, United States) and incubated at 35°C for 24 h with a shaking speed of 150 rpm. The plates containing LB medium only were taken as the negative control. After incubation, the OD600 of bacterial suspension in each well was measured to represent the planktonic cell growth. Then the suspension was discarded and each well was washed three times with sterile water to remove non-adherent cells. The 12-well plates were air-dried at 60°C for 1 h and 2 ml 0.1% crystal violet solution was added into each well to stain the attached biofilm cells for 25 min. Subsequently, the excess dye was rinsed off with sterile water. After drying at 35°C for 1 h again, 4 ml 95% ethanol was added into each well to redissolve the cell-bound crystal violet. Finally, 125 μl solution from each well was transformed to 96-well plates and OD595 was determined using a microplate reader (BioTek Synergy, United States) to represent the biofilm biomass.
In the experiments studying the effects of Ca2+ on biofilm formation of the two strains, different concentrations of CaCl2 (i.e., 1, 2, 4, 8, 16, 32, and 64 mM) were added into the medium. For each of the experimental conditions, the assay was performed in triplicate.
Bacterial Initial Attachment Assay
To investigate the effects of Ca2+ on bacterial initial attachment, the attachment of the two strains to the glass slides under different Ca2+ concentrations were analyzed according to Ramsey and Whiteley (2004) with modifications. Briefly, the bacterial cells in the middle exponential phase were diluted in 15 ml LB medium to a final OD600 of 0.5; different concentrations of CaCl2 (i.e., 1, 4, 16, 32, and 64 mM) were also added into the medium. The prepared bacterial culture was then poured into a 90 × 14 mm Petri dish in which a glass slide (75 × 25 mm; Jingan, China) was placed and incubated at 35°C for 1 h with a shaking speed of 90 rpm. After incubation, the glass slide was taken out and rinsed twice with PBS to remove non-adherent cells. Then the glass slide was put into a centrifuge tube with 25 ml 0.9% NaCl and vibrated intensely with a vortex mixer for 30 min to detach the cells. The number of the bacterial cells in the solution was determined using a standard plate counting method and normalized to the area of glass slides as the initial attachment index. All the assays were performed in triplicate.
EPS Extraction and Analysis
EPS was extracted from both planktonic cells and biofilms using a heating method following Bourven et al. (2011) with certain adjustments. The bacterial strain was firstly inoculated in 12-well plates as previously described. Then the suspension in each well was collected and centrifuged. The cell pellets were resuspended in 15 ml 0.9% NaCl and heated in 85°C water bath for 35 min. After filtration with 0.22 μm filters, the filtrate was collected as EPS from planktonic cells. The 12-well plate with biofilms was rinsed gently twice with sterile water and 1 ml 0.9% NaCl was added into each well of the plate. Then the plate was heat-treated and the suspensions in each well were combined. The resulting filtrate was considered EPS from the biofilms. Moreover, planktonic cells and biofilm cells on the filter were also dried and weighed.
The polysaccharide (PS) and protein (PN) content of the EPS were determined using the phenol-sulfuric acid method (Dubois et al., 1956) and the bicinchoninic acid (BCA) protein assay (Redinbaugh and Turley, 1986), respectively. The final concentrations of PN and PS were normalized by the weight of the planktonic or biofilm cells. The experiments for each condition were conducted in triplicate and each measurement was performed at least 3 times. Furthermore, the fluorescence excitation-emission matrix (EEM) analysis of the EPS from both biofilms and planktonic cells was performed using a HORIBA Aqualog spectrofluorometer. The details of EEM analysis were described in Supplementary Text S2.
Biofilm Observation by Confocal Scanning Laser Microscopy
The architecture and composition of biofilms formed by the two strains under different Ca2+ concentrations were analyzed using CLSM combined with a double staining method (Yu et al., 2016). Briefly, 700 μl of the bacterial suspension (OD600 = 0.5) were inoculated in a µ-Slide chambered coverslip with four wells (ibidi, Germany) and cultured at 35°C at 90 rpm in a rotary shaker for 24 h. After incubation, the chambered coverslip was rinsed twice with PBS to remove planktonic cells. Then the cells and polysaccharides in the biofilms were stained with 10 μM SYTO9 and 200 μg/ml conA-T in the dark for 30°min, respectively. After washing with PBS, the chambered coverslip was observed by a CLSM system (Leica TCS SP8, Germany) and Z-stack two-dimensional images (scanned every 0.5 μm) were obtained from at least three random areas for each sample. The 3-D images were rebuilt using IMARIS software (V9.2.1; Bitplane, Switzerland) and analyzed using COMSTAT (Heydorn et al., 2000).
Intracellular c-di-GMP Extraction and Analysis
The intracellular c-di-GMP was extracted according to the method reported by Spangler et al. (2010). Briefly, the bacterial cells were cultured in 12-well plates to the late exponential growth phase under the same conditions as described above and harvested (5 ml culture volume) by immediate centrifugation at 4°C for the subsequent extraction. For each culture, the extraction was performed in triplicate. The relative quantitative analysis of c-di-GMP was conducted using a Dionex Ultimate 3000 UPLC system coupled to a TSQ Quantiva Ultra triple-quadrupole mass spectrometer (Thermo Scientific, United States). Moreover, 1 ml of the bacterial culture was collected and the cell pellet obtained by centrifugation was dissolved in 800 μl of 0.1 M NaOH. After being heat-treated at 95°C for 15 min, the protein content in the solution was determined using a BCA Protein Assay Kit. The final concentration of c-di-GMP (relative content) was normalized as peak area per mg of bacterial protein and presented as the ratio to the control group.
Statistical Analysis
All the experimental data in figures or tables were presented in the form of mean ± standard deviation. One-way ANOVA and multiple comparisons were also performed using SPSS software (V19.0; IBM, United States) to illustrate the results of different experimental conditions (i.e., Ca2+ concentrations). The appropriate statistical test method was selected from Fisher’s LSD test and Tamhane’s T2 test for multiple comparisons according to the homogeneity of variance. In general, a p-value of <0.05 was regarded as significantly different.
RESULTS
Effects of Calcium on Biofilm Formation
The biofilm formation and planktonic bacterial growth in the presence of different concentrations of Ca2+ (0–64 mM) were monitored using the microtiter plate assay. As shown in Figure 1A, calcium, when added at sufficient concentration, and significantly promoted biofilm formation of Pseudomonas sp. ZX01. In the range of 0–8 mM, Ca2+ had little effect on the biofilm formation; while in the range of 16–64 mM, the biofilm biomass was increased sharply in a concentration-dependent manner. The maximum amount of biofilm biomass was observed in the presence of 64 mM Ca2+, which was 24.7 times that of the control (0 mM Ca2+). However, the addition of Ca2+ reduced the planktonic bacterial growth of ZX01 by 13.3–41.6%, and the minimum bacterial density was found in the presence of 4 mM Ca2+. Significantly increased biofilm formation by Arthrobacter sp. ZX07 was observed in the presence of exogenous calcium at a much lower Ca2+ concentration (2 mM) (Figure 1B); in addition, when Ca2+ concentration increased from 2 to 64 mM, the biofilm biomass increased in a more even manner; the biofilm biomass of ZX07 at 16, 32, and 64 mM Ca2+ was 24.4, 42.2, and 50.8 times as that of the control. These results indicated that calcium had a stronger promoting effect on ZX07 than ZX01. Furthermore, Ca2+ did not affect the planktonic growth of ZX07 at concentrations up to 8 mM but repressed planktonic growth by 8.4–30.2% at higher concentrations (16–64 mM).
[image: Figure 1]FIGURE 1 | Biofilm formation and bacterial growth of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) in 12-well microtiter plates when adding different concentrations of CaCl2 into the medium. Bars represented mean ± standard deviation. Different lowercase letters labeled on the bars represented the significant difference (p < 0.05) according to the one-way ANOVA and multiple comparisons.
The effect of Ca2+ on biofilm formation can be clearly seen in digital photos of the 12-well microtiter plates (Figure 2). Figure 2A shows that ZX01 formed more biofilms at the center of the well bottom surface in the presence of 32 mM Ca2+; when Ca2+ concentration increased to 64 mM, the biofilms occupied the whole bottom of the wells, and the liquid/air/well wall 3-phase interface. Unlike ZX01, in the presence of 16, 32, and 64 mM Ca2+, the biofilms of ZX07 mainly appeared at the edge of the well bottom rather than the center (Figure 2B).
[image: Figure 2]FIGURE 2 | Digital photos of biofilms formed in 12-well microtiter plates by Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) when adding different concentrations of CaCl2 into the medium. Cells in biofilms were stained using 0.1% crystal violet.
Effects of Calcium on Bacterial Initial Attachment
The effects of calcium on bacterial initial attachment were determined by measuring cell attachment on glass slides. Figure 3 presents the number of viable bacterial cells attached to the surface of the glass slide in 1 h. For Pseudomonas sp. ZX01, the highest initial attachment was found in the absence of Ca2+, which was 1.64 × 106 CFU/cm2 (Figure 3A). With increasing concentration of Ca2+, the initial attachment of ZX01 was significantly repressed; the initial cell attachment in the presence of 64 mM Ca2+ (8.36 × 103 CFU/cm2) was two orders of magnitude lower than that of the control. As shown in Figure 3B, the initial attachment of Arthrobacter sp. ZX07 at 0 and 4 mM Ca2+ was significantly higher than that at 16 and 64 mM Ca2+. The lowest initial attachment was observed at a Ca2+ concentration of 64 mM (1.89 × 102 CFU/cm2), which was an order of magnitude lower than that of the control (2.21 × 103 CFU/cm2). These results indicated that Ca2+ can inhibit the initial attachment of the two bacterial strains to positive-charged glass surfaces.
[image: Figure 3]FIGURE 3 | Effects of adding CaCl2 on the initial cell attachment of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) on glass substrate under shaking conditions. Bars represented mean ± standard deviation. Different lowercase letters labeled on the bars represented the significant difference (p < 0.05) according to the one-way ANOVA and multiple comparisons.
Effects of Calcium on EPS Expressions of Biofilm Cells and Planktonic Cells
The EPS composition of biofilm cells and planktonic cells in the presence of different concentrations of calcium was chemically analyzed. As presented in Figure 4A, both PN and PS content in the biofilm EPS of Pseudomonas sp. ZX01 responded to exogenous Ca2+ in a significant decreasing trend. Compared with the control, 16 and 32 mM Ca2+ could reduce the PN content by 19.4 and 24.8%, respectively; while in the presence of 64 mM Ca2+, the PN content (i.e., 30.5 mg/g biomass) was reduced even more sharply by 77.1%. Similarly, the PS content was decreased by 10.2–87.7% in a monotonic manner with the addition of Ca2+. The PN/PS ratio of biofilm EPS increased notably (from 2.08 to 3.87) in response to exogenous calcium. Nevertheless, the PN and PS content in the EPS of planktonic bacterial cells were practically unaffected by the addition of Ca2+, staying at around 65 and 30 mg/g biomass, respectively (Figure 4B). Regarding Arthrobacter sp. ZX07, the change in PN content in biofilm EPS (Figure 4C) was not statistically significant. However, high Ca2+ concentrations (16, 32, and 64 mM) reduced the PS content by 49.8–56.5%. Consequently, the PN/PS ratio of ZX07 biofilm EPS increased from 1.35 (the control) to 2.04 (64 mM Ca2+) with increasing Ca2+ concentrations. Like ZX01, the EPS components of planktonic ZX07 cells were not influenced by Ca2+ (Figure 4D).
[image: Figure 4]FIGURE 4 | Effects of adding CaCl2 on protein (PN) content, polysaccharide (PS) content, and the ratio of protein to polysaccharide (PN/PS) in the EPS of both biofilms and planktonic cells. (A,B) Biofilms and planktonic cells of Pseudomonas sp. ZX01 (C,D) Biofilms and planktonic cells of Arthrobacter sp. ZX07. Bars represented mean ± standard deviation of three replicates. Different lowercase letters labeled on the bars represented the significant difference (p < 0.05) according to the one-way ANOVA and multiple comparisons.
EEM fluorescence spectra were obtained to characterize the EPS composition. In general, EEM spectra could be divided into five regions: Regions I and II represent aromatic protein-like compounds; Region III represents fulvic acid-like compounds; Region IV represents microbial products such as tyrosine-like, tryptophan-like, and protein-like compounds; Region V represents humic acid-like compounds (Chen et al., 2003). Interestingly, the EEM peaks of the biofilm EPS and planktonic EPS in the absence or presence of Ca2+ are similar (Figures 5A–D), indicating that Ca2+ did not affect the compounds in EPS of Pseudomonas sp. ZX01. Specifically, the two peaks identified from the EEMs were EX/EM = 225/325 nm (Region I) and EX/EM = 275/325 nm (Region IV). In contrast, Ca2+ had remarkable influences on the EPS composition of Arthrobacter sp. ZX07. Without adding Ca2+, there were 3 peaks in the EEMs of both biofilm and planktonic EPS (Figures 5E,G): EX/EM = 220/350 nm (Region II), EX/EM = 280/350 nm (Region IV), and EX/EM = 325/390 nm (Region V). However, despite sharing the same two peaks in Region II and Region IV, the EEMs of biofilm EPS in the presence of 64 mM Ca2+ presented two different peaks locating at EX/EM = 360/450 nm (Region V), and EX/EM = 270/450 nm (Region V) (Figure 5F). Additionally, a different peak at EX/EM = 350/450 nm (Region V) appeared in the EEMs of planktonic EPS at 64 mM Ca2+ (Figure 5H). The above results suggested that exogenous calcium promoted ZX07 to produce certain humic acid-like compounds.
[image: Figure 5]FIGURE 5 | EEM fluorescence spectra of the EPS produced by both biofilms and planktonic cells. (A,B) Biofilms of Pseudomonas sp. ZX01 in the presence of 0 and 64 mM of CaCl2 (C,D) Planktonic cells of Pseudomonas sp. ZX01 in the presence of 0 and 64 mM of CaCl2. (E,F) Biofilms of Arthrobacter sp. ZX07 in the presence of 0 and 64 mM of CaCl2 (G,H) Planktonic cells of Arthrobacter sp. ZX07 in the presence of 0 and 64 mM of CaCl2.
Effects of Calcium on Biofilm Architecture
The architecture and topography of the biofilms of the two pyridine-degrading bacteria, formed on µ-Slide surfaces in 24 h, were examined by CLSM 3-D imaging (Figure 6). The green fluorescence signal represents bacterial cells, and the red signal represents PS in EPS. In the absence of Ca2+, few ZX01 cells adhered to the substrate and formed small aggregates (Figure 6A). Quantitative analysis of CLSM images (Table 1) showed very low average thickness and coverage of ZX01 biofilms at 2.06 ± 0.29 μm and 12.64%, respectively. At Ca2+ concentrations of 4 and 16 mM, many more ZX01 cells adhered to the surfaces and the cells were uniformly distributed; PS became clearly visible in biofilms. As a result, the surface coverage of ZX01 biofilms at 4 and 16 mM Ca2+ went up to 25.17 and 42.09%, respectively (Table 1). Intriguingly, when 64 mM Ca2+ was added, ZX01 formed dense and thick biofilms, in which the cells and EPS were distributed in a well-structured mode. The total biomass, average thickness, average coverage, and average colony size of ZX01 biofilms in this condition were all elevated by several times; and the sharp reduction of surface to biovolume ratio and roughness coefficient also suggest that more bacterial cells were aggregated in the form of biofilms. Similar trends were observed in the biofilms of Arthrobacter sp. ZX07 (Figure 6B): when the concentration of exogenous Ca2+ increased from 0 to 16 mM, more ZX07 cells were attached to the surfaces and the microcolonies became larger, but the distribution of the cells was not uniform; in the presence of 64 mM Ca2+, ZX07 developed extensive and mature biofilms, in which the cells were covered by large amounts of EPS. However, there was a notable difference in the influences of calcium on the biofilm architecture of ZX01 and ZX07. In the range of 0–16 mM, the average colony size of ZX01 biofilms was little affected by Ca2+; and the cells, stimulated by Ca2+, attached to the substrate in a separated pattern. In contrast, a significant increase in the average colony size was found in ZX07 biofilms, indicating that Ca2+ possibly promoted ZX07 cells to attach to those which had already colonized at the substrate. Therefore, it could be speculated that, for these two strains, the mechanisms inherent in the stimulatory effects of Ca2+ on biofilm development were different.
[image: Figure 6]FIGURE 6 | CLSM 3-D images of the biofilms formed by Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) in the presence of 0, 4, 16, and 64 mM of CaCl2. The cells were stained green with SYTO9; the polysaccharides were stained red with conA-T; the yellow fluorescence represented the combination of cells and polysaccharides.
TABLE 1 | Characteristics of biofilms formed by ZX01 and ZX07 under different calcium concentrations calculated from the CLSM images using COMSTAT.
[image: Table 1]Effects of Calcium on c-di-GMP Level
To address whether exogenous calcium influences the expression of the second messenger c-di-GMP, we analyzed the intracellular c-di-GMP level of the two pyridine-degrading bacteria at different Ca2+ concentrations. As exhibited in Figure 7A, after culturing for 24 h, the introduction of Ca2+ into the medium significantly elevated the c-di-GMP level in Pseudomonas sp. ZX01 cells. The relative content of c-di-GMP in the presence of 32 and 64 mM Ca2+ was 59.5 and 69.6% higher than that of the control. In regard to Arthrobacter sp. ZX07, the elevation of intracellular c-di-GMP level caused by Ca2+ was even more remarkable (Figure 7B). The relative content of c-di-GMP in ZX07 cells at 32 and 64 mM Ca2+ was 3.55 and 2.18 times that of the control.
[image: Figure 7]FIGURE 7 | Effects of adding CaCl2 on the relative content of intracellular c-di-GMP of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B). Bars represented mean ± standard deviation of three replicates. Symbols (***) labeled on the bars represented the significant difference (p < 0.001) with the control according to Student’s t tests.
DISCUSSION
In this present study, the significant promotion of biofilm formation of two pyridine-degrading bacteria, Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07, caused by calcium supplementation was clearly observed. Few cells of the two strains attached to the 12-well plates or µ-Slide coverslips in the absence of Ca2+ (Figures 1, 6), indicating they harbored very poor biofilm-forming abilities in their natural state. Hence, it might affect their performances in the bioaugmented biofilm reactors. However, when exposed to Ca2+ of a certain concentration range (8–64 mM for ZX01 and 2–64 mM for ZX07), the biofilm biomass formed by the two strains increased greatly in a monotonic and dose-dependent pattern. Mangwani et al. (2014) also reported a dose-dependent increase of P. mendocina NR802 biofilms due to the Ca2+ addition, but the concentration tested was limited in 5–20 mM. The biofilm formation of Sinorhizobium meliloti was elevated in a similar manner by the addition of 7–28 mM Ca2+ (Rinaudi et al., 2006). While Zhou et al. (2016) found that within a much larger range of Ca2+ concentration (3.125–800 mM), the biofilm formation of Citrobacter werkmanii BF-6 was enhanced notably, but the enhancement presented a non-monotonic trend (i.e., increasing firstly and decreasing afterward). Similarly, the biofilm-forming ability of the foodborne pathogen Cronobacter sakazakii showed an increase and subsequent decrease with the increasing Ca2+ concentration from 0 to 135 mM (Ye et al., 2015). These results suggested that the sensitivity of different bacterial species in response to exogenous calcium varied. Thus, when applying the calcium-mediated regulating strategy to control bacterial biofilm formation in medical, marine, agricultural, or environmental cases, it is important to understand the effects of calcium on the specific bacterial strain of interest due to the high diversity of bacteria.
A typical bacterial biofilm formation process can be divided into five steps: 1) initial cell-to-surface attachment, 2) irreversible adhesion via producing EPS, 3) proliferation and microcolony formation, 4) maturation of biofilms with complex structures, 5) biofilm aging with the dispersal of motile cells (Stoodley et al., 2002; Armbruster and Parsek, 2018). In the first step, bacterial cells sense and attach to the surface reversibly with the assistance of cell appendages (e.g., flagellum) after overcoming the electrostatic repulsion between the cell surface and the substratum (Renner and Weibel, 2011). Our results herein revealed that the presence of Ca2+ in the surrounding solutions significantly repressed the initial cell attachment of both ZX01 and ZX07 to the positive-charged glass surfaces (Figure 3). As widely known, bacterial cell surfaces are negatively charged (Soni et al., 2008), and thus Ca2+, as a divalent cation, can effectively neutralize the surface charge by interacting with ligands on the cell surfaces (Wang et al., 2019). Furthermore, in the light of electrostatic double layer compression theory, the increasing ionic strength of the solutions caused by exogenous Ca2+ will decrease the absolute value of the negative zeta potential of the bacteria cells (Chen and Walker, 2007; Bundeleva et al., 2011). Thus, when adding high concentrations of Ca2+ into the medium, the surface charge of the two bacteria would become less negative. This effect could bring both adverse and favorable consequences for initial cell-to-surface attachment, which depends on whether the surface charge of the substratum is positive or negative. For instance, another divalent cation, Mg2+, was validated to exhibit a stimulatory effect on the adhesion of Pseudomonas sp. strain B13 to negative-charged mineral surfaces (Simoni et al., 2000). However, in the case of extremely high ionic strength caused by calcium (e.g. 1,000 mM), the adhesion efficiency of bacterial cells to quartz surfaces, which were negative-charged, and could also be reduced due to the repulsive electrostatic forces (Chen and Walker, 2007). Apart from neutralizing surface charge, Ca2+ has been shown to initiate strong cation bridging interactions between high-affinity sites on cell surfaces and the conditioning film of substrata, and thereby facilitating the adhesion of P. aeruginosa cells to alginate-conditioned quartz surfaces (de Kerchove and Elimelech, 2008). Combined with our findings in the present study, it can be concluded that the impacts of Ca2+ on the initial cell-to-surface attachment were multi-faceted and substantially linked to physicochemical interactions, yet biological factors presumably played a minor role in this step.
During the next steps of biofilm formation, the bacterial self-secreted EPS consisting of PN, PS, nucleic acids, lipids, humic substances, etc., play more important roles in assisting cell-to-cell aggregation, and biofilm structure construction (Vu et al., 2009; Flemming and Wingender, 2010). Previous research regarding the effects of Ca2+ on EPS production mostly showed an enhancing impact. For example, adding an additional 10 mM Ca2+ in the medium could significantly promote Bacillus sp. cells to synthesize more PN and PS in EPS (He et al., 2016). Liu and Sun (2011) also offered evidence that the extracellular PN produced by microbial cells in sequential batch reactors increased notably when Ca2+ of 50 and 100 mg/L was added into the reactors, thereby enhancing bacterial aggregation to form granules. However, inconsistent with these findings, our study found that PN and PS content in biofilms formed by the two strains decreased in response to the increasing Ca2+ concentration (Figure 4), yet the biofilm biomass increased evidently. It means that in the presence of exogenous Ca2+, the cells of ZX01 and ZX07 could form more biofilms but require lower EPS production for each bacterial cell. In other words, a smaller amount of EPS would support larger biofilm structures with the assistance of Ca2+. This may be attributed to the cation bridge effect, i.e., Ca2+ can bind to the negatively charged functional groups in EPS, and consequently forming EPS-Ca2+-EPS bridges, which favors the construction of sophisticated biofilm structures (Sobeck and Higgins, 2002; Liu and Sun, 2011; Wang et al., 2019). In particular, functional groups such as carboxylic acid and phosphates in extracellular PS were known binding sites for Ca2+ (Astasov-Frauenhoffer et al., 2017); more recently, cationic bridging by Ca2+ between eDNA was also reported, which promoted bacterial aggregation and biofilm development of several strains including P. aeruginosa and S. aureus (Das et al., 2014). Therefore, the amount of EPS production per cell may not be a good predictor of the resulting biofilm biomass; Ca2+-mediated interactions among microbial cells and EPS can be highly efficient in forming a large biofilm structure.
The ratio of PN/PS in EPS is widely regarded as an important indicator of microbial cell-to-cell aggregating ability in biofilm or granular sludge formation processes. A higher PN content elevates the hydrophobicity of cell surfaces, thereby inducing strong hydrophobic interaction between microbial cells (Hou et al., 2015; Zhao Y. et al., 2018). Our experiments found that the PN/PS ratio in the biofilm EPS of ZX01 and ZX07 increased greatly in the presence of Ca2+ (Figure 4). This suggests that calcium-mediated promotion of biofilm formation of these two strains can also be attributed to the higher PN/PS ratio in EPS in addition to the cationic bridging effect of Ca2+. Furthermore, the regulatory effects of Ca2+ on multiple gene expressions and metabolic activities have been noted by many studies. Parker et al. (2016) indicated that exogenous Ca2+ could induce a substantial transcriptional alteration of the bacterial plant pathogen Xylella fastidiosa, including genes encoding cell attachment, motility, and PS secretion, which facilitated biofilm development. The supplementation of 400 mM Ca2+ also resulted in a more complex protein expression mode in both biofilms and planktonic cells of C. werkmanii BF-6 (Zhou et al., 2016). As demonstrated using EEM fluorescence spectra in our study, 64 mM Ca2+ caused a remarkable impact on the EPS expressions in both biofilms, and planktonic cells of ZX07, i.e., the production of humic acid-like compounds, while no significant changes were observed in those of ZX01. Past research has mentioned that due to the abundant ionizable functional groups such as carboxyl and phenolic hydroxyl, humic substances showed high affinities to interact with metal ions (e.g. Cu2+, Ca2+) and form complexes (Wang et al., 2015; Zhao et al., 2020). Hence, the occurrence of humic acid-like compounds in EPS might favor the formation of EPS-Ca2+-EPS bridges and elevate the biofilm-forming ability of ZX07.
The morphological phenotypes of mature biofilms were also altered by Ca2+-mediated regulation. As shown in the CLSM images and the COMSTAT analysis (Figure 6; Table 1), for both ZX01 and ZX07 biofilms, the increase of total biomass, average thickness, and average coverage, and the decrease of roughness coefficient were ascertained in response to the increasing Ca2+ concentration, consistent the results in other bacterial strains like C. werkmanii and Shewanella oneidensis (Zhou et al., 2016; Zhang et al., 2019). Interestingly, the average colony size of ZX01 and ZX07 exhibited quite different responses to the supplementary Ca2+ of relatively lower concentrations (i.e., 4 and 16 mM). Specifically, the microcolonies of ZX01 were more dispersed and homogeneous, while ZX07 unevenly developed its microcolonies which were like “rugged mountains”. To the best of our knowledge, this discrepancy might be attributed to the flagella-mediated motility. According to the SEM images of the two strains (Supplementary Figure S1), ZX01 possesses a cellular accessory structure resembling a polar flagellum, while the cell surface of ZX07 is quite smooth without any appendages. In addition, as verified using the motility tests, ZX01 had much stronger swimming motility and swarming motility, both propelled by flagella, than ZX07 (Supplementary Figure S2, S3). Existing evidence demonstrated that bacteria with higher motility tend to be more proficient in moving at the solid-liquid interface and attaching to an abiotic surface (O'Toole and Kolter, 1998; Van Houdt and Michiels, 2005), which was crucial in biofilm development. Therefore, with the assistance of flagella-mediated motility, ZX01 could migrate freely at the substratum and attach onto more sites of the surface, thereby producing more homogeneous biofilms facilitated by Ca2+; whereas the moving area of ZX07 was limited, and they tended to form microcolonies clinging to the cells that attached randomly to the surface, thus resulting in mountain-like biofilms. Moreover, the biofilm-forming positions of the two strains were also different (Figure 2), which might be still owing to their discrepant motilities. Hence, under the hydraulic shear force in the rotary 12-well plates, ZX01 cells with high motility were able to occupy the whole bottom to form biofilms, yet ZX07 cells with low motility were forced to settle at the periphery of the bottom. Taken together, it was inferred that Ca2+ and cell motility might exert a joint regulatory effect on bacterial biofilm formation. Regardless of cell motility, Ca2+ can indeed promote the bacteria to form more biofilms, but the motility still exerts influences upon the biofilm architecture.
Recently, the intracellular messenger c-di-GMP was found in many studies to play a global role in regulating the switch of bacterial lifestyle from planktonic state to biofilm-associated state (Valentini and Filloux, 2016; Jenal et al., 2017). By binding to various specific proteins (namely, effectors) in bacterial cells, c-di-GMP controls a wide range of cellular processes including virulence, motility, EPS production, biofilm formation, and dispersion, etc. (Chen et al., 2012). In particular, the intracellular level of c-di-GMP, which is the result of the synthesis by diguanylate cyclases (DGCs) and the degradation by phosphodiesterases (PDEs), is positively associated with the biofilm-forming tendency of bacteria (Ha and O'Toole, 2015). Herein, our study shows elevated intracellular c-di-GMP levels in both ZX01 and ZX07 in the presence of supplementary Ca2+, which was accompanied by enhanced biofilm formation (Figure 7). This seems to suggest a potential correlation between Ca2+ and c-di-GMP production, although few prior studies have found similar results. Parker et al. (2016) found that the expression of a gene involved in the synthesis of c-di-GMP, cgsA, in X. fastidiosa, exhibited a weak but non-significant increase in the presence of 4 mM Ca2+. Given the fact that Ca2+ is also an essential second messenger in bacterial cells (Dominguez et al., 2015), the little-known interaction of Ca2+ and c-di-GMP needs to be further investigated.
In summary, a proposed mechanism of the calcium-mediated regulation on the biofilm formation of the two pyridine-degrading bacteria was illustrated in Figure 8. Typically, bacterial cell-to-surface adhesion is driven by the electrostatic interaction, thus the negative-charged bacterial cells tend to adhere to a positive-charged material surface. The divalent Ca2+ can neutralize the surface charge of bacterial cells and further weaken their initial attachment to the positive-charged substratum. However, in the presence of Ca2+, the EPS composition of biofilms can be significantly altered, resulting in a higher PN/PS ratio which facilitates the irreversible attachment between bacterial cells. EPS-Ca2+-EPS bridges induced by exogenous calcium also increase the efficiency of EPS in binding cells and constructing biofilm structures. Moreover, the elevated intracellular c-di-GMP level is validated to account for the promotion of biofilm formation.
[image: Figure 8]FIGURE 8 | A conceptual illustration of the mechanisms inherent in the calcium-mediated regulation on bacterial biofilm formation.
CONCLUSION
This study comprehensively investigated the effects of Ca2+ on different biofilm developing stages of two newly isolated pyridine-degrading bacteria. The main conclusions are as follows: 1) the supplemented Ca2+ of 16–64 mM markedly promoted the biofilm formation of the two strains with insufficient biofilm-forming capacities; 2) by altering cell surface charge, Ca2+ influenced the initial cell-to-surface attachment of the two strains in the first step of biofilm formation; 3) in the presence of Ca2+, the relatively lower EPS production per cell in biofilms could bind more biofilm biomass, presumably attributed to the cationic bridging between Ca2+ and EPS; 4) the ratio of PN/PS in biofilm EPS of the two strains showed an increasing tendency in response to exogenous Ca2+, which favored cell aggregation and biofilm formation; 5) the intracellular c-di-GMP levels were elevated notably by the supplementary Ca2+, thereby driving the switch of the two strains from planktonic lifestyle to biofilm lifestyle. Collectively, these findings demonstrated the promising feasibility of facilitating bacterial biofilm formation onto engineering carriers with a Ca2+-based manipulation strategy, which will provide valuable guidance for the application of these pyridine-degrading strains into bioaugmented reactors.
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A swirl–cyclonic flotation (SCF) apparatus was fabricated by combining hydrocyclone and air flotation separation to reduce the oil droplet load of oilfield-produced water. The apparatus was designed as three concentric cylinders with functions of swirling, air flotation separation, and oil collection. Influencing factors such as influent flow, oil concentration, and aeration rate were investigated in the pilot-scale test. The oil concentration of the effluent was below 100 mg/L during the continuous operation under an influent flow rate of 1.5 m3/h and an aeration rate of 0.4 L/min without addition of any chemicals. Results could be explained by the improvement in the floating velocity of oil droplets, resulting in oil load reduction. The oil and water separation mechanism of the SCF apparatus was determined by analysis of oil droplet size distribution. Compared with other flotation apparatus, the SCF apparatus had the advantages of high oil removal efficiency, low retention time, and stable water treatment quality. The apparatus also had no chemical agents added and had less floor area, leading to reduced chemical cost. The designed SCF apparatus has potential industrial application as pretreatment for oil–water load reduction.
Keywords: oilfield-produced water, swirl–cyclonic flotation, pilot scale, bubble floating velocity, separation
INTRODUCTION
Oil is one of the most important energy sources worldwide and plays a key role in economic development. With the continuous development of oil field exploitation activities, the water content in the liquid produced is constantly rising (Liu, et al., 2021). Moreover, polymer flooding technology has become important in oil fields to improve oil recovery. Compared with traditional flooded water, oilfield-produced water contains higher amounts of organic matter, such as phenols, benzene, petroleum hydrocarbons, and polycyclic aromatic hydrocarbons, which are harmful to humans and the environment (Li, et al., 2021). In addition, treated water is not allowed to be reinjected into ground because of its excessive oil, suspended solid, and complex compound contents. Thus, oilfield-produced water is a major environmental challenge and the current research focus.
Several technologies based on different principles have been used for the treatment of oilfield-produced water. These technologies include coagulation, flocculation, centrifugation, flotation, adsorption, gravity settling, micro-filtration, reverse osmosis, biological method, activated sludge, and electrolytic methods (Yu, et al., 2017; Alammar, et al., 2020; Al-Kaabi, et al., 2021). Flotation is used to separate particulate matter from water or any other liquid (Radzuan, et al., 2016). This method is environmentally friendly because of its high efficiency, easy operation, durability, and lack of moving parts (Kargupta, et al., 2021). However, it needs large-volume equipment and addition of chemicals for emulsion breaking and should be combined with other processes (Feris, et al., 2001). The combination of air flotation and low-intensity cyclonic force is based on the new understanding of the processes of collision, coalescence, fragmentation, adhesion, and migration of microbubbles and oil droplets in a turbulent flow field. The collision adhesion probability of bubbles and oil droplets in the separation area is greatly improved by maximizing the synergistic effect of air floatation separation and low-intensity cyclonic force separation (Wang, et al., 2018). The formation of the body combined with bubbles and oil droplets is thus promoted (Saththasivam, et al., 2016). This method significantly accelerates the separation process compared with traditional air floatation. Equipment for oilfield-produced water treatment has gradually changed from a single type to an integrated apparatus that includes air flotation, swirling flow, and sedimentation instruments (Golestanbagh, et al., 2016). This kind of equipment is becoming popular because of its advantages of simple process, high degree of automation, adjustable working operation, and highly efficient processing.
The literature about the combination of air flotation and low-intensity cyclonic force method presents two issues: First, several studies have investigated the influence of operation condition and geometry parameters on the separation efficiency of apparatus (Prakash, et al., 2018; Feris, et al., 2001; Liu, et al., 2013), and second, some scholars studied separation efficiency by numerical simulation (Wang, et al., 2019; Behin and Bahrami, 2012; Lakghomi, et al., 2015). To our knowledge, the separation efficiency of equipment with various operation parameters in the pilot-scale test remains unclear.
This study aimed to investigate the oil load reduction of oilfield-produced water by swirl–cyclonic flotation (SCF) without using coagulants. Tests were conducted in batch and continuous modes. Factors (flow rate, oil concentration, and aeration rate) were evaluated to obtain the optimum operating conditions. Results can be used to expand flotation technology from a laboratory prototype to a full-scale unit and formulate appropriate control measures.
MATERIALS AND METHODS
Apparatus Description
Different types of flotation apparatus are available. According to the number of cylinders, the preliminary separation zone in existing the flotation apparatus can be divided into three kinds: one cylinder (Figure 1A), two cylinders (Figure 1B), and three cylinders (Figure 1C). Given the different levels of density and interfacial tension of water and oil, the SCF apparatus contains three concentric cylinders that function in swirling, air flotation separation, and oil collection. The experimental apparatus is shown in Figure 1D. Figure 1C shows the schematic diagram of Figure 1D.
[image: Figure 1]FIGURE 1 | Schematic of (A) single cylinder; (B) double cylinders; (C) triple cylinders; and (D) photo of the swirl–cyclonic flotation apparatus.
The middle cylinder of 300 mm diameter was used for input of oilfield-produced water including oil and water. The inner cylinder of 75 mm diameter was used to collect oil. The outer cylinder of 500 mm diameter was used to collect wastewater. The height of the whole equipment is 1,000 mm. The center of the three cylinders is in a straight line, and the middle cylinder is sealed. The main body of the experimental apparatus was made of polymethyl methacrylate. The inlet pipe of the apparatus is located at the bottom. The exhaust valve at the top is open to atmosphere during the test to allow the entry of atmospheric pressure. The effluent from the apparatus is connected to a separate tank, which can be adjusted within a suitable height according to flow.
Materials
In the pilot test, oilfield-produced water was obtained from the effluent of the three-phase separator in Nanyang Heavy-oil Plant Co., Ltd., China. It has a total processing capacity of 13,000 m3/d, and its pretreatment process involves “two-stage sedimentation + sand filtration.” During the test, the liquid pressure was set as 0.17 MPa. The liquid temperature was 51–55°C, with an average of 52.2°C. The water content in oilfield-produced water was 95.7–97.2%, with an average of 96.4%.
Tetrachloroethylene was purchased from Tianjin Kemiou Chemical Reagent Co., Ltd., China. This chemical has a melting point of −22.2°C, a boiling point of 121.2°C, and a relative density of 1.63.
Pilot-Scale Test
Oil concentration, aeration rate, and influent flow considerably affect the oil removal efficiency. In the pilot-scale test, influent flow and aeration rate can be adjusted, while the oil concentration of oil-produced water fluctuated and cannot be adjusted.
Tests were conducted with a constant aeration rate of 0.4 L/min and a constant influent flow rate of 1.35 m3/h to investigate the effect of concentration on the removal efficiency. Influent oil concentrations were 273.24, 414.41, 563.94, 773.42, 922.19, and 1,168.1 mg/L, respectively.
Tests were conducted with a constant influent flow of 1.35 m3/h and an influent oil concentration of around 1,100 mg/L to investigate the effect of aeration rate on the removal efficiency. The aeration rates were 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 L/min.
Influent flow rates of 0.9, 1.02, 1.35, 1.5, 1.8, and 2.1 m3/h were used with a constant aeration rate of 0.4 L/min and an influent concentration of around 1,100 mg/L to determine the effect of influent flow on the removal efficiency.
In the batch test, working condition parameters were adjusted. After it became stable, effluent was collected every 20 min. The optimum parameters of oil–water separation were determined, and continuous operation experiment was carried out.
Analysis Method
About 0.500 g of heavy oil was weighed on an analytical balance and dissolved in a 100-ml volumetric flask with petroleum ether. The oil content in the solution was 5,000 mg/L. Petroleum ether was used for stepwise dilution to 2,500, 1,000, 500, 100, 50, 10, and 5 mg/L. The oil concentrations were determined by using the JKY-3A infrared oil detector (Jilin Science and Technology Research Institute, China). The specific determination method is based on the Chinese water quality-Determination of petroleum, animal fats and vegetable oils- Infrared spectrophotometry (HJ637-2018). The reagent used in the extraction process was infrared detection reagent tetrachloroethylene. The automatic extractor was used in the extraction process strictly by the calculated residence time, ensuring that the test results more comparative. The linear regression of the test data can reflect the relationship between oil content and absorbance of oil-produced water. The standard curve is as follows:
[image: image]
where A is the absorbance and C is the oil content, mg/L.
A correlation coefficient of 0.9999 was obtained.
The size distribution of oil droplets was analyzed using a laser particle analyzer (BT-9300SE, Dandong Bettersize instruments Ltd., China). The drop visualization of each sample was measured by using the microscope with an objective magnification of 1,000X.
Mechanism
The floating process of oil droplets and bubbles in water is simultaneous. Therefore, the theory of the SCF work can be described by the same set of equations. The oil droplet is taken as an example for the following calculation.
The buoyancy of oil droplet in water is calculated as
[image: image]
where Fs is the buoyancy of oil droplet, dp is the particle size of the oil droplet, ρw is the density of the water, ρp is the density of oil droplet, and g is the acceleration of gravity, respectively.
The resistance of oil droplet in water is calculated as
[image: image]
where Ff is the resistance of oil droplets, λ is the resistance coefficient, and u is the floating speed of oil droplets in water, respectively.
When the rising speed of the oil droplet in the water does not change, the acceleration of the oil droplet is 0. At this time, the buoyancy of the oil droplet is the same as the resistance:
[image: image]
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where Re is Reynolds number of oil droplet and μ is the viscosity of water.
RESULTS AND DISCUSSION
Analysis of Factors Affecting Oil–Water Separation
The effects of oil concentration, aeration rate, and influent flow under different working conditions were investigated.
As shown in Figure 2A, removal efficiency decreased linearly with increasing influent oil concentration. Higher removal efficiency for oil was achieved at low influent oil concentrations. The frequency of collision and attachment of oil droplet and air bubbles increased at low influent oil concentrations. With increasing oil concentration, the fraction of the oil droplets that did not attach to the air bubbles increased, leading to reduction in removal efficiency (Radzuan, et al., 2016). As the oil concentration of influent oilfield-produced water increased to a certain extent, the oil film became too thick, which blocked the flow of the top oil phase. Beyond the treatment ability, of air flotation, a large oil droplet appeared near the water effluent, thereby decreasing the removal rate.
[image: Figure 2]FIGURE 2 | Change in the removal rate with different conditions (A) different initial oil concentrations; (B) different aeration rates; (C) different influent flows; and (D) continuous running experiment.
In the apparatus, the aeration disc has 50-μm uniform-diameter micropores. Under the action of aeration pump, bubbles were generated continuously and entered into oil-produced water. The bubble size was affected by increasing velocity, pressure, and surface tension (Leonard, et al., 2021). Some bubbles gathered to form large bubbles, and some of them burst. The bubble particle size is expected to be 10–200 μm. The oil removal rate showed a trend of increasing and then decreasing (Figure 2B). With a low aeration rate, the attachment of the oil droplets to the bubbles might not occur due to the limited number of bubbles. With increasing aeration rate, the number of bubbles increased, and the probability of collision and adhesion between the oil drops and bubbles also increased, thereby increasing the removal efficiency. Higher aeration rate and increasing velocity did not mean higher removal rate. With increasing number of bubbles, bubble–oil droplets dissociated and reduced the separation efficiency of the apparatus. This phenomenon can be explained by the existence of sheets of bubbles that can easily disturb the water flow, thereby reducing the probability of collision and adhesion between the bubbles and oil droplets. In the bubble column reactor, the main influencing parameters of the increasing velocity of bubbles are liquid superficial velocity and gas superficial velocity (Leonard, et al., 2021). Increasing the gas flow rate increased the strength of recirculation, which is expressed by the higher shear rates in the vertical liquid velocity (Panjipour, et al., 2021). Considering the energy saving and treatment effect, the ratio of aeration rate was proposed to be 0.4 L/min.
As shown in Figure 2C, with increasing influent flow from 0.9 m3/h to 1.8 m3/h, the corresponding oil removal rate increased first and then decreased. To ensure that the water flow can rotate and rise, the water flow should be maintained at a certain rate. A suitable flow is beneficial to promote the collision, coalescence, migration, and separation between bubbles and oil droplets. If the flow rate is too slow, the hydraulic separation becomes too weak to separate the oil from oilfield-produced water. If the flow rate is too high, the shear stress of the fluid increases, leading to increased breaking ratio of the adhesive body of oil droplets and bubbles. At the same time, a high influent flow results in low hydraulic retention time of oilfield-produced water in the apparatus and low chance of collision and adhesion between the bubbles and oil droplets. In addition, high influent flow means that the high influent rate needs more energy.
A continuous stability experiment was carried out under a influent flow rate of 1.5 m3/h and aeration rate of 0.4 L/min for 39 days to verify the separation performance and operational stability of the SCF apparatus during operation. The oil concentration was measured 12 times every day, and the average value was taken as the test value. The oil removal rate curve is shown in Figure 2D. When the oil influent concentration of the oilfield-produced water fluctuated within 200–1,200 mg/L during continuous operation, the oil removal rate was 73.09–94.94%, with an average of 92.43%. The minimum effluent concentration appeared at 15th day with the concentration of 41.61 mg/L. In oilfield-produced water with fluctuating concentration, the effluent concentration was stable, indicating that the SCF apparatus presented good adaptability. Compared with the current process in the plant, the removal effect presented no less than the two-stage sedimentation with less floor area. Hence, the apparatus had high separation efficiency and good operational stability in line with the expected operating indicators.
The effluent oil content exceeded the reinjection standard of China. Considering that low concentration water is conducive to oil–water separation, part of the discharged water can be reinjected to the influent oilfield-produced water to reduce the concentration of the influent water when the concentration is high. Two SCF apparatus can be connected in series to reduce the effluent concentration in actual engineering. In the plant, the discharge water enters the sand filter tank and is finally used for boiler water or groundwater reinjection. SCF has potential industrial application as a pretreatment process for oil–water load reduction.
Oil Separation Mechanism
The oil field-produced water enters tangentially into the middle cylinder and enhances the collision adhesion between the oil droplets and air bubbles, thereby improving the flotation efficiency. When the oil field-produced water enters the SCF apparatus, the separation of the oil phase and water phase occurs. Under the action of SCF, the heavier phase moves to the wall of the cylinder, and the lighter phase moves to the central position. Oil–water separation is a complex process that involves the surface characteristics of oil droplets and their interaction with bubbles (Moosai and Dawe, 2003). Three-phase separation occurs at the liquid/air interface in the SCF apparatus. In the early stage of operation, no film was formed, and the oil concentration in the effluent was high. With the continuous generation, the bubble–oil droplet adhering body floated together and continued to increase at the liquid/air interface. When the experimental conditions are stable, an equilibrium relationship exists between bubble–oil droplet and bubble in the oil–liquid film. The oil droplets are separated from oil-produced water in the oil–liquid film. Three different types of behavior occur in the films when it comes to a stable operation condition. Oil droplets will be skimmed off from the film and flow into the inner cylinder. The heavier water will move to the outside cylinder under cyclonic force, and bubbles will release into the atmosphere. Compared with pure air flotation, the bubble–oil droplet adhering body will rise faster under the action of swirling flow, indicating that the oil–water separation time can be shortened (Edzwald, 2010). Based on Formula 6, the rising velocity of oil droplets can be calculated and shown in Figure 3A. With the oil droplet with 120 µm diameter as example, the floating speed is 9.9 mm/s, and its hydraulic retention time is only about 98 s. Thus, the compact design, low retention time, and high removal rate are the advantages of the SCF apparatus.
[image: Figure 3]FIGURE 3 | Floating speed (A) and distribution of oil droplets in influent (B) and effluent (C) of oilfield-produced water.
The rising velocity of oil droplets gradually increases with increasing oil droplet size. The Reynolds number is a basic parameter used to estimate flow pattern (Xu, et al., 2018). When the oil droplets have particle sizes of 100, 200, and 300 μm, the rising velocities are 0.33, 1.32, and 2.65 mm/s, and the Reynolds numbers are 0.06, 0.47, and 1.43, respectively. All the Reynolds number of oil droplet is below 4.5, which indicate that oil droplets are in the laminar flow area and transition area. The free-floating bubbles has little disturbance to the fluid, and the oil droplets flow under the low-intensity cyclonic force.
The oil droplet distribution in the oilfield-produced water was obtained using a BT-9300SE laser particle size analyzer to clarify the oil and water separation mechanism. When the influent oil concentration was 1,193.26 mg/L, the particle size of the oil droplets in D50 was 250.6 µm, and the maximum particle size of the oil droplets was 900.9 µm. When the effluent oil concentration was 90.32 mg/L, the particle size of D50 oil drops was 13.7 µm and the maximum particle size was 219.3 µm, indicating that part of the emulsified oil with larger particle size was removed by floatation. The removal rates of free oil, dispersed oil, and emulsified oil were 99.98, 80.48, and 61.52%, respectively. Hence, the SCF apparatus is the most effective in removing free oil, and the main form of oilfield-produced water is free oil.
The state of the oil droplets was observed under a Belona biological microscope. As shown in Figure 3B, the number of oil droplets is dense and the oil concentration is relatively high. The oil droplets are “ball”-shaped caused by the interface tension between oil and water. Figure 3C shows the existing state of oil droplets in the effluent after air flotation. The number of oil droplets in the effluent is sparse, and the particle size of oil droplets is very small, indicating that air flotation has a good treatment effect on the emulsified oil.
Analysis of Advantages Over Other Flotation Apparatus
The characteristic of the single cylinder is that oil droplets attached to the bubbles move upward with the bubbles, while water moves downward under gravity to the bottom of the apparatus. The main characteristic of the double cylinders is that oil-produced water enters the inner cylinder, which is often installed at the top of the apparatus. Oil droplets attached with the bubbles rise to the oil-phase concentration zone, while the water flows along the wall of the inner cylinder and flows down to the bottom of the vessel. The remarkable characteristic of the three cylinders is that oilfield-produced water enters the middle cylinder. The oil phase can flow into the inner cylinder, and the water phase can flow into the outside cylinder continuously under cyclonic force. Table 1 summarizes the characteristics of flotation apparatus in the literature. The compact design of the developed apparatus in the present work has three concentric cylinders that function in swirling, air flotation separation, and oil collection.
TABLE 1 | Characteristics of flotation apparatus.
[image: Table 1]The removal efficiency can be greatly improved by adding coagulants because coagulated droplets can easily absorb or entrap air bubbles. The oil removal rate can be greatly improved with chemicals (Wang, et al., 2010; El-Gohary, et al., 2010). However, coagulant aid and flocculant in the separation process could produce a large amount of scum, which is not conducive to the recovery and utilization of waste oil. The scum produces mechanical wear and corrosion and causes secondary pollution. The removal rate of the SCF apparatus is higher than that of apparatus in the literature, which can be attributed to the unique compact design of the apparatus. High separation efficiency can be achieved without adding any chemical agents by the apparatus in this work, which also means many chemicals cost could be saved. Therefore, the designed SCF apparatus is suitable for the oil–water load reduction as a pretreatment process.
CONCLUSION
An oil–water separation apparatus with three cylinders was developed by combining hydrocyclone and air flotation separation principle to determine the separation effectiveness of oil and water from oilfield-produced water. Batch and continuous modes were conducted in the pilot test. The optimum operating conditions consisted of an influent flow rate of 1.5 m3/h and an aeration rate of 0.4 L/min by batch test.
In the continuous running mode, the oil removal rate generally was above 90% with fluctuating concentration under the optimum operating conditions. Compared with other flotation apparatus, the SCF apparatus exhibits the advantages of compact design, lower retention time, and higher removal rate. Two SCF apparatus can be connected in series to reduce the effluent concentration in the actual engineering.
The popularization and application of the designed SCF pretreatment equipment can reduce the oil–water load without using chemicals. As such, the harmful solid oil sludge can be greatly reduced to achieve an environment-friendly and cost-saving operation.
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In this research, a magnetic core-shell composite, consisting of a Fe3O4 core and a silica shell (called Fe3O4@SiO2), was developed and then functionalized via MnO2 grafting at different MnO2 deposition levels (termed Fe3O4@SiO2-MnO2). The resulting materials were characterized by X-ray fluorescence, X-ray diffraction, a vibration sample magnetometer, transmission electron microscopy, N2 adsorption-desorption, zeta-potential studies and X-ray photoelectron spectroscopy. Visualizations showed that Fe3O4@SiO2-MnO2 had a magnetite core with size of 100 nm, overlaid by a rough silica shell and a relatively loose MnO2 deposition. The Pb(II) adsorption onto the composites was also assessed. It was found that MnO2 deposition on the Fe3O4@SiO2 surface enhanced Pb(II) adsorption, and the Pb(II) adsorption amount was highly correlated to the MnO2 deposition level. The adsorption kinetics of Pb(II) followed pseudo-second-order kinetics, and the adsorption rate could be decreased by increasing the initial concentration of Pb(II). A higher pH resulted in enhanced Pb(II) adsorption, which slightly increased with the coexistence of Na+ and Ca2+, along with the presence of dissolved humic acid. The adsorbent could easily be separated and recovered under the action of the external magnetic component and it displayed stable adsorption behaviour over four adsorption-desorption periods. The results emphasize the high potential of Fe3O4@SiO2-MnO2 materials for the adsorptive removal of Pb(II) in water.
Keywords: lead removal, adsorption, Fe3O4@SiO2, MnO2 grafting, water treatment
INTRODUCTION
Lead (Pb(II)) pollutant in municipal and industrial wastewater poses a serious threat to public health and ecological systems (Liu et al., 2018). Different treatment techniques, involving chemical precipitation (Li et al., 2022), ion exchange (Li et al., 2017), adsorption (Hussain et al., 2021), and membrane separation (Hamid et al., 2020), have been used to eliminate Pb(II) pollution, among which adsorption has the highest removal efficiency and ease of operation. Therefore, the design and preparation of effective adsorbents for aqueous Pb(II) removal are being widely researched.
Some metal oxides–such as Fe2O3, Al2O3, and MnO2–have been evaluated for adsorbing Pb(II) from wastewaters, among which MnO2 has exhibited promising potential for the adsorptive removal of Pb(II) (Zhang et al., 2020b; Yadav et al., 2021; Ghaedi et al., 2022). Zhang et al. (2017a) and Li et al. (2021) found that MnO2 presented a strong affinity for Pb(II) under acidic conditions and played a significant role in controlling the geochemical cycle of heavy metal ions owing to its high specific surface area and negatively charged surface over an extensive pH range. However, pure nanosized MnO2 particles tend to aggregate in water. The separation of MnO2 nanoparticles requires energy-intensive filtration, increasing the total cost and leading to filter clogging (Zhu et al., 2015).
Magnetic separation is quicker and more efficient than traditional filtration when used to separate suspended magnetic particles (Xia and Liu, 2021). Fe3O4 and γ-Fe2O3 are common magnetic agents, exhibiting superparamagnetic behaviour and strong magnetization. Combining their magnetic efficacy with that of MnO2 nanoparticles can help mitigate the limitation of MnO2 nanoparticles in terms of their slow separation from water. However, magnetic Fe3O4 and γ-Fe2O3 are not stable under acidic conditions (Bandar et al., 2021). Significant research effort has been devoted to enhancing the stability of magnetic iron oxides by coating them with polymers (Chen et al., 2018), lauric acid (Zhu et al., 2019), carbon (Wang W. et al., 2015), ZrO2 (Gugushe et al., 2021) and SiO2 (Vishnu and Dhandapani, 2020). Notably, SiO2-based coatings are very stable under acidic conditions and highly resistant to oxidants and reductants (Vishnu and Dhandapani, 2020). Hence, they can act as ideal shell composites to shield the inner magnetic cores. Furthermore, SiO2 has a high specific surface area and abundant hydroxyl groups, which facilitates facile functionalization. For instance, Huang et al. (2014) used M-Fe3O4@SiO2/ZnO for the photocatalytic degradation of methyl group, finding that SiO2 incorporation prevented the agglomeration of the Fe3O4 nanoparticles and enhanced the photocatalytic performance. Vishnu and Dhandapani (2020) synthesized an amino-functionalised silica-coated magnetic nanoparticle with high stability under acidic conditions. However, there have been few reports on the incorporation of MnO2 onto the surface of magnetic core-shell nanoparticles. Zhang et al. (2015) prepared a Fe3O4@SiO2@MnO2 composite as an adsorbent for the decolouration of methyl orange, which consisted of a magnetic Fe3O4 core, SiO2 shell–with thickness of 40 nm–and MnO2 nanoparticles adhering to the surface of SiO2 body, with a diameter of about 10 nm. However, the thick SiO2 body and large MnO2 nanoparticles decreased the saturation magnetisation (Ms) of Fe3O4 from 82.47 emu g−1–29.41 emu g−1, which markedly restricted the efficiency of magnetic separation and recovery of the adsorbent. Hence, we hypothesize that a nanocomposite of Fe3O4 core, a thin SiO2 shell and a monolayer of active MnO2 will exhibit a high adsorption ability and separability for Pb(II). However, to the best of our knowledge, no such study has been reported to date.
Magnetic nano-adsorbents were synthesized in this study by grafting MnO2 with various of concentrations onto the surface of Fe3O4@SiO2 core-shell nanoparticles. The characterization of the adsorbents included X-ray fluorescence (XRF), powder X-ray diffraction (XRD), transmission electron microscopy (TEM), vibration sample magnetometry (VSM), N2 adsorption-desorption, X-ray photoelectron spectroscopy (XPS) and zeta-potential tests. The Pb(II) adsorption capabilities of the materials including the adsorption ability, kinetics, the impact of water chemistry on adsorption, and the regeneration of the saturated adsorbents, were investigated to evaluate the performance of the novel adsorptive materials.
MATERIALS AND METHODS
Adsorbent Preparation
The Fe3O4 nanoparticles were prepared using the procedure described by Huang et al. (2014) and Shi et al. (2021). In brief, 3.0 g of FeCl3·6H2O, 2.0 g of polyvinylpyrrolidone and 7.2 g of sodium acetate were dissolved in 60 ml ethylene glycol at 50°C. This was followed by transferring the compound to a 100 ml stainless steel autoclave lined with Teflon and heating it to 200°C for 8 h. Once the mixture’ temperature dropped to room temperature, the black solid was gathered through magnetic separation, repeatedly washed in ethanol and deionized water, and then dried at 60°C in a vacuum for 12 h.
After dispersing 1.0 g of Fe3O4 nanoparticles in 200 ml of deionized water at 80°C, 20 ml of 1.0 mol L−1 Na2SiO3 solution was added to the suspension with vigorous agitation. The pH was adjusted to 6.0 using 2.0 mol L−1 HCl solution within 1 h, followed by 3 h of vigorous agitation at 80°C. It was necessary to utilize magnetic separation to collect the resulting nanoparticles, which were then thoroughly washed with deionized water, and followed by drying for 12 h in a vacuum at 60°C. The material obtained is referred to as Fe3O4@SiO2.
KMnO4 as the source of manganese was used to prepare MnO2-functionalized Fe3O4@SiO2 nanoparticles. One gram of Fe3O4@SiO2 nanoparticles was suspended in 100 ml of deionized water, and the predicted amount of KMnO4 solution was added. The mixture was then added dropwise to 40 ml of 30% H2O2 solution. Within 0.5 h of mechanical stirring, the pH of this solution was adjusted to 7.0 by adding 1.0 mol L−1 HNO3. Following that, the reaction mixture was agitated at 25°C for 3 h. The final compound was collected through magnetic separation and repeatedly washed with deionized water before drying at 60°C in a vacuum for 12 h. The subsequent components were designated as Fe3O4@SiO2-MnO2(X), where X denotes the concentration of MnO2 (wt. per cent).
Material Characterization
The amount of MnO2 present in the adsorbents was measured using an ARL9800XP X-ray fluorescence (XRF) spectrometer (Thermo Electron, Switzerland). The X-ray diffraction (XRD) patterns of the materials were recorded using a Rigaku D/max-RA powder diffractometer connected to a Cu Kα radiation source over a wide range of angles (10–70°) (Rigaku, Japan). An electron microscopy, the JEM-2100 (JEM-2100, JEOL, Japan), was utilized to analyse the morphology of the adsorbents under investigation. Through the N2 adsorption-desorption operations performed on a Micromeritics ASAP 2020 analyser (Micromeritics Instrument Co., Norcross, GA, United States), we evaluated the Brunauer–Emmett–Teller (BET) surface area at −196°C (77 K). In this study, an XPS examination was carried out using a PHI5000 VersaProbe equipped with a monochromatized Al Kα excitation source (hv = 1,486.6 eV) (ULVAC-PHI, Japan). The binding energy was calibrated using the C 1s peak (284.6 eV). A vibrating sample magnetometer was used to determine the magnetic characteristics of the sample (Lake Shore VSM 7410, United States). A Zeta Potential Analyser was utilized to determine the nanoparticles’ surface Zeta (ζ) potentials (Zeta PALS, Brookhaven Instruments Co., United States). To ensure proper dispersion 24 h before the zeta potential measurement, 40 mg of the material was spread evenly across 400 ml of 1.0 mmol L−1 NaNO3 solution, and various solution pH values were obtained by adding 0.1 mol L−1 HNO3 or NaOH.
Batch adsorption Experiments
We determined the Pb(II) adsorption isotherms by conducting a series of batch adsorption tests. A 40 ml glass vial was filled with 40 ml of Pb(II) solution with various initial concentrations and capped with a screw cap containing 20.0 mg of adsorbent. The pH of the combination was maintained at 4.0 ± 0.2. The samples were then oscillated in an orbital shaker at 25°C for 24 h. Preliminarily kinetic trials (data available upon reasonable request) indicated that the adsorption time (24 h) was sufficient to reach an apparent adsorption equilibrium. Following the equilibrium adsorption, the adsorbent was magnetically isolated from the aqueous solutions. When determining the residual Pb(II) concentrations in aliquots, atomic absorption spectroscopy (AAS) (Hitachi Z-8100, Japan) was utilized. The equilibrium amount (mg g−1) of Pb(II) adsorption was determined as following:
[image: image]
The initial and equilibrium concentrations of Pb(II) are C0 and Ce (mg L−1), respectively. The total volume of Pb(II) solution is V (L) and the adsorbent mass M is measured in grams.
The Pb(II) adsorption data were fitted to the Langmuir and Freundlich models, which were often used to describe the interaction between the adsorbate and the adsorbent. The Langmuir and Freundlich models could be expressed as Eqs. 2, 3, respectively:
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The maximum adsorption capacity is represented by qm (mg g−1), and b (L mg−1) is the Langmuir equilibrium constant. Kf (mg g−1) is the Freundlich coefficient, which indicates the adsorbent’s adsorption capacity, and n is the linearity index, which indicates the adsorption intensity.
Adsorption Kinetics
To investigate the Pb(II) adsorption kinetics, 250.0 mg of Fe3O4@SiO2-MnO2(1.54) was put into a round-bottom flask with 500 ml of aqueous solution with different Pb(II) concentrations (10.0 mg L−1 and 25.0 mg L−1) under vigorous stirring. About 5 ml of the solution was sampled using a pipette at preset time separations. The suspended magnetic nanoparticles were fast filtered by a 0.22 μm filter membrane. AAS was used to determine the concentration of Pb(II) in the filtrate. The quantity of Pb(II) adsorption was calculated using the following formula:
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An adsorbing quantity, known as “qt” (mg g−1) is dependent on t (min). C0 and Ct are the Pb(II) solution concentration (mg L−1) at initial and time t of (mg L−1). The volume of Pb(II) solution is measured by V (L) and the adsorbent mass M is measured in grams.
Effect of Water Chemistry on Pb(II) adsorption
Using Fe3O4@SiO2-MnO2(1.54) at a temperature of 25°C, the influence of pH on Pb(II) adsorption was investigated. A 25.0 mg L−1 Pb(II) solution with variable pH was added to Teflon-lined, cap-on glass tubes containing 20.0 mg of Fe3O4@SiO2-MnO2(1.54), and the tubes were shaken at 25°C for 48 h. Equation 1 was used to compute the amount of Pb(II) adsorption, and the residual Pb(II) concentration was evaluated by AAS. The effects of co-existing ions on Pb(II) adsorption onto Fe3O4@SiO2-MnO2(1.54) were carried out with the presence of various NaCl or CaCl2 concentrations (0.01–0.20 mol L−1) at pH 4.0 ± 0.2, and at 25°C. The effect of dissolved humic substances on Pb(II) adsorption was studied by comparing the adsorption isotherms of Pb(II) in the presence and absence of dissolved humic acid (Sigma-Aldrich) at a concentration of 10.2 mg L−1.
Desorption and Regeneration of the Saturated Adsorbent
To determine the reusability of the synthesized sorbent, eight successive periods of Pb(II) adsorption and regeneration on Pb(II)-saturated Fe3O4@SiO2-MnO2 (1.54) were conducted. Specifically, 50.0 mg of Fe3O4@SiO2-MnO2(1.54) was suspended in 100 ml of 25.0 mg L−1 Pb(II) solution and maintained at 25°C for 24 h with vigorous stirring. The Pb(II)-saturated adsorbent was then split magnetically, and the residual Pb(II) concentration was measured by methods described previously. The resultant Pb(II)-saturated adsorbent was regenerated by suspending it in 20 ml of 1.0 mol L−1 HCl solution and keeping it for 24 h. Before the next adsorption-desorption period, the regenerated adsorbent was repeatedly cleaned using deionized water until the pH of the supernatant was almost neutral.
RESULTS AND DISCUSSION
Characterization of the Adsorbents
The XRD diagrams of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-MnO2 with different MnO2 concentrations are shown in Figure 1. The major diffraction peaks of Fe3O4 were determined with 2θ of 18.3°, 30.1°, 35.5°, 37.1°, 43.1°, 53.5°, 57.1°, and 62.7°, this indicated the existence of magnetite with a cubic spinel framework (Bandar et al., 2021; Panahandeh et al., 2021). For Fe3O4@SiO2, no prominent and new crystalline peak was observed, revealing that SiO2 component in Fe3O4@SiO2 was amorphous (Bandar et al., 2021). Upon MnO2 functionalization, a broad peak at 2θ of 23.7° was detected (except for the diffraction peaks of Fe3O4@SiO2), the intensity of which enhanced with increasing MnO2 concentration, reflecting the presence of amorphous MnO2 moieties on the Fe3O4@SiO2 surface (Yin et al., 2011; Zhang et al., 2017b). Additionally, the few diffraction peak features of crystalline MnO2 reflected the low MnO2 content in the Fe3O4@SiO2-MnO2 adsorbents.
[image: Figure 1]FIGURE 1 | XRD patterns of the samples.
The BET surface areas of the adsorbents identified through N2 adsorption-desorption are summarized in Table 1. These specific surface areas of the Fe3O4@SiO2-MnO2 adsorbents were higher than that of Fe3O4@SiO2, revealing an increase in the surface area upon functionalization. The XRF analysis results of MnO2 loading amounts are listed in Table 1. The MnO2 contents of Fe3O4@SiO2-MnO2 adsorbents were 0.32, 0.62, 0.97, 1.54, and 1.92 (wt%), reflecting the successful grafting of MnO2 onto the Fe3O4@SiO2 surface.
TABLE 1 | BET surface areas and contents of Fe3O4, SiO2 and MnO2 of the sorbents.
[image: Table 1]The TEM images of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-MnO2 are displayed in Figure 2. The Fe3O4 image (Figure 2A) showed the aggregation of spherical clusters with an average diameter of 100 nm. In Figure 2B, rough SiO2 with a thickness of approximately 3 nm outside the Fe3O4 core was identified, reflecting that Fe3O4@SiO2 consists of Fe3O4 cores and SiO2 shells. After MnO2 functionalization (see Figures 2A,C,D relatively loose body was obviously observed on the Fe3O4@SiO2 surface, reflecting the successful deposition of MnO2 onto the Fe3O4@SiO2 surface.
[image: Figure 2]FIGURE 2 | TEM images of (A) Fe3O4, (B) Fe3O4@SiO2, and (C,D) Fe3O4@SiO2-MnO2(1.54).
The magnetization curves determined for Fe3O4@SiO2 and Fe3O4@SiO2-MnO2(1.54) are presented in Figure 3A. The saturation magnetisation (Ms) of Fe3O4@SiO2 was determined to be 84.1 emu g−1, whereas the Ms of Fe3O4 nanosphere was reported to around 100.3 emu g−1 (Shi et al., 2021). The lower saturation magnetization of Fe3O4@SiO2 than that of Fe3O4 could be attributed to the SiO2 shell. After MnO2 modification, the saturation magnetization of Fe3O4@SiO2-MnO2(1.54) continuously reduced to 56.8 emu g−1, further confirming the successful deposition of MnO2 onto the Fe3O4@SiO2 surface. VSM results also showed that the samples were superparamagnetic with no remanent coercivity (Xu et al., 2018). As evident in Figure 3B, the effective separation and recovery of Fe3O4@SiO2-MnO2(1.54) could be achieved in seconds with the assistance of an external magnetic field. Further, the nanoparticles quickly redispersed while the magnetic field was removed, reflecting the potential for using MnO2-functionalized Fe3O4@SiO2 magnetic nanoparticles as recyclable adsorbent in water and wastewater treatment.
[image: Figure 3]FIGURE 3 | (A) Magnetization curves of Fe3O4@SiO2 and Fe3O4@SiO2-MnO2(1.54) and (B) the magnetic separation and redispersion of Fe3O4@SiO2-MnO2(1.54).
The surface zeta potentials of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-MnO2(1.54) are displayed in Figure 4, as a function of pH. The surface potential gradually decreased with increases in the pH for all of the samples, likely due to the deprotonated surface hydroxyl groups. The isoelectric point (IEP) of the Fe3O4 nanoparticles was found to be 5.8, which was in line with the value found in literature (Bandar et al., 2021). The IEP of Fe3O4@SiO2 was found to be 2.4, further confirming the successful amorphous silica coating (Wang et al., 2013). More specifically, the IEP of Fe3O4@SiO2-MnO2(1.54) was found to be approximately 1.4. It is important to note that the IEP of MnO2 has previously been found to lie within the range of 1–2 (McBride, 1997; Huang et al., 2014). Hence, the lower IEP of Fe3O4@SiO2-MnO2(1.54) compared with Fe3O4@SiO2 was attributed to the MnO2 grafting on the Fe3O4@SiO2 surface.
[image: Figure 4]FIGURE 4 | Surface zeta potentials of the samples as a function of pH.
The XPS spectra of Mn 2p and O 1s are presented in Figures 5A,B, respectively. In the spectra of Fe3O4@SiO2-MnO2 adsorbents, Mn 2p peaks were found, reflecting the successful grafting of the MnO2 functional groups onto the Fe3O4@SiO2 surface. The typical Mn 2p XPS spectrum of Fe3O4@SiO2-MnO2 nanoparticles revealed a spin-orbit doublet with Mn 2p1/2 (653.3 eV) and Mn 2p3/2 (641.3 eV), which was separated into a mixed-valent manganese system comprising Mn3+ and Mn4+ (Zhang et al., 2015; Zhang et al., 2017b). Owing to the low MnO2 content and high MnO2 dispersion, the intensity of the Mn 2p1/2 and Mn 2p3/2 peaks of Fe3O4@SiO2-MnO2(0.32) and Fe3O4@SiO2-MnO2(0.62), respectively, were not the typical intensities reported for manganese oxides in literature (Zhang et al., 2020a). In the case of the O 1s spectrum (Figure 5B), two peaks at 529.8 and 532.1 eV appeared in the spectra of the samples, indicative of the lattice oxygen (i.e., Mn-O, Si-O and Fe-O) and surface oxygen (O-H) (Wan et al., 2020; Minale et al., 2021), respectively. Additionally, the area ratio of surface oxygen increased with increasing MnO2 deposition levels, which was ascribed to the abundance of hydroxyl groups on the functionalized manganese oxides (Wang et al., 2013).
[image: Figure 5]FIGURE 5 | XPS spectra of Fe3O4@SiO2 and Fe3O4@SiO2-MnO2 in (A) the Mn 2p and (B) the O 1s region.
Adsorption Isotherms
Figure 6A shows the isotherms of Pb(II) adsorption onto the adsorbents. Very low quantities of Pb(II) adsorption was detected for Fe3O4 and Fe3O4@SiO2, indicating that the Fe3O4 and Fe3O4@SiO2 exhibited a negligible affinity for Pb(II) adsorption. In comparison to Fe3O4 and Fe3O4@SiO2, Fe3O4@SiO2-MnO2 exhibited a significant increase in Pb(II) adsorption, which increased as the MnO2 deposition level rose, indicating that MnO2 was the active species for Pb(II) adsorption.
[image: Figure 6]FIGURE 6 | (A) Pb(II) adsorption isotherms and (B) MnO2 content-normalized Pb(II) adsorption isotherms of the samples. (Adsorbent dosage = 0.5 g L−1, Temperature = 25°C, pH = 4.0 ± 0.2).
Table 2 summarizes the fitting parameters. For Fe3O4@SiO2-MnO2(0.32), the Adj. R2 value (0.976) of the Freundlich model was slightly higher than that of the Langmuir model (0.965), likely because the Fe3O4@SiO2 surface was not entirely covered by MnO2 at the 0.32% (wt.) deposition level, leading to significant adsorption heterogeneity (Feheem, et al., 2016). In contrast, much higher R2 values (0.990–0.994) of the Langmuir model were obtained when the MnO2 deposition levels increased, indicating homogeneous adsorption sites for Pb(II) adsorption at high MnO2 deposition levels. Additionally, the b and Kf values increased with increasing MnO2 deposition levels, confirming that the active adsorption species was MnO2.
TABLE 2 | Fitting parameters of the Langmuir and Freundlich isotherm models for adsorption of Pb(II) onto the adsorbents.
[image: Table 2]The calculated qm of the sorbents suggested that Pb(II) adsorption was not strongly affected by the MnO2 deposition levels. To obtain deeper insight into the adsorption mechanism, MnO2-content-normalized adsorption isotherms of Fe3O4@SiO2 with various MnO2 deposition levels are compared in Figure 6B. The calculated maximum adsorption capacities Qm upon MnO2 content normalization are listed in Table 2. For Fe3O4@SiO2-MnO2 with various MnO2 contents, the adsorption capacities Qm decreased with increasing MnO2 deposition levels, and the highest Qm was observed for Fe3O4@SiO2-MnO2(0.32). This is likely due to the high dispersion of nanosized MnO2 particles at low deposition levels, and thus, the high utilization of MnO2 as the active site for Pb(II) adsorption. At higher deposition levels, the MnO2 particles may aggregate, leading to the partial inaccessibility of the adsorption sites. Notably, almost identical adsorption isotherms were acquired for MnO2 normalization at deposition levels of 1.54 (wt%) and 1.92 (wt%), reflecting similar structural characteristics (e.g., the content of hydroxyl groups and the particle size) (Zhang et al., 2020a). The nearly identical normalized isotherms implied that the outer surface of SiO2 shell might be entirely covered at the 1.54% (wt.) MnO2 deposition, which was in good agreement with the XPS results.
MnO2 is used as an effective adsorbent for Pb(II) removal in wastewater. Wan et al. (2018) found that the maximum adsorption capacity of biochar-supported hydrated manganese oxide for Pb(II) was 23.8 mg g−1 at a pH of 4.5. Wang S. et al. (2015) investigated Pb(II) adsorption on MnO2-modified biochar acquired an adsorption capacity of 47.1 mg g−1 at an equilibrium concentration of 40 mg L−1. Note that the adsorption capacity usually increases with the equilibrium concentration of the adsorbate, and these high adsorption capacities reported were obtained at relatively high Pb(II) equilibrium concentrations. In the current research, the maximum adsorption of Pb(II) on Fe3O4@SiO2-MnO2(1.54) was 33.6 mg g−1 Fe3O4@SiO2-MnO2 at an equilibrium concentration of 24.0 mg L−1 and pH of 4.0, showing that the uptake of Pb(II) at low Pb(II) concentrations with the synthesized sorbents was much higher than the reported results and, therefore, a higher efficiency of Pb(II) enrichment was achieved under acidic conditions.
Adsorption Kinetics
The kinetics of Pb(II) adsorption on Fe3O4@SiO2-MnO2(1.54) with different initial concentrations are depicted in Figure 7A. In roughly 30 min, equilibrium was reached at both initial concentrations of 10.0 and 25.0 mg L−1 of Pb(II) on the adsorbent. Adsorption kinetics can be better understood using three kinetic models (Yang et al., 2018): the pseudo-first-order model (Eq. 5), the pseudo-second-order model (Eq. 6), and the Weber-Morris model (Eq. 7).
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where the qt (mg g−1) is the adsorption amount at time t (min), k1 (min−1) is the pseudo-first-order rate constant, k2 (g mg−1 min−1) is pseudo-second-order rate constant, kd and I denote the diffusion constant and the thickness of the boundary layer, respectively.
[image: Figure 7]FIGURE 7 | (A) Adsorption of Pb(II) with various initial concentrations on Fe3O4@SiO2-MnO2(1.54) as a function of the adsorption time, and fitting of Pb(II) adsorption kinetics using the (B) pseudo-first-order model, (C) pseudo-second-order model and (D) Weber-Morris model. (C0 (Pb(II) = 10.0 mg L−1 and 25.0 mg L−1, respectively, adsorbent dosage = 0.5 g L−1, Temperature = 25°C, pH = 4.0 ± 0.2).
Figures 7B,C show change curves of log(qe - qt) with t and t/qt with t; Table 3 contains the fitting parameters. The kinetic results for Pb(II) adsorption onto Fe3O4@SiO2-MnO2(1.54) fit this pseudo-second-order kinetic model very well, showing that Pb(II) adsorption is pseudo-second-order and chemisorption-limited (Panahandeh et al., 2021). Pb(II) adsorbed over Fe3O4@SiO2-MnO2(1.54) was shown to adhere to pseudo-second-order kinetics when the slopes of the t/qt against t plots were used. The projected q′cal significant values were very close to the experimental values. There were slower adsorption rates with higher initial Pb(II) concentrations for the Pb(II) adsorption rate constants at 10.0 and 25.0 mg L−1 starting concentrations of Pb(II).
TABLE 3 | Fitting parameters of Pb(II) adsorption kinetics on Fe3O4@SiO2-MnO2(1.54) using pseudo-first-order, pseudo-second-order, and Weber-Morris models.
[image: Table 3]The fitted results of Pb(II) adsorption using Weber-Morris model are shown in Figure 7D, and the parameters that best fit the data are listed in Table 3. The plots display multilinearity with different initial Pb(II) concentrations, indicating that more than two procedures are involved in the adsorption. In Figure 7D, the Weber-Morris plots had two linear portions. The first is assigned to the fast adsorption of Pb(II), and the other to the function of the adsorption equilibrium. According to the model, if the adsorption process is mainly controlled by intraparticle diffusion, the qt - t1/2 plot will be a straight line passing through the origin (Yang et al., 2018). However, the first portion did not pass through initially indicate that external diffusion played a significant role in the adsorption procedure. Additionally, the intercepts decreased at high initial concentrations, suggesting that the diffusion was not substantially affected by the mass transfer resistance. With initial Pb(II) concentrations of 10.0 and 25.0 mg L−1, respectively, the kd were 5.5 and 7.5 mg g−1 min−1/2, indicating a higher diffusion constant at a higher initial concentration. This is likely due to the increasing diffusion driving force caused by the increasing concentration gradient.
Impact of Solution Chemistry on Pb(II) adsorption
The impact of the solution pH on Pb(II) adsorption by Fe3O4@SiO2-MnO2(1.54) is presented in Figure 8. The Pb(II) adsorption amount monotonically increased from 0.2 to 48.8 mg g−1 in the pH range from 2.0 to 8.0; subsequently, it remained constant. The pH effect on Pb(II) adsorption could be explained by the electrostatic interaction between the adsorbent and Pb(II), and the precipitation of Pb(II) at high pH conditions (>6.0) (Zhang et al., 2017b). Notably, SiO2 based shell were not stable against alkaline condition. Although the Pb(II) adsorption capacity of the Fe3O4@SiO2-MnO2(1.54) was relatively high under high pH conditions, each adsorption performance test in this study was conducted at pH = 4.0 ± 0.2. Generally, the Fe3O4@SiO2-MnO2(1.54) surface was actively charged at solution pH values under the IEP of 1.4; electrostatic repulsive interaction occurred between Pb(II) and the protonated hydroxyl groups (Wang et al., 2020). In contrast, the adsorption sites were negatively charged at solution pH values above the IEP of 1.4, leading to an electrostatic attraction between deprotonated Mn-OH groups and Pb(II) (Zhang et al., 2020b), enhancing the Pb(II) adsorption.
[image: Figure 8]FIGURE 8 | Effect of the solution pH on Pb(II) adsorption by Fe3O4@SiO2-MnO2(1.54). (C0 (Pb(II) = 25.0 mg L−1, adsorbent dosage = 0.5 g L−1, Temperature = 25°C).
Alkaline/Earth metal ions in natural water and wastewater may compete against Pb(II) for available adsorption sites of sorbents. The impacts of co-existing Na+ and Ca2+ on Pb(II) adsorption are shown in Figure 9A. These electrolytes resulted in an increase in the Pb(II) adsorption, and Ca2+ had a more significant impact on adsorption than Na+ did, suggesting that Pb(II) adsorption was controlled mainly by a surface complexation model (Zhang et al., 2020b). Notably, the effects of co-existing Na+ and Ca2+ on Pb(II) adsorption revealed the presence of a preferable adsorbent, which exhibited great potential for Pb(II) treatment in the presence of co-existing cations at high concentrations.
[image: Figure 9]FIGURE 9 | (A) Effect of co-existing ions on Pb(II) adsorption over Fe3O4@SiO2-MnO2(1.54), and (B) adsorption isotherms of Pb(II) on Fe3O4@SiO2-MnO2(1.54) in the absence and presence of dissolved humic acid. (Adsorbent dosage = 0.5 g L−1, Temperature = 25°C, pH = 4.0 ± 0.2).
In aquatic systems, dissolved humic acid may have an effect on the adsorption of Pb(II) (Esfandiar et al., 2022). Figure 9B depicts the adsorption isotherms of Pb(II) on Fe3O4@SiO2-MnO2(1.54) in the absence and presence of dissolved humic acid at a concentration of 10.2 mg L−1. The results indicate the active effect of dissolved humic acid on Pb(II) adsorption at higher equilibrium Pb(II) concentrations under the tested conditions. This positive effect is attributed to the formation of weakly adsorbing complexes between Pb(II) and humic acid (Zhang et al., 2017a).
Regeneration and Reuse of the Adsorbent
Based on the finding that Fe3O4@SiO2-MnO2 had a poor adsorption capacity at low pH values, the Pb(II)-saturated adsorbent was thought to be regenerated through the acid treatment. The adsorbent was reused for eight adsorption-regeneration periods and the results are displayed in Figure 10. The adsorption capacity reduced from 31.4 to 25.6 mg g−1 during the initial four adsorption-desorption cycles, likely because of partial active species loss during cycle processes or the incomplete desorption of Pb(II) from the surface of Fe3O4@SiO2-MnO2(1.54). After four cycles, the Fe3O4@SiO2-MnO2(1.54) adsorption capacity remained constant, and the sorbent could be efficiently separated from the solution within 10 s by an external magnetic field, indicating that the sorbent was stable and recyclable.
[image: Figure 10]FIGURE 10 | Pb(II) adsorption by virgin and regenerated Fe3O4@SiO2-MnO2(1.54) adsorbent within eight adsorption-desorption cycles. (C0 (Pb(II) = 25.0 mg L−1, adsorbent dosage = 0.5 g L−1, Temperature = 25°C, Pb(II) adsorption pH = 4.0 ± 0.2).
Implication for Real-World Application
Efficient removal of Pb(II) in wastewater and rapid separation of adsorbents have always been the difficulties in the practical application of adsorbents. The as-prepared Fe3O4@SiO2-MnO2 showed high adsorption capacity and good stability for Pb(II) adsorptive removal from acidic Pb(II)-contaminated water, suggesting potential application in wastewater treatment field. Additionally, after adsorbing Pb(II) in wastewater the effective separation and recovery of Fe3O4@SiO2-MnO2 adsorbent could be accomplished within seconds with an external magnetic field. Furthermore, the Fe3O4@SiO2-MnO2 adsorbent could be rapidly redispersed while the magnetic field was removed. This means that only one external magnetic field can be used to quickly and efficiently realize the adsorption and desorption of Pb(II) by the adsorbent, which is beneficial to reduce the cost of adsorptive removal of Pb(II) in wastewater.
CONCLUSION
In this research, magnetic core-shell sorbents of Fe3O4@SiO2-MnO2 with various MnO2 deposition contents were synthesized through deposition-precipitation and used for Pb(II) adsorption. The characterization results revealed that the Fe3O4 core was coated by a rough silica shell and a relatively loose MnO2 deposition. Accordingly, Fe3O4@SiO2-MnO2 demonstrated increased Pb(II) adsorption in comparison to Fe3O4@SiO2, and the Pb(II) adsorption amount was positively related to the MnO2 deposition level. Fe3O4@SiO2-MnO2 could be easily divided and recovered using an outer magnetic component. The sorbent exhibited stable adsorption and regeneration performance after four consecutive adsorption-desorption periods. This adsorption was contained by surface complexation and slightly enhanced by dissolved humic acid and co-existing cations. These findings highlight that Fe3O4@SiO2-MnO2 is a promising adsorbent for use in the removal of Pb(II) from water and wastewater.
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In this study, the degradation of bisphenol A (BPA) by ozonation was studied systematically by investigating the effects of different factors, including ozone dosages (0.25–1.50 mg/L), temperatures (10–50°C), initial solution pH (3.0–11.0) and interfering ions. The reaction kinetics were analyzed at the same time. In addition, the generation of intermediates was analyzed and the possible mechanism was proposed by combining with the density functional theory (DFT) calculation. At last, the variation and controlling effect of toxicity was also evaluated. The results showed that ozonation had a stronger degrading ability of BPA (1.0 mg/L). A complete removal efficiency was obtained within 10 min when dosing only 1.0 mg/L ozone. The BPA degradation reactions were well fitted with pseudo-second-order kinetics and could well adapt with the wide range of pH (3.0–9.0), during which over 91% removal of BPA was achieved. The indirect pathway by •OH oxidation was proved mainly responsible for BPA degradation by the scavenging and electron paramagnetic resonance experiments. HCO3−, NH4+ and humic acid showed a certain inhibiting effect. Fe3+ and Cu2+ played a catalytic role on BPA degradation. The DFT calculation has identified that the active regions of BPA was focused at C6, C4, C5 and C1 in terms of radical and electrophilic attack. Thus, combining the results of DFT with GC/MS-MS detection, two degradation pathways of BPA were proposed. Toxicity evaluation showed that, due to the generation and accumulation of more toxic intermediates, values of T% had a sharp increase at initial stage. However, with ozone dosage increasing to 1.50 mg/L, the toxicity could be effectively controlled much lower (5%) than BPA itself (49%).
Keywords: bisphenol A (BPA), ozonation, interfering ions, pathways, toxicity
HIGHLIGHTS

• Ozonation could effectively degrade BPA and control the toxicity of water samples.
• Only 1.0 mg/L of ozone was needed for completely removing of BPA (1.0 mg/L).
• Over 91% removal of BPA was achieved at a wide pH range of 3.0–9.0.
• BPA degradation by ozonation was promoted at the presence of PO43-, Cu2+ and Fe3+.
• The value of T% could increased significantly up to 68% at initial reaction stage.
• The increase of toxicity was due to the formation of more toxic intermediates.”
1 INTRODUCTION
Bisphenol A (2, 2-bis (4-hydroxyphenyl) propane) (BPA) is one of the most important raw material, which has been widely used in plastics and eroxy resins industry (Sharma and MishraDionysioukumar, 2015; Yang, 2015). BPA is also a typical endocrine disrupting chemical (EDC). Due to the strong chemical resistance and stable characteristics of BPA, its estrogenic activity can be exhibited at low concentration levels (<1 μg/m3) (Wu, 2008). Toxicological data shows that BPA also has adverse effects on aquatic life, animals, and even human health (Ahmadi et al., 2016; Teppala et al., 2012; Bu and WuHeHuang, 2016; Han and Hong 2016). It can affect the brain development and behavioral differentiation of infants, children and adolescents by long-term exposure. Due to its widespread use and moderate water solubility (Hu et al., 2019), BPA could been easily discharged into industrial wastewater, river, lake, groundwater and other natural water bodies (Trojanowicz et al., 2020; Huang et al., 2012). Therefore, it is necessary to apply effective technologies to degrade BPA and control its biotoxicity.
At present, technologies for BPA degradation have included biological degradation, physical adsorption and advanced oxidation processes (AOPs), etc. Conventional biological (Zielin’ska et al., 2016; Ferro Orozco et al., 2013; Schröder, 2006) as well as physical-chemical treatment techniques (Bhatnagar and Anastopoulos, 2016) cannot satisfactorily remove BPA from water as well as reduce the biological toxicity. In order to conquer the limitations of conventional processes, a lot of AOPs have been developed, such as ozonation (Ahmad et al., 2015), photocatalysis (Reddy et al., 2018; Gao et al., 2020; Li et al., 2022; Luo et al., 2022), photoelectrocatalysis (He et al., 2017), Fenton/photo-Fenton (Xiao et al., 2019) and persulfates or sulfite based oxidation (Wu et al., 2018, 2021, 2022). However, due to the stability and catalytic efficiency of catalysts, photocatalytic oxidation was often restricted in application. In Fenton based oxidation process, the yield of sludge was high. In addition, severe reaction conditions (such as solution pH) were required to achieve stable degradation efficiency (Yang et al., 2016). In contrast, owing to the high oxidative potential of ozone molecule itself (2.08 V) (Kusvuran and Yildirim, 2013) and produced hydroxyl radical (•OH, 2.7 V) (Masten et al., 1994; Garoma et al., 2010), ozonation has been proved as an effective and widely applied method for treating refractory organic pollutants (Quan et al., 2020; Neyens and Baeyens, 2003). It also has the advantages of obvious treatment effect, easy engineering implementation, and easy popularization and application. However, the systematic studies of BPA degradation by ozonation were still limited. It is necessary to apply ozonation for degrading BPA from water.
In the current researches on BPA degradation, most of them have focused on the common influencing factors such as oxidant dosage, initial substrate concentration, pH, temperature, etc (Oguzie et al., 2020; Van Aken et al., 2019; Tay et al., 2012). Since BPA has been widely used in the production of electronic products, the wastewater often contained various complex components such as metal ions and buffer solvents, which were important parameters affecting degradation process. Therefore, it is necessary to investigate the influences of interfering ions in water on BPA degradation. At the same time, most studies have focused on the removal of BPA itself, researches involving the change and control effect of biological toxicity were still relatively insufficient. However, researches have found that more toxic intermediates might be generated during BPA degradation process (Reddy et al., 2018; He et al., 2017; Xiao et al., 2019), which further increased the biological toxicity of the treated wastewater. On the one hand, if the biological toxicity index was ignored, it would be unfavorable for the effective operations of the subsequent biological treatment process. On the other hand, it would pose a threat to the receiving water body and aquatic organisms if the wastewater was directly discharged. Thus, it is of essential to analysis the controlling effect of the toxicity during BPA degradation process. In addition, some possible pathways have been presumed only by identification of the products which was detected through liquid chromatography-mass spectrometry (LC-MS) or gas chromatography-mass spectrometry (GC-MS) [Kusvuran, 2013; Farre et al., 2005], lacking the verification by theoretical analysis and calculations. In recent years, quantum chemical calculation has been verified can explain the reaction from the point of thermodynamic energy. Thus, combining the theory with experiment could comprehensive predict and mutual verify the mechanisms of BPA degrading. In addition, the luminescent bacteria have the advantage of high sensitivity and simple operation during the process of toxicity detecting, which have been applied for testing the integrated and acute toxicity of the reaction samples (Dai et al., 2014; Grimme et al., 2010).
In this study, the performance of ozonation on BPA degradation was systematically investigated under different influencing factors, including ozone dosage, temperature, initial solution pH and interfering ions. The organic intermediates were detected and identified by GC/MS-MS. The possible degradation pathways were proposed based on the products. At the same time, density functional theory (DFT) calculation was employed to analyze the intermediate products and BPA degradation pathways by ozonation. In addition, the variation and control effect of toxicity during BPA degradation was also analyzed.
2 MATERIAL AND METHODS
2.1 Materials
All the chemicals were used as purchased without any further purification. BPA with a purity >99% was purchased from Sigma Aldrich and used as received. Humic acid, sodium phosphate, potassium nitrate, hydroxylammonium chloride, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), methanol (HPLC grade) and dichloromethane (HPLC grade) were obtained from Aladdin Industrial Corporation (China). The freeze-dried bacteria Vibro fischeri (V. fischeri, CS234) used for toxicity testing was obtained from SDIX (United States). All solutions were prepared with deionized and ultra pure water (Milli-Q Direct 8, United States). Ozone was produced from purified oxygen by an ozone generator (CF-G-3-10, QingDao GuoLin Co. Ltd., China).
2.2 Degradation experiments
Experiments were performed at room temperature (25 ± 1°C) in 1000 ml conical flasks with BPA solution of certain concentration. The desired solution pH was adjusted by hydrochloric acid or sodium hydroxide solution. The reaction temperature was controlled with ice bath or water bath. The saturated ozone solution was prepared by putting the ozone generated by the ozone generator into pure water for 2 h. According to the required ozone concentration (0.25, 0.50, 1.00, 1.50 mg/L), the calculated volume of ozone solution was added into the conical flask. Then, the conical flask was stirred slightly to ensure the uniform distribution of ozone in the system. The reaction was sampled periodically (0, 1, 2, 3, 5, 10 min) for 25 ml and quenched immediately by adding 30 μL 0.18 M hydroxylamine hydrochloride solution. The samples were then centrifuged (12,000 r/min) by a centrifugal machine (Centrifuge 5418, Eppendorf, Germany) for 5 min prior to subsequent analysis. All the experiments were carried out in duplicate.
2.3 Analytical methods
The concentration of BPA in the reaction solution was determined using a Ultra Performance Liquid Chromatography (UPLC, Waters Acquity H-Class, United States) equipped with a TUV detector at the wavelength of 280 nm. The column was BEHC18 (1.7 × 100 mm, 3.5 µm) with the temperature set at 30 °C. The mobile phase, methanol/water (70/30, v/v), was run in an isocratic mode. The flow rate was maintained at 0.2 ml/min for all runs and the injection volume for UPLC analysis was 5 μL. A detection limit of quantitation was 1 μg/L of BPA and a recovery rate of added standard was 91.5% obtained in this study.
The intermediates of BPA degradation were quantified using gas chromatography with mass spectrometry (GC/MS-MS, 7890A-5975C, Agilent, United States). A HP-5 column (5% phenylmethylpolysiloxane) with the dimension of 30 m × 0.25 mm and 0.25 μm of film thickness was used to separate the organic species with the carrier gas of helium at a flow rate of 1 ml/min. The data for quantitative analysis was acquired in the electron impact mode (70 eV) with scanning in the range of 45–280 m/z. Concentration of dissolved ozone was determined by the indigo colorimetric method (APHA, 2005) using a spectrophotometer (Shimadzu 2450). The solution pH was measured by a portable digital pH meter throughout experiments (pHS-3B, Shanghai, China).
The toxicity of the sample was detected by a DeltaTox II Toxicity Detection System (DeltaTox® II, SDIX, United States), which method was according to the ISO standard based on the inhibition of bioluminescence emitted by the luminescent bacteria V. fischeri (Laws et al., 2000). In addition, the results of this method have been proved that could comprehensively reflect the toxicity of the water samples, which was caused by the target pollutants and their degradation intermediates (Ding et al., 2015). The luminescence intensities (X) of the water samples to the luminescent bacteria during the reaction were detected after contacting for 15 min. Then, the relative inhibitory rate (T%), which could reflect the integrated toxicity of the water samples, was calculated for each sample relative to the control by Eqs. T%=(X0-Xt)/X0*100% (where X0 and Xt represents the luminescence intensity of the water sample to the luminescent bacteria at 0 and t reaction time, respectively).
2.4 Quantum chemical computation
The quantum chemical computation was carried out by using the density functional theory (DFT) with the Hirshfeld population analysis (Delley, 2000; Kusvuran et al., 2010). The molecule of BPA was initially subjected to geometry optimization relying on the B3LYP level. Then, exchange terms of Hartree, Fock and Becke were combined with the Lee-Yang-Parr correlation function. The standard 6-31G * basis was used at the same time. At last, in order to establish the active sites as well as the local reactivity of the BPA molecular, the distribution of Frontier molecular orbitals and Fukui indices was determined.
3 RESULTS AND DISCUSSION
3.1 Performance of ozonation on BPA degradation
This study evaluated the performance of ozonation process for BPA degradation under different ozone dosages (0.25, 0.50, 1.00 and 1.50 mg/L) and the results were shown in Figure 1A. Other experimental parameters, including BPA concentration, initial solution pH, temperature and oxidation reaction time, were respectively 1.00 mg/L, 7.0, 25 ± 1°C and 10 min. In general, as depicted in Figure 1A, BPA degradation by ozonation revealed a similar two-stage trend. A rapid degradation was obtained at the initial stage, which was followed by a relatively slow and gradually steady stage. When the dosage of ozone increased from 0.25 to 1.00 mg/L, the degradation efficiency of BPA increased significantly from 81.92% to 100%. As the ozone dosage continued to increase to 1.5 mg/L, the time required to completely degrade BPA was shortened from 10 to 5 min, showing ozonation a rapid and highly efficient method. It has been generally proved that there exist two pathways in the ozonation process for pollutants removal, i.e. the direct oxidation pathway by molecular ozone (O3 with a redox potential of 2.08 V) and the indirect one by newly generated radicals (•OH with a redox potential of 2.80 V) (Kusvuran et al., 2010; Wang Y. et al., 2022). Thus, with the increase of ozone dosage, the concentrations of O3 and •OH in the reaction system increased, increasing the effective collision frequencies with BPA (in particular C=C bond connected by two benzene rings and C-O bond connected by benzene rings (Tay et al., 2012; Pan et al., 1984)) and further promoting the degradation efficiency of BPA.
[image: Figure 1]FIGURE 1 | (A) Effect of ozone dosage on BPA degradation and (B) Kinetic fitting under different ozone dosage (Experimental conditions: temperature = 25 ± 1°C; initial solution pH = 7.0 [BPA]0 = 1.00 mg/L; ozone dosage of 0.25, 0.5, 1.0, 1.5 mg/L); (C) The free radical scavenging experiments by adding TBA and (D) EPR spectra during ozonation system (Experimental conditions: temperature = 25 ± 1°C; initial solution pH = 7.0 [BPA]0 = 1.00 mg/L; ozone dosage 1.0 mg/L; TBA concentration 0, 50, 500 mg/L).
At the same time, the reactions of BPA with O3 and •OH during ozoantion process could be expressed by the well established pseudo-second-order kinetics under different ozone dosages as follows (as depicted in Figure 3B):
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Where kobs, which equals to kOH [·OH] + k O 3 [O3], is the pseudo-second-order rate constant for BPA degradation during ozonation; C0 and C is respectively the initial concentration and the residual concentration of BPA at reaction time t. The results exhibited that kobs increased linearly with ozone dosage (R2 > 0.98) (Supplementary Figure S1). With the increase of ozone dosage from 0.25 to 1.50 mg/L, the value of kobs was obviously promoted from 103.9 to 2207.8 mM−1min−1, revealing that ozone dosage played a critical role in the BPA degradation process by ozonation.
In order to verify the dominant active species responsible for BPA degradation, the free radical scavenging experiments were conducted by respectively adding 50 and 500 mg/L tert-Butanol (TBA), which is well known as the typical scavenger for •OH. The molarity of TBA was 100 and 1000 folds more than BPA and the results were shown in Figure 1C. As the concentration of TBA was 0, 50 and 500 mg/L, the removal efficiencies of BPA after 10 min contacting reaction were respectively 100%, 84.75% and 31.45%, indicating that TBA could significantly inhibit the degradation of BPA in ozonation process. Thus, it could be concluded from the result that •OH was the predominant oxidation species and the indirect pathway was mainly responsible for BPA degradation in ozonation process in this study. The reason might be that in this study, ozone was added in the form of dissolved ozone water, which decomposed more violently and fully, and induced to more free radicals produced.
In addition, to further determine the free radical species produced in the ozonation system, a direct identification analysis was performed using electron paramagnetic resonance (EPR) spectroscopy, which method has been widely used in other similar researches (Wu et al., 2020; Wu et al., 2019). As the existence time of •OH in aqueous solution was very short, DMPO was used to capture •OH so as to form a stable product DMPO-OH with a specific signal peak (Wang et al., 2022b). As seen from Figure 1D, four characteristic peaks with an intensity ratio of 1:2:2:1 was clearly achieved, corresponding to the characteristic peak of •OH. The results further directly proved the existence of •OH.
3.2 Effect of temperature on BPA degradation
The effect of reaction temperature on BPA degradation in ozonation process was investigated by varying the temperature in the range of 10–50°C, other operating conditions including BPA, ozone dosage and initial solution pH were respectively as 1 mg/L, 1 mg/L and 7.0. The degradation efficiencies of BPA and the reaction kinetics were illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Effect of reaction temperature on BPA degradation and (B) Kinetic fitting under different temperature. (Experimental conditions: [BPA]0 = 1.00 mg/L; ozone dosage 1.0 mg/L; initial solution pH = 7.0; temperature = 10, 20, 30, 40, 50°C).
As shown in Figure 2A, the removal efficiency of BPA increased sharply from 78.81% to 100% within 10 min as the temperature increased from 10 to 30°C, which reflected that elevating temperature in a certain range could bring an effective improvement of BPA degradation. This phenomenon has also be explained by other reported researches that the effective collision frequencies of oxidants (ozone molecular and newly formed •OH) with BPA could be improved with the temperature rise, which further contributed to BPA degradation (Pan et al., 1984). This conclusion was also certificated by the values of kobs, which significantly increased from 83.19 to 2564.4 mM−1min−1 as the temperature rose from 10 to 30°C. However, it was worth noting that excessive increase of the temperature would accelerate the decomposition rate of ozone and reduce the amount of oxidants in the solution (Qi et al., 2015), which was unfavorable to BPA degradation. Therefore, as the temperature was 40 and 50°C, the degradation efficiency of BPA was notably decreased to 86.02 and 55.81%. In addition, the corresponding reaction constant kobs was respectively decreased to 136.86 and 26.19 mM−1min−1.
In general, the effect of temperature on BPA degradation by ozonation was primarily attributed to its impact on ozone stability and the effective collision frequencies between oxidants and pollutants. Moreover, it could be seen from the results that the optimal reaction temperatures of this system were 25 and 30°C, under which conditions a complete removal of BPA being both obtained. Considering that additional cost and instability generated from the process of temperature control, the room temperature (25 ± 1°C) was adopted in the subsequent experiments.
3.3 Effect of initial solution pH on BPA degradation
Figure 3 presented the effect of initial solution pH on BPA degradation and the reaction constant kobs in the ozonation process. The experiments were carried out by changing the initial solution pH in the range of 3.0–11.0, with other conditions of [BPA]0 = 1.00 mg/L; ozone dosage 1.0 mg/L; temperature = 25 ± 1°C.
[image: Figure 3]FIGURE 3 | (A) Effect of initial solution pH on BPA degradation and (B) Kinetic fitting under different initial solution pH. (Experimental conditions: [BPA]0 = 1.00 mg/L; ozone dosage 1.0 mg/L; initial solution pH = 3.0, 5.0, 7.0, 9.0, 11.0; temperature = 25 ± 1°C).
Generally, as shown in Figure 3A, over 91% removal of BPA was obtained within 10 min in the ozonation process at a wide pH range of 3.0–9.0, indicating the strong adaptability of ozonation technology to initial solution pH. As the pH value increased from 3.0 to 5.0, the degradation efficiency of BPA significantly promoted from 91.44% to 99.75%. Correspondingly, as shown in Figure 3B, the reaction constant kobs increased from 150.39 to 299.23 mM−1min−1. The complete removal of BPA was obtained as the initial pH of 7.0 and the kobs value of 1112.6 mM−1min−1. As the initial pH further increased to 9.0 and 11.0, the removal efficiency of BPA gradually decreased to 98.16% and 86.74%, respectively, with the value of kobs decreasing to 419.79 and 237.30 mM−1min−1. In general, the degradation efficiency of BPA by ozonation under acidic condition was much better than that under alkaline one.
Such pH dependence of degradation performance could be attributed to two reasons, (i) the pattern variation of BPA under different pH based on its pKa; (ii) the self-decomposition of ozone and the generation of •OH was dependent of solution pH (Zhang et al., 2020). BPA has two dissociation constants, i.e., pKa1 = 9.6 and pKa2 = 10.2. Thus, the predominant species is the undissociated BPA when pH at the range of 3.0–9.0. With the increase of solution pH (pH > 9.6), more and more BPA molecules existed in the species of BPA− and BPA2−, which would increase the electron density on the benzene ring and not be beneficial to BPA degradation via direct oxidation pathway. Additionally, it is known that the self-decomposition of ozone would be promoted with the increase of pH, resulting in the more generation of •OH (Gardoni et al., 2012; Sánchez-Polo et al., 2013) and accelerating BPA degradation by indirect oxidation pathway. As •OH has been proved as the dominant active species, it played a vital role in BPA degradation in this study. Thus, the removal efficiency of BPA increased with the increase of initial solution pH from 3.0 to 7.0. However, with the initial pH further increasing from 9.0 to 11.0, excessive •OH would collide with each other and be quenched, resulting in the decrease of available oxidants and the weaken of BPA degradation. In summary, the combined impacts of initial solution pH on BPA degradation by ozonation process resulted in the effective removal of BPA at a wide pH range of 3.0–9.0. However, compared with the alkaline condition, the removal efficiency of BPA by ozonation was slightly higher under acidic condition, which indicated that as well as the indirect pathway by •OH oxidation, the direct one by ozone mulecular oxidation also played an important role on BPA degradation. In this study, a complete removal of BPA was obtained when the initial pH was 7.0. In addition, increasing solution pH also improved the cost of operation. Therefore, the optimal initial pH of 7.0 without any adjustment was selected in this study from the economic strategy and practical point of view.
3.4 Effects of interfering ions on BPA degradation
Most wastewater normally contains metal ions, inorganic ions and organic matters which coexisting with organic pollutants. Thus, the effects of typical ions, including Fe3+, Cu2+, NO3−, PO43-, NH4+, HCO3−, humic acid (HA) (Tay et al., 2012), on the removal efficiencies of BPA by ozonation were carried out at the concentrations of 0–10 mg/L. Other experimental conditions were as follows [BPA]0 = 1.00 mg/L; ozone dosage 0.25 mg/L; initial solution pH = 7.0; temperature = 25 ± 1°C. The experimental results were presented in Figure 4. In general, with the increase dosing of interfering ions, the degradation efficiency of BPA by ozonation was significantly promoted by the metal ions (Fe3+ and Cu2+), slightly enhanced by PO43-, obviously weakened by NH4+, HCO3− and HA, respectively.
[image: Figure 4]FIGURE 4 | Effects of co-existing interfering ions on BPA degradation. (Experimental conditions: [BPA]0 = 1.00 mg/L; ozone dosage 0.25 mg/L; initial solution pH = 7.0; temperature = 25 ± 1°C; the dosage of Fe3+, Cu2+, NO3−, PO43-, NH4+, HCO3− and HA was 0, 1, 2, 5, 7, 10 mg/L).
3.4.1 Metal ions
The addition of Fe3+ and Cu2+ both promoted BPA degradation by ozonation, and the promoting effect was more obvious with the increase of their dosages. Taking Fe3+ as an example, when the dosage of Fe3+ increased from 0 to 10 mg/L, the degradation efficiency of BPA increased from 81.92% to 100% within 10 min. The reasons mainly include two aspects: on the one hand, the addition of Fe3+ might cause the formation of Fe(OH)3 colloid by hydrolysis of Fe3+ in water (Zeng et al., 2012), which has the role of coagulation and flocculation, so that part of BPA can be removed by adsorption. On the other hand, Fe3+ has a catalytic effect on ozone, which was conducive to the generation of •OH, thereby strengthening the degradation of BPA by indirect oxidation pathway. The main reactions were shown in Eqs. 3–6 (Kang et al., 2018)
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The effect mechanism of Cu2+ on BPA degradation in the ozonation process was similar with that of Fe3+. Under neutral conditions, Cu2+ mainly existed in the form of Cu(OH)2 in aqueous solution. Cu(OH)2 also had coagulation function, and could catalyze ozone-induced chain reactions. In addition, the complete removal of BPA could be achieved within 5 min when Cu2+ was dosed, which indicated that the catalytic effect of Cu2+ on ozone was more obvious than that of Fe3+.
3.4.2 Inorganic ions
As seen from Figure 4, the presence of nitrate ion (NO3−) at concentration levels of 0–10 mg/L almost had no influence on BPA degradation in ozonation process. The average removal efficiency of BPA kept fluctuating in the ranges of 79.43%–82.84% before and after the dosing of NO3−. This might be due to that NO3− does not compete oxidants with BPA.
With the dosage of PO43- increasing from 0 to 10 mg/L, the removal efficiency of BPA gradually increased from 81.92% to 86.56%. The addition of PO43- could enhance the ionic strength of the reaction system, resulting in a positive ortho-salt effect and being beneficial to BPA degradation by ozonation. In addition, PO43- might have a small promoting effect on the ozone decomposition, which facilitated the removal of BPA by generating superoxide radicals and promoting the generation of •OH (Graham et al., 2004).
The inhibition role of NH4+ on BPA degradation in ozonation process was mainly reflected in its reducibility and competition for ozone molecular and hydroxyl radical. Therefore, when the concentration of NH4+ increased from 0 to 10 mg/L, the degradation efficiency of BPA significantly decreased from 81.92% to 50.85%.
Meanwhile, the presence of HCO3− also inhibited the degradation of BPA by ozonation and this influence was enhanced with the increase of HCO3− concentration. The dosing of HCO3− could increase the alkalinity of the reaction system, which might increase the solution pH at a slight degree and further promote BPA degradation by indirect oxidation pathway. However, HCO3− was also a strong •OH inhibitor [40], which can capture •OH to form CO3•-, thus adversely affecting the degradation efficiency of BPA [41]. The reactions were shown in Eqs. 7, 8.
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3.4.3 Organic matter
There are a lot of complex organic compounds in water, many of which have unsaturated structures. Thus, the existence of these organic compounds might have obvious influence on the oxidation reactions. As shown in Figure 4, humic acid (HA) played a great inhibition role on BPA degradation in ozonation process. With the increase of HA concentration from 0 to 10 mg/L, the removal efficiency of BPA significantly decreased from 81.92% to 29.17%. This was because HA is a natural macromolecular aromatic carboxylic acid with a large number of hydroxyl, carboxyl, and carbonyl functional groups attached to the ring, which was easier to react with the oxidants than BPA (Oguzie et al., 2020; Deborde et al., 2008).
3.5 Identification of products and proposition of mechanism
The identification of products during BPA degradation by ozonation was evaluated by GC/MS-MS. The main fragment ions (m/z) and abundance (%) of reaction products in comparison to the NIST data library are summarized in Table 1. From the GC/MS-MS analysis, nine identified intermediate compounds were 3-methyl-1,4-pentadiene, 1,4-pentadien-3-one, phenol, 1,4-dihydroxy benzene, 4-benzoquinone, cis-butenedioic acid, 4-isopropenylphenol, 4-isopropylphenol and (2E,4Z)-3-(2-(4-Hydroxyphenyl) propan-2-yl)he xa-2,4-dienedioic acid. Four of them have been identified in the earlierly reported ozonation process [Kusvuran et al., 2013; Deborde et al., 2008], such as (2E,4Z)-3-(2- (4-Hydroxyphenyl) propan-2-yl) hexa-2,4-dienedioic acid, 4-isopropenylphenol, 4-benzoquinone and 1,4-dihydroxy benzene. The product of 4-isopropenylphenol has also been detected during photocatalytic (Kan et al., 2022; Li et al., 2022) and Fenton-like catalytic (Chu et al., 2021; Xu et al., 2021) degradation of BPA. In addition, phenol, 4-isopropylphenol and even short-chain acids have been found in the electrocatalytic degradation of BPA (Mohammad et al., 2021), which was also similar with this study.
TABLE 1 | Main fragment ions (m/z) and abundance (%) of reaction intermediates identified by GC/MS-MS.
[image: Table 1]In order to elucidate the degradation pathways of BPA by ozonation, theoretical DFT method was used, during which the regioselectivity for radicals attacking being focused. Supplementary Figure S2 shows the structure of BPA. From the calculations of the Hirshfeld charge distribution and Fukui function of carbon atoms (Table 2), it could be seen that the most positive parts of f-function are localized on C1 (C1′), C4 (C4′) and C6 (C6′), which means para and o-rtho positions of hydroxyl are favourable reactive sites for electrophilic attack. While most positive parts of f + function are localized on C2 (C2′), C3 (C3′), C5 (C5′) and C6 (C6’), which demonstrated that the C2, C3, C5 and C6 in BPA with high values are the most reactive sites for radical attacks. Then, values of the enthalpy (ΔH, kcal/mol) and the Gibbs free energy (ΔG, kcal/mol) for the reactions between BPA and radicals at SMD/B3LYP/6-311G** level of DFT calculation were calculated, as shown in Figure 5. The values of ΔG at C1, C4, C5, C6 were respectively −7.26, −8.24, −4.17 and −9.78 kcal/mol, which were all negative and showed all reactions being thermodynamically exothermic and feasible. In addition, as the ΔH between •OH and C6 (5.35 kcal/mol) was the lowest, indicating that reactions on the C6 site is easier than on other positions. In general, the reactions between BPA and •OH were sorted from easy to difficult as C6 > C4 > C5 > C1.
TABLE 2 | Hirshfield charge distribution and Fukui function of BPA.
[image: Table 2][image: Figure 5]FIGURE 5 | Values of ΔH and ΔG for the reactions between BPA and radicals by DFT calculation.
By combining the results of GC/MS-MS detection and DFT evaluation, the degradation mechanism was proposed and presented in Figure 6. Due to the electrophilic character of BPA, ozone commonly reacts with aromatic rings by electrophilic substitution or 1,3-dipolar cycloaddition (Mvula and Sonntag, 2003; Peternel et al., 2012). However, due to the non-selectively and high-reactivity (108–1010 L/(mol∙s)), the indirect •OH oxidation was chosen as the main pathway for BPA degradation by ozonation system. BPA could be easily attacked by •OH at the sites of C6 and C4 through addition, oxidation and cleavaged of the C-C bonds to produce various intermediates then also began to react with these degradation intermediates containing double bonds in their chemical structures [Kusvuran et al., 2013; Wang et al., 2022].
[image: Figure 6]FIGURE 6 | The proposed pathways of BPA degradation in ozonation process.
Accordingly, the degradation of BPA by ozonation can be divided into two possible pathways related to the bonds broken. The first pathway was attacking the C-O bond of the benzene ring (C6) by the generated •OH, through which the benzene ring was cracked and BPA was oxidized to form PN10. Then, PN10 was transformed into phenol (PN3) and cis-butenedioic acid (PN6) through the cleavage of C-C bond. PN3 was oxidized to PN5 (4-benzoquinone), which was further cracked and oxidized to short-chain products (PN1 and PN2) and even minerized to CO2 and H2O. The second pathway of •OH oxidation started at the C4 site. The C-C bond connecting two benzene rings was attacked, by which the monobenzene ring products was formed (PN4, PN7 and PN8). These three intermediates could be mutual converted through the channels of the addition reactions or hydrogen extraction reactions. Then, they could also be gradually degraded to PN3, PN5, PN1 and PN2 by a series reactions of dehydroxylation and oxidation. Finally, the products with small molucules were further oxidized and even mineralized into CO2 and H2O.
3.6 Variation and controlling effect of the toxicity
As one of the most important ecological parameters, the evolution of the toxicity during BPA degradation by ozonation was estimated on the basis of toxicity tests performed on the luminous bacteria, with which specific method has been explained in the Experimental Section (Freitas et al., 2017; Li et al., 2008). In the experiments, ozone dosages were varied between 0.25 and 1.50 mg/L. The other conditions of initial BPA concentration, temperature and the pH value were 1 mg/L, 25 ± 1°C and 7.0, respectively. During ozone contacting (0–60 min), the solution samples at different reaction times were orderly inoculated with the bacteria V. fischeri. The luminescence relative inhibitory rate (T%) was calculated and evaluated after 15 min. The results obtained were shown in Figure 7.
[image: Figure 7]FIGURE 7 | Toxicity evolution during BPA degradation by ozonation at different ozone dosages. (Experimental conditions: [BPA]0 = 1.00 mg/L; temperature = 25 ± 1°C; initial solution pH = 7.0; O3 dosage = 0.25, 0.50, 1.00, 1.50 mg/L).
As can be observed in Figure 7, all the values of the relative inhibitory rate under different ozone dosages increased sharply at the initial stage of reactions, then gradually decreased and finally reached a steady state with the further degradation of BPA and its intermediates, which indicated the toxicity changes of the water samples. BPA is a toxic compound. Its initial bioluminescence inhibition without the presence of ozone was around 49%. Take ozone dosage of 0.25 mg/L as an example, the value of T% rapidly increased to the maximum 68% within 5 min reaction in ozonation process, indicating the significant increase of biotoxicity. This might be attributed to the generation and accumulation of more toxic intermediates of BPA, such as 4-isopropylphenol, cis-butenedioic acid, 4-benzoquinone, 1,4-dihydroxy benzene and phenol (as exhibited in Table 1). Toxicological data have shown that the values of LD50 for these above products were respectively 880, 400, 103, 320, and 530 mg/kg (oral dose, mouse), which were all much lower than that of BPA (4200 mg/kg, oral dose, mouse) and indicated the higher toxicity than BPA itself (Freitas et al., 2017). In addition, as shown in Supplementary Figure S2, the peak area of some intermediates (such as 4-isopropylphenol, 1,4-dihydroxy benzene and phenol) increased sharply to the maximum at the initial stage of the reactions and then gradually decreased as the degradation prolonged, which was consistent with the variation of the toxicity. Due to a series of effects such as ring opening, chain breaking and mineralization in the degradation process, intermediates were continuously oxidized or even mineralized into CO2 and H2O, resulting in the gradual reduction of the water samples’ biotoxicity (Malik et al., 2020). Thus, the value of T% gradually decreased to 39% after 60 min reaction when dosing 0.25 mg/L of ozone. Similar findings have been obtained by other researches (Alum et al., 2004; Bertanza et al., 2011; Kim et al., 2008), where more estrogenic intermediates were generated at the initial stage of BPA degradation. However, the level of estrogenicity decreased to below the initial level and subsequently became stable after long contact time and high inlet ozone concentration. It has been reported that more than 98% of the estrogenicity of BPA (initial concentration of 0.10 mg/L) was removed by 1.4 mg/L ozone.
It can also been concluded from Figure 7 that the toxicity of the treated water samples could be effectively controlled with the increase of the ozone dosage. When the dosing of ozone increased from 0.25 to 1.50 mg/L, the maximum values of the relative inhibitory rate obviously decreased from 68% (at 5 min) to 50% (at 1 min), indicating the less formations of more toxic intermediates and less required time for their accumulation. In addition, after reaction for 60 min, the values of T% were significantly decreased from 39% to 5%, which were all below the initial T% of BPA (49%). The complete removal of BPA was achieved when the ozone dosage increased to 1.0 and 1.5 mg/L respectively within 10 and 5 min, which means that the toxic products could be further effectively degraded. From the results obtained, it could be deduced that ozonation is a promising technology for effectively controlling the toxicity of the water samples as well as significantly degrading BPA.
4 CONCLUSION
The degradation of BPA by ozoantion was systematically investigated in this study, and the major conclusions are summarized as follows:
1) Ozonation was an effective method for BPA degradation. By dosing 1.0 mg/L of ozone, BPA (1.0 mg/L) was completely removed within 10 min under pH of 7.0 and temperature at 25 ± 1°C. The degradation reactions were well fitted with the pseudo-second-order kinetics and •OH was proved as the predominant oxidation species.
2) Ozonation could effectively adapt the temperature and pH of the reaction solution. A complete removal of BPA was achieved at the optimal reaction temperatures range of 25–30°C. In addition, over 91% of BPA could be removed at a wide pH range of 3.0–9.0.
3) The presence of PO43-, Fe3+ and Cu2+ were beneficial to the degradation of BPA, which played the role of ionic enhancer, catalyst, flocculant, etc. However, by competing the reaction active species, BPA degradation was inhibited at the presence of •OH inhibitors (HCO3−), organic compounds (HA) and reducing substance (NH4+).
4) Results of the DFT calculation revealed that the reaction sites between BPA and •OH were sorted from easy to difficult as C6 > C4 > C5 > C1.
5) The biotoxicity of water samples increased first and then decreased with the reaction time, which was caused by the generation and accumulation of more toxic intermediates. However, as dosing 1.50 mg/L ozone, the values of T% could be effectively controlled at 5% after 60 min reactions.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
QH performed the data analyses, wrote and revised the manuscript; WD contributed to the conception of the study; HW performed the experiments; BY helped perform the analysis with constructive discussions; PL contributed to the conception of the study and contributed significantly to analysis and manuscript preparation; LX helped perform the revised the manuscript; ZD helped perform the experiments and analysis. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was supported by the Project of Shenzhen Science and Technology Innovation Committee (No. KCXFZ202002011006362) and the National Natural Science Foundation of China (Grant No.4217070174).
ACKNOWLEDGMENTS
We acknowledge all the authors for their contributions. We sincerely thank the reviewers and the editor for their effort to review this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.1009499/full#supplementary-material
REFERENCES
 Ahmad, N. A., Yuzir, M. A., Yong, E. L., Abdullah, N., and Salim, M. R. (2015). Removal of bisphenol A (BPA) in surface water by ozone oxidation process. Appl. Mech. Mater. 735, 210–214. doi:10.4028/www.scientific.net/AMM.735.210
 Ahmadi, M., Rahmani, H., Takdastan, A., Jaafarzadeh, N., and Mostoufi, A. (2016). A novel catalytic process for degradation of bisphenol A from aqueous solutions: A synergistic effect of nano-Fe3O4 @alg-Fe on O3/H2O2. Process Saf. Environ. Prot. 104, 413–421. doi:10.1016/j.psep.2016.09.008
 Alum, A., Yoon, Y., Westerhoff, P., and Abbaszadegan, M. (2004). Oxidation of bisphenol A, 17-estradiol, and 17-ethynyl estradiol and byproduct estrogenicity. Environ. Toxicol. 19, 257–264. doi:10.1002/tox.20018
 APHA (2005). Standard methods for the examination of water and wastewater. 21 th Ed. Washington D.C. 
 Bertanza, G., Pedrazzani, R., Dal Grande, M., Papa, M., Zambarda, V., Montani, C., et al. (2011). Effect of biological and chemical oxidation on the removal of estrogenic compounds (NP and BPA) from wastewater: An integrated assessment procedure. Water Res. 45, 2473–2484. doi:10.1016/j.watres.2011.01.026
 Bhatnagar, A., and Anastopoulos, I. J. C. (2016). Adsorptive removal of bisphenol A (BPA) from aqueous solution: A review. Chemosphere 168, 885–902. doi:10.1016/j.chemosphere.2016.10.121
 Bu, X., and WuHeHuang, X. G. J. (2016). Novel adaptive neural control design for a constrained flexible air-breathing hypersonic vehicle based on actuator compensation. Acta Astronaut. 120, 75–86. doi:10.1016/j.actaastro.2015.12.004
 Chu, J., Kang, J., Seong, J., and Chang, G. (2021). Bisphenol A degradation using waste antivirus copper film with enhanced sono-Fenton-like catalytic oxidation. Chemosphere 276, 130218. doi:10.1016/j.chemosphere.2021.130218
 Dai, Q., Wang, J., Yu, J., Chen, J., and Chen, J. (2014). Catalytic ozonation for the degradation of acetylsalicylic acid in aqueous solution by magnetic CeO2 nanometer catalyst particles. Appl. Catal. B Environ. 144, 686–693. doi:10.1016/j.apcatb.2013.05.072
 Deborde, M., Rabouan, S., Mazellier, P., Duguet, J. P., and Legube, B. (2008). Oxidation of bisphenol A by ozone in aqueous solution. Water Res. 42, 4299–4308. doi:10.1016/j.watres.2008.07.015
 Delley, B. (2000). From molecules to solids with the DMol3 approach. J. Chem. Phys. 113, 7756–7764. doi:10.1063/1.1316015
 Ding, S., Wu, J., Zhang, M., Lu, H., Mahmood, Q., and Zheng, P. (2015). Acute toxicity assessment of ANAMMOX substrates and antibiotics by luminescent bacteria test. Chemosphere 140, 174–183. doi:10.1016/j.chemosphere.2015.03.057
 Farre, M. J., Franch, M. I., Malato, S., Ayllon, J. A., Peral, J., and Domenech, X. (2005). Degradation of some biorecalcitrant pesticides by homogeneous and heterogeneous photocatalytic ozonation. Chemosphere 58, 1127–1133. doi:10.1016/j.chemosphere.2004.09.064
 Ferro Orozco, A. M., Lobo, C. C., Contreras, E. M., and Zaritzky, N. E. (2013). Biodegradation of bisphenol-A (BPA) in activated sludge batch reactors: Analysis of the acclimation process. Int. Biodeterior. Biodegrad. 85, 392–399. doi:10.1016/j.ibiod.2013.09.005
 Freitas, E. D., Bubna, G., Brugnari, T., Kato, C., Nolli, M., Rauen, T., et al. (2017). Removal of bisphenol A by laccases from Pleurotus ostreatus and Pleurotus pulmonarius and evaluation of ecotoxicity of degradation products by laccases from Pleurotus ostreatus and Pleurotus pulmonarius. Chem. Eng. J. 330, 1361–1369. doi:10.1016/j.cej.2017.08.051
 Gao, J., Luo, C., GanGan, L., Wu, D., Tan, F., Cheng, X., et al. (2020). A comparative study of UV/H2O2 and UV/PDS for the degradation of micro-pollutants: Kinetics and effect of water matrix. Environ. Sci. Pollut. Res. 27, 24531–24541. doi:10.1007/s11356-020-08794-1
 Gardoni, D., Vailati, A., and Canziani, R. (2012). Decay of ozone in water: A review. Ozone Sci. Eng. 34 (4), 233–242. doi:10.1080/01919512.2012.686354
 Garoma, T., Matsumoto, S. A., Wu, Y., and Klinger, R. (2010). Removal of bisphenol A and its reaction-intermediates from aqueous solution by ozonation. Ozone Sci. Eng. 32, 338–343. doi:10.1080/01919512.2010.508484
 Graham, N., Jiang, C. C., Li, X. Z., Jiang, J. Q., and Ma, J. (2004). The influence of pH on the degradation of phenol and chlorophenols by potassium ferrate. Chemosphere 56, 949–956. doi:10.1016/j.chemosphere.2004.04.060
 Grimme, S., Antony, J., Ehrlich, S., and Krieg, H. (2010). A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104. doi:10.1063/1.3382344
 Han, C., and Hong, Y. C. (2016). Bisphenol A, hypertension, and cardiovascular diseases: Epidemiological, laboratory, and clinical trial evidence. Curr. Hypertens. Rep. 18, 11. doi:10.1007/s11906-015-0617-2
 He, L., Liu, H., Lv, B., Liu, P., and Lin, B. (2017). Visible-light-driven photocatalytic performance of nanohybrid incorporating nickel ions into the tetratitanate interlayer. Vacuum 138, 64–69. doi:10.1016/j.vacuum.2017.01.024
 Hu, Y., Zhu, Q., Yan, X., Liao, C., and Jiang, G. (2019). Occurrence, fate and risk assessment of BPA and its substituents in wastewater treatment plant: A review. Environ. Res. 178, 108732. doi:10.1016/j.envres.2019.108732
 Huang, Y. Q., Wong, C. K., Zheng, J. S., Bouwman, H., Barra, R., Wahlstrom, B., et al. (2012). Bisphenol A (BPA) in China: A review of sources, environmental levels, and potential human health impacts. Environ. Int. 42, 91–99. doi:10.1016/j.envint.2011.04.010
 Huang, Y., Yang, T., Liang, M., Wang, Y., Xu, Z., Zhang, D., et al. (2019). Ni-Fe layered double hydroxides catalized ozonation of synthetic wastewater containing Bisphenol A and municipal secondary effluent. Chemosphere 235, 143–152. doi:10.1016/j.chemosphere.2019.06.162
 Kan, L., Chang, C., Wang, Q., and Wang, X. (2022). Glycol assisted splitting BiOIO3 into plasmonic bismuth coupled with BiOI co-modified Bi2WO6 (BiOI/Bi/Bi2WO6) to form indirect Z-scheme heterojunction for efficient photocatalytic degradation of BPA. Sep. Purif. Technol. 15, 121537. doi:10.1016/j.seppur.2022.121537
 Kang, Y. M., Kim, M. K., and Zoh, K. D. (2018). Effect of nitrate, carbonate/bicarbonate, humic acid, and H2O2 on the kinetics and degradation mechanism of Bisphenol-A during UV photolysis. Chemosphere 204, 148–155. doi:10.1016/j.chemosphere.2018.04.015
 Kim, S.-E., Park, N.-S., Yamada, H., and Tsuno, H. (2008). Modeling of decomposition characteristics of estrogenic chemicals during ozonation. Environ. Technol. 29, 287–296. doi:10.1080/09593330802099643
 Kusvuran, E., Gulnaz, O., Samil, A., and Erbil, M. (2010). Detection of double bond-ozone stoichiometry by an iodimetric method during ozonation processes. J. Hazard. Mat. 175, 410–416. doi:10.1016/j.jhazmat.2009.10.021
 Kusvuran, E., and Yildirim, D. (2013). Degradation of bisphenol A by ozonation and determination of degradation intermediates by gas chromatography-mass spectrometry and liquid chromatography-mass spectrometry. Chem. Eng. J. 220, 6–14. doi:10.1016/j.cej.2013.01.064
 Laws, S. C., Carey, S. A., Ferrell, J. M., Bodman, G. J., and Cooper, R. L. (2000). Estrogenic activity of octylphenol, nonylphenol, bisphenol A and methoxychlor in rats. Toxicol. Sci. 54, 154–167. doi:10.1093/toxsci/54.1.154
 Li, C., Li, X., Graham, N., and Gao, N. (2008). The aqueous degradation of bisphenol A and steroid estrogens by ferrate. Water Res. 42, 109–120. doi:10.1016/j.watres.2007.07.023
 Li, Z., Luo, C., Tan, F., Wu, D., Zhai, X., Wang, S., et al. (2022). UV light irradiation combined with nitrate for degradation of bisphenol A: Kinetics, transformation pathways, and acute toxicity assessment. Environ. Sci. Water Res. Technol. 8, 586–596. doi:10.1039/d1ew00796c
 Luo, C., Wang, S., Wu, D., Cheng, X., and Ren, H. (2022). UV/Nitrate photocatalysis for degradation of Methylene blue in wastewater: Kinetics, transformation products, and toxicity assessment. Environ. Technol. Innovation 25, 102198. doi:10.1016/j.eti.2021.102198
 Malik, S. N., Ghosh, P. C., Vaidya, A. N., and Mudliar, S. N. (2020). Ozone pretreatment of biomethanated distillery wastewater in a semi batch reactor: Mapping pretreatment efficiency in terms of COD, color, toxicity and biohydrogen generation. Biofuels 11 (7), 801–809. doi:10.1080/17597269.2017.1416521
 Masten, S. J., Davies, S. H. R., Luo, C., Tan, F., Wu, D., Zhai, X., et al. (1994). The use oLiUV light irradiation combined with nitrate for degradation of bisphenol A: Kinetics, transformation pathways, and acute toxicity assessment. Environ. Sci. Water Res. Technol. 8, 586–596. doi:10.1039/d1ew00796c
 Mohammad, R., Amin, A., Abdollah, D., Amir, S., Davood, N., Mohammad, K., et al. (2021). Enhanced electrocatalytic degradation of bisphenol A by graphite/β-PbO2 anode in a three-dimensional electrochemical reactor. J. Environ. Chem. Eng. 9 (5), 106072. doi:10.1016/j.jece.2021.106072
 Mvula, E., and Von Sonntag, C. (2003). Ozonolysis of phenols in aqueous solution. Org. Biomol. Chem. 1, 1749–1756. doi:10.1039/B301824P
 Neyens, E., and Baeyens, J. (2003). A review of classic Fenton’s peroxidation as an advanced oxidation technique. J. Hazard. Mat. 98, 33–50. doi:10.1016/S0304-3894(02)00282-0
 Oguzie, K. L., Qiao, M., Zhao, X., Oguzie, E. E., Njoku, V. O., and Obodo, G. A. (2020). Oxidative degradation of Bisphenol A in aqueous solution using cobalt ion-activated peroxymonosulfate. J. Mol. Liq. 313, 113569. doi:10.1016/j.molliq.2020.113569
 Pan, G. Y., Chen, C. L., Chang, H. M., and Gratzl, J. S. (1984). Studies on ozone bleaching. I. The effect of PH, temperature, buffer systems and heavy metal-ions on stability of ozone in aqueous solution. J. Wood Chem. Technol. 4, 367–387. doi:10.1080/02773818408070655
 Peternel, I., Koprivanac, N., and Grcic, I. (2012). Mineralization of p-chlorophenol in water solution by AOPs based on UV irradiation. Environ. Technol. 33, 27–36. doi:10.1080/09593330.2010.504233
 Qi, F., Chu, W., and Xu, B. (2015). Ozonation of phenacetin in associated with a magnetic catalyst CuFe2O4: The reaction and transformation. Chem. Eng. J. 262, 552–562. doi:10.1016/j.cej.2014.09.068
 Quan, X., Hu, R., Chang, H., Tang, X., Huang, X., Cheng, C., et al. (2020). Enhancing microalgae growth and landfill leachate treatment through ozonization. J. Clean. Prod. 248, 119182. doi:10.1016/j.jclepro.2019.119182
 Reddy, P. V. L., Kim, K. H., Kavitha, B., Kumar, V., Raza, N., and Kalagara, S. J. J. o. E. M. (2018). Photocatalytic degradation of bisphenol A in aqueous media: A review. J. Environ. Manag. 213, 189–205. doi:10.1016/j.jenvman.2018.02.059
 Sahoo, N., Pakshirajan, K., and Ghosh, P. (2010). Enhancing the biodegradation of 4-chlorophenol by Arthrobacter chlorophenolicus A6 via medium development. Int. Biodeterior. Biodegrad. 64, 474–480. doi:10.1016/j.ibiod.2010.05.008
 Sánchez-Polo, M., Ocampo-Pérez, R., Rivera-Utrilla, J., and Mota, A. J. (2013). Comparative study of the photodegradation of bisphenol A by HO, SO4− and CO3−/HCO3 radicals in aqueous phase. Sci. Total Environ. 463, 423–431. doi:10.1016/j.scitotenv.2013.06.012
 Schröder, H. F. (2006). The elimination of the endocrine disrupters 4-nonylphenol and bisphenol A during wastewater treatment - comparison of conventional and membrane assisted biological wastewater treatment followed by an ozone treatment. Water Pract. Technol. 1. doi:10.2166/wpt.2006.060
 Sharma, J., and MishraDionysiouKumar, I. M. D. D. V. (2015). Oxidative removal of Bisphenol A by UV-C/peroxymonosulfate (PMS): Kinetics, influence of co-existing chemicals and degradation pathway. Chem. Eng. J. 276, 193–204. doi:10.1016/j.cej.2015.04.021
 Takdastan, A., Kakavandi, B., Azizi, M., and Golshan, M. J. C. E. J. (2018). Efficient activation of peroxymonosulfate by using ferroferric oxide supported on carbon/UV/us system: A new approach into catalytic degradation of bisphenol A. Chem. Eng. J. 331, 729–743. doi:10.1016/j.cej.2017.09.021
 Tay, K. S., Abd Rahman, N., and Abas, M. R. B. (2012). Degradation of bisphenol A by ozonation: Rate constants, influence of inorganic anions, and by-products. Maejo Int. J. Sci. Technol. 6 (01), 77–94. doi:10.14456/mijst.2012.7
 Teppala, S., Madhavan, S., and Shankar, A. (2012). Bisphenol A and metabolic syndrome: Results from nhanes. Int. J. Endocrinol. , 1–5. doi:10.1155/2012/598180
 Trojanowicz, M., Bojanowska-Czajka, A., Szreder, T., Mczyńska-Wielgosz, S., Nichipor, H. J. C. E. J., Fornal, E., et al. (2020). Application of ionizing radiation for removal of endocrine disruptor bisphenol A from waters and wastewaters. Chem. Eng. J. 403, 126169. doi:10.1016/j.cej.2020.126169
 Van Aken, P., Lambert, N., Van den Broeck, R., Degrève, J., and Dewil, R. (2019). Advances in ozonation and biodegradation processes to enhance chlorophenol abatement in multisubstrate wastewaters: A review. Environ. Sci. Water Res. Technol. 5, 444–481. doi:10.1039/C8EW00562A
 Wang, L., Qi, C., Lu, Y., Arowo, M., and Shao, L. (2022b). Degradation of Bisphenol A by ozonation in a rotating packed bed: Modeling by response surface methodology and artificial neural network. Chemosphere 286, 131702. doi:10.1016/j.chemosphere.2021.131702
 Wang, Y., Lin, Y., Yang, C., Wu, S., Fu, X., and Li, X. (2022a). Calcination temperature regulates non-radical pathways of peroxymonosulfate activation via carbon catalysts doped by iron and nitrogen. Chem. Eng. J. 451, 138468. doi:10.1016/j.cej.2022.138468
 Wu, C. (2008). Decolorization of C.I. Reactive red 2 in O3, fenton-like and O3/Fenton-like hybrid systems. Dyes Pigments 77, 24–30. doi:10.1016/j.dyepig.2007.03.002
 Wu, S., Li, H., Li, X., He, H., and Yang, C. (2018). Performances and mechanisms of efficient degradation of atrazine using peroxymonosulfate and ferrate as oxidants. Chem. Eng. J. 353, 533–541. doi:10.1016/j.cej.2018.06.133
 Wu, S., Lin, Y., Yang, C., Du, C., Teng, Q., Ma, Y., et al. (2019). Enhanced activation of peroxymonosulfte by LaFeO3 perovskite supported on Al2O3 for degradation of organic pollutants. Chemosphere 237, 124478. doi:10.1016/j.chemosphere.2019.124478
 Wu, S., Liu, H., Yang, C., Li, X., Lin, Y., Yin, K., et al. (2020). High-performance porous carbon catalysts doped by iron and nitrogen for degradation of bisphenol F via peroxymonosulfate activation. Chem. Eng. J. 392, 123683. doi:10.1016/j.cej.2019.123683
 Wu, S., Shen, L., Lin, Y., Yin, K., and Yang, C. (2021). Sulfite-based advanced oxidation and reduction processes for water treatment. Chem. Eng. J. 414 (15), 128872. doi:10.1016/j.cej.2021.128872
 Wu, S., Yang, C., Lin, Y., and Cheng, J. (2022). Efficient degradation of tetracycline by singlet oxygen-dominated peroxymonosulfate activation with magnetic nitrogen-doped porous carbon. J. Environ. Sci. 115, 330–340. doi:10.1016/j.jes.2021.08.002
 Xiao, K., Liang, H., Chen, S., Yang, B., Zhang, J., and Li, J. J. C. (2019). Enhanced photoelectrocatalytic degradation of bisphenol A and simultaneous production of hydrogen peroxide in saline wastewater treatment. Chemosphere 222, 141–148. doi:10.1016/j.chemosphere.2019.01.109
 Xu, S., Zhang, Y., Tang, R., Zhang, X., Zhen, H., and Han, Q. (2021). Enhancing Fenton-like catalytic efficiency of Bi2WO6 by iodine doping for pollutant degradation. Sep. Purif. Technol. 277 (15), 119447. doi:10.1016/j.seppur.2021.119447
 Yang, C. W. (2015). Degradation of bisphenol A using electrochemical assistant Fe(II)-activated peroxydisulfate process. Water Sci. Eng. 8, 139–144. doi:10.1016/j.wse.2015.04.002
 Yang, Y., Guo, H., Zhang, Y., Deng, Q., and Zhang, J. (2016). Degradation of bisphenol A using ozone/persulfate process: Kinetics and mechanism. Water Air Soil Pollut. 227, 53. doi:10.1007/s11270-016-2746-x
 Zeng, Z., Zou, H., Li, X., Sun, B., Chen, J., and Shao, L. (2012). Ozonation of phenol with O3/Fe (II) in acidic environment in a rotating packed bed. Ind. Eng. Chem. Res. 51, 10509–10516. doi:10.1021/ie300476d
 Zhang, H., He, Y., Lai, L., Yao, G., and Lai, B. (2020). Catalytic ozonation of Bisphenol A in aqueous solution by Fe3O4–MnO2 magnetic composites: Performance, transformation pathways and mechanism. Sep. Purif. Technol. 245, 116449. doi:10.1016/j.seppur.2019.116449
 Zielin'ska, M., Bułkowska, K., Cydzik-Kwiatkowska, A., Bernat, K., and Wojnowska-Baryła, I. (2016). Removal of bisphenol A (BPA) from biologically treated wastewater by microfiltration and nanofiltration. Int. J. Environ. Sci. Technol. 13, 2239–2248. doi:10.1007/s13762-016-1056-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Han, Dong, Wang, Yu, Dong, Li, Xie and Dai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		BRIEF RESEARCH REPORT
published: 22 December 2022
doi: 10.3389/fenvs.2022.1085386


[image: image2]
Application of iron–carbon microbial galvanic activated sludge combined with MBR process in the treatment of wastewater from comprehensive railway station
Qi Zhang1*, Zheng Liang2*, Xiaotao Guan1, Jingwen Liang1 and Pan Gao1
1School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang, China
2Planning and Standard Research Institute, The National Railway Administration of the Republic of China, Beijing, China
Edited by:
Shihai Deng, Xi’an Jiaotong University, China
Reviewed by:
Zhifeng Hu, Beijing Academy of Science and Technology, China
Xiaowei Wang, Beijing Technology and Business University, China
Qiang Kong, Shandong Normal University, China
* Correspondence: Qi Zhang, qzhang@ecjtu.edu.cn; Zheng Liang, twyliang@126.com
Specialty section: This article was submitted to Water and Wastewater Management, a section of the journal Frontiers in Environmental Science
Received: 31 October 2022
Accepted: 12 December 2022
Published: 22 December 2022
Citation: Zhang Q, Liang Z, Guan X, Liang J and Gao P (2022) Application of iron–carbon microbial galvanic activated sludge combined with MBR process in the treatment of wastewater from comprehensive railway station. Front. Environ. Sci. 10:1085386. doi: 10.3389/fenvs.2022.1085386

The application of iron–carbon microbial cell activated sludge (ICMC-AS) was carried out in a membrane bioreactor (MBR) processor to treat wastewater from an integrated railway station. Results showed that the chemical oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) removal efficiencies of the original MBR processor increased from 80%, 30%, and 10% to 92%, 93.5%, and 92%, respectively. Further research showed that the combined sewage treatment system also had a strong impact resistance ability. The combined sewage treatment system ran stably when the COD, TN, and TP concentrations changed greatly. The in-depth analysis of the reaction process and reaction rate of the combined sewage treatment system revealed that the combined system is dominated by COD removal with high nitrogen removal efficiency. The removal rate constants of various pollutants were in the order: KCOD (0.647 ± 0.017) > [image: image] (0.416 ± 0.044) > [image: image] (0.275 ± 0.014) > KTN (0.258 ± 0.083). Calculations of the energy saving and carbon emission reduction of the combined system showed that the system’s annual carbon emission reduction could reach more than 388,203.55 kg CO2e, which remarkably improves the carbon emission reduction effect and obtains a good green effect. The results indicate that adding ICMC-AS to the MBR processor for combined wastewater treatment can substantially improve the efficiency of wastewater treatment and obtain better energy-saving and emission-reducing effects. This combined application provides an effective way for the transformation and upgrading of small- and medium-scale water treatment systems.
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1 INTRODUCTION
The basic principle of wastewater treatment by activated sludge is based on a series of electrochemical and microbial reactions, such as microelectrolysis and electronic exchange (between different microorganisms, between microorganisms and various organic or inorganic substances, and between various substances) in the water formed by iron–carbon galvanic cells. A large number of studies have shown that microelectrolysis has a remarkable degradation effect on refractory substances in sewage treatment (Deng et al., 2020a). However, the application mechanism and removal efficiency of biochemical water treatment under the action of microelectrolysis are not clear because of the complexity of the microelectrolysis process. Current research on microelectrolysis wastewater treatment focuses on iron and carbon microelectric decontamination technologies. For example, Deng et al. developed a microelectrolytic process coupled with microbial nitrogen removal, which is a contact oxidation process based on the loading of microelectrolytic biological carrier formed by mixing Fe0 and activated carbon. The process removes nitrogen under micro-oxygen condition. The NH4+-N and TN removal efficiencies of this process were 92.6% and 95.3%, respectively (Deng et al., 2016a). Hu et al. developed an iron-rich substrate (IRS) based on iron–carbon microelectrolysis that can be used for sediment and overlying water remediation. NH4+-N, PO43−-P, organo-N, organo-P, TN, and total phosphorus (TP) in the overlying water were reduced by 48.6%, 97.9%, 34.2%, 67.1%, 53.2%, and 90.4%, respectively, by IRS during the 90 day long-term restoration. Moreover, NO3−-N, NH4+-N, and organic N in sediments were reduced by 98.5%, 26.5%, and 6.3%, respectively (Hu et al., 2020).
Engineering applications are mostly carried out by iron and carbon microelectrolysis combined with biochemical decontamination technology. For example, Qi et al. applied microelectrolysis combined with sequencing batch reactor process to treat oxytetracycline production wastewater. When the influent chemical oxygen demand (COD) was 500 mg/L, the average COD removal rate increased from 76.1% to 94.4% (Qi et al., 2016). Microelectrolysis combined with expanded granular sludge bed and anaerobic/oxic system was used to treat oxytetracycline production wastewater. The oxytetracycline removal rate in the microelectrolysis reaction cell reached more than 95% (Wu et al., 2016).
In this study, iron–carbon microbial cell activated sludge (ICMC-AS) was formed by implanting iron–carbon-based materials into activated sludge microbial mass. ICMC-AS + membrane bioreactor (MBR) process was used for wastewater treatment in an integrated railway station. In order to solve the pollution problem of low nitrogen, phosphorus and other refractory elements in the original MBR reactor. The reaction principle of ICMC-AS is shown in Equations 1–4. The operation law of the combined processing system was obtained by studying its operation efficiency and parameters. The application mechanism of biochemical water treatment under the action of microelectrolysis was clarified through in-depth analysis of the reaction process and mechanism of the iron–carbon-based microelectrolysis wastewater treatment system. This study provides an effective way for the transformation and upgrading of small- and medium-scale water treatment systems. It also provides technical support and research data basis for the application of microelectrolysis in sewage treatment technology.
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2 MATERIALS AND METHODS
2.1 Sewage treatment equipment and raw sewage main quality
The main body of the sewage treatment equipment is an integrated MBR reactor. Raw sewage was used to discharge wastewater from a comprehensive railway station, which consists of a railway passenger station, a large warehouse area, and related supporting facilities. The water quality indexes were COD levels of 100–400 mg/L, NH4+-N concentrations of 15 –45 mg/L, TN concentrations of 20–60 mg/L, and TP concentrations of 2–6 mg/L.
2.2 Sewage treatment process
As shown in Figure 1 1) sewage from the integrated railway station was collected through the pipeline to the grid pool of the sewage treatment plant. Inorganic suspended matter in the sewage was removed through a thick and fine grid to reduce the wear on the subsequent pipelines and equipment. The effluent enters the catchment pool. As shown in Figure 1 2) A large number of facultative aerobic bacteria are contained in the facultative MBR system and can degrade organic matter in sewage by the dual action of microelectrolysis and facultative bacteria metabolism to degrade macromolecular organic pollutants into small molecular organic matter, which are eventually oxidized and decomposed into stable inorganic substances. Such as carbon dioxide and water. Moreover, power consumption is reduced, because the generation of facultative bacteria does not need the guarantee of dissolved oxygen (DO). The main function of aeration in a sewage treatment system is to scour and shock membrane filaments, and the DO produced can be used to oxidize a part of the small molecular organic matter and maintain the DO value of the effluent to ensure the normal microbial metabolism in the combined MBR system with concurrent oxygen microelectrolysis.
[image: Figure 1]FIGURE 1 | ICMC-AS combined MBR device schematic diagram and process flow chart. 1) Flow chart of Fe–C microelectrolysis combined with MBR process. 2) Schematic diagram of ICMC-AS combined MBR device.
The design scale of the combined treatment system is 400 m3/day, the design total sludge age is infinite, the organic residual sludge discharge is nearly “zero” discharge, the mixed liquid concentration (MLSS) is 8000–20000 mg/L, and the sludge load is 0.02 –0.10 kg COD/(kg MLSS·day).
2.3 Preparation of iron–carbon-based materials
The iron–carbon-based material consisted of 40%–50% elemental iron powder (300 mesh), 35%–42% activated carbon powder (200 mesh), 6%–8% metal catalyst (made of various metals), 5%–8% adhesive, and foaming agent, etc. The materials were mixed evenly to prepare 1 –2 cm balls, which were dried at 105 C for about 2 h in a drying oven, preheated at 600 C for half an hour in a muffle furnace, and heated at 1000 C for 3 h. After annealing and cooling, the balls were crushed and sifted to retain particles below 150 mesh. The time between production and use should not be too long and should be suitable for real-time production before use to ensure the activity of iron powder and avoid excessive oxidation.
2.4 Analysis of operation parameters
2.4.1 Water quality index detection and analysis methods
The wastewater treatment efficiency of the new technology was determined by detecting the water quality indexes (CODCr, NH4+, NO3−, NO22-, TP, and TN) in and out of the MBR reactor and comparing with the corresponding indexes of the original MBR reactor without ICMC-AS. CODCr was determined by potassium dichromate method, NH4+ was determined by sodium chlorite spectrophotometry, NO3− was determined by phenol disulfonic acid spectrophotometry, NO22− was determined by N-(1-naphthol)-ethylenediamine spectrophotometry, and TP was determined by potassium persulfate oxidation and ultraviolet spectrophotometry. TN is the sum of the values of NH4+, NO3−, and NO22−.
2.4.2 Reaction process data detection and reaction rate analysis
Carbon–nitrogen reaction rate was determined and the reaction characteristics of the combined process were defined by detecting the concentration changes of COD, NH4+-N, NO3−-N, and NO2−-N during the operation of the MBR reactor (sampling every 30 min). The carbon–nitrogen reaction rate was calculated by the Origin software.
2.4.3 Estimation methods for energy saving and carbon emissions
Energy saving and carbon emission were estimated from three aspects: power consumption, water consumption, and drug consumption. Power consumption was converted according to the removal rate of the major pollutant (TN) and the increase rate. Water consumption only included the backwashing water. Other supporting water was relatively small, and water condition changed greatly; therefore, it was not measured. Carbon emissions were calculated on the basis of CO2.
3 RESULT AND DISCUSSION
3.1 Variation characteristics of carbon, nitrogen, and phosphorus in the combined sewage treatment system
The data shown in Figure 2 1) show that the COD of the influent municipal sewage varies at 112–328 mg/L without regularity, and a large change in COD value will have a load impact on the water treatment system (Vleeschauwer et al., 2020). Studies have shown that such a load impact will often have a great impact on the water treatment system (Yadu et al., 2019). Experimental data show that the sewage treatment system formed a larger organic shock load, the stable effluent COD value was between 19 and 43 mg/L, and the water COD and effluent COD values had a significant positive correlation. However, the ratio changed, which allowed the sewage treatment system to have a good performance and strong load impact resistance. Compared with the original MBR system without ICMC-AS, the COD removal rate of the combined system increased from 80% to 92%.
[image: Figure 2]FIGURE 2 | Changes in water quality indicators in the combined sewage treatment system. 1) Changes in COD concentration. 2) Changes in TN and NH4+-N concentrations. 3) Changes in TP concentration.
As shown in Figure 2 2), the NH4+-N value measured at the inlet in the small test fluctuated greatly between 16 and 42 mg/L, and the TN value was between 2 and 55 mg/L, resulting in the large load impacts of NH4+-N and TN on the sewage treatment system. The load impacts of NH4+-N and TN loads have great influence on water treatment system (Meng et al., 2018). The NH4+-N and TN values measured at the outlet were maintained at about 2–3 mg/L, indicating that the sewage treatment system has a strong ability to resist the load impacts of NH4+-N and TN. In addition, the NH4+-N and TN removal rates were about 93.5% and 94%, respectively, which are not much different from the removal rates in the laboratory. This finding indicates that the removal capacities for NH4+ and TN in the sewage treatment system were strong, and the current concentrations of NH4+ and TN did not reach the treatment limits. Additionally, the results show that the sewage treatment system has strong adaptability and adjustment ability and can maintain efficient nitrogen pollutant removal ability under a large load shock. Compared with the original MBR system without ICMC-AS, the NH4+-N and TN removal rates increased from 40% and 30% to 93% and 93.5%, respectively, in the combined system.
As shown in Figure 2 3), the sewage treatment system has a good removal effect. TP values oscillated between 2 and 6 mg/L and were maintained at 0.3 mg/L after being treated by the sewage treatment system. This result indicates that the system had a stable treatment capacity for the TP of municipal sewage between 2 and 6 mg/L (most municipal sewage is within this range), and its removal rate was 92.58% on average. Compared with the original MBR system without ICMC-AS, the TP removal rate of the combined system increased from 10% to 92%.
3.2 Variation characteristics of carbon and nitrogen in the combined sewage treatment system during operation
As shown in Figure 3 1), COD was removed by rapid consumption within the first 120 min, and the value decreased from 400 mg/L to 100 mg/L. NH4+-N decreased from 20 mg/L to 2.32 mg/L within 270 min, and NH4+-N decreased more slowly at 40 –60 and 90 –120 min. The DO values in these two periods oscillated between 0.2 and 0.3 mg/L, indicating that the biochemical reaction of the system was very violent between 0 and 120 min, which made the DO values hover between 0.2 and 0.3 mg/L and inhibited NH4+-N decomposition. However, NO3−-N concentration decreased from 5 mg/L to 2.81 mg/L between 0 and 40 min, increased from 2.58 mg/L to 2.89 mg/L between 40 and 180 min, and gradually decreased to 0.65 mg/L between 180 and 360 min. This finding is because the concentration change of NO3−-N is affected by nitrification and denitrification reactions, as well as the biochemical reactions of other elements (such as the biochemical absorption of iron and carbon) (Xing et al., 2016). Therefore, during the first 0–40 min, NO3−-N gradually entered the adsorption plane of various reactions and participated in various reactions. Therefore, its value was rapidly reduced to 2.81 mg/L. When these participating reactions reached saturation or equilibrium state, it reflects the comparison between the rates of nitrification reaction (NO3−-N generation) and denitrification reaction (NO3−-N transformation and removal) (Deng et al., 2016b). When the rates of nitrification and denitrification reactions reach equilibrium, the value of NO3−-N will keep oscillating within a certain numerical range. However, when the denitrification reaction is larger than the nitrification reaction, the value of NO3−-N will gradually decrease. In this case, NO2−-N is usually seen as an intermediate product in the conversion of NH4+-N to NO3−-N (Deng et al., 2020b). NO2−-N accumulated gradually from 0 mg/L to 2.21 mg/L at 0–60 min, decreased to 0.61 mg/L at 40–90 min, accumulated gradually accumulated from 0.61 m/L to 1.57 mg/L at 90–240 min, and then decreased to 0.35 mg/L at 240–360 min. In the whole process, the value of NO2−-N experienced two accumulation processes. More complex changes occurred. This change law does not accord with the characteristics of synchronous nitrification and denitrification or short-cut nitrification (Jiaohui et al., 2021; Wang et al., 2021; Tong et al., 2022a; Tong et al., 2022b). Therefore, based on the analysis of the change values of TN and DO, COD, NH4+-N, NO3−-N, NO2−-N, and DO are co-changing according to a certain correlation. DO showed periodic oscillations and repeated changes during the operation of the system. The changes in DO can be divided into three stages. In the first stage, the operation time of the treatment system was between 0 and 120 min, and the DO value in this period changed between 0.1 and 0.4 mg/L. In the second stage, the operation time of the treatment system was between 120 and 270 min, and the DO value in this period varied between 1.0 and 1.4 mg/L. In the third stage, the operation time of the treatment system was between 270 and 360 min, and the DO value in this period varied between 1.8 and 2.3 mg/L.
[image: Figure 3]FIGURE 3 | Process changes of COD, NH4+-N, NO3−-N, NO2−-N, and TN in the operating cycle. 1) Process changes of COD, NH4+-N, NO3−-N, NO2−-N, and TN in the operating cycle. 2) Process changes of COD, NH4+-N, NO3−-N, and TN removal rates in the operating cycle.
3.3 Carbon and nitrogen removal efficiency of the combined sewage treatment system
As shown in Figure 3 2), the change rate of the NO3−-N process value was close to that of COD at 0–40 min, indicating that the process of NO3−-N reaction during this period was equally dramatic. On the one hand, the reason is that many biochemical reactions of microorganisms in the system require the participation of NO3−-N. On the other hand, heterotrophic denitrification bacteria at this stage have sufficient organic carbon sources and a large amount of oxygen to efficiently carry out heterotrophic denitrification and consume NO3−-N. At 40–180 min, the NO3−-N process value hardly changed and was in a relative equilibrium state because of the lack of relative oxygen and the indominance of the number of relative denitrifiers in the whole system. However, from the analysis of TN removal rate, the overall TN removal rate was maintained at a relatively high growth level. Moreover, the change rates of the decomposition and process values of NH4+-N were also maintained at relatively high levels, which indicates that the nitrification and denitrification reactions were maintained at a relatively high dynamic balance. At 180–360 min, the change rate of the NO3−-N process value was relatively large, and the COD value dropped to 57 mg/L, which made the organic carbon source become relatively short, and the NO3−-N reaction process was transferred into the ICMC-AS. At this time, the organic carbon source materials (such as extracellular polymers, etc.) stored in ICMC-AS can be combined with the sufficient aerobic environment outside ICMC-AS to carry out heterotrophic denitrification, and the electron supply of ICMC-AS can be combined with the anoxic, facultative, and aerobic regions of MBR to carry out different degrees of autotrophic denitrification (Adav and Lee 2011; Pellicer-Nacher et al., 2013). Thus, an efficient denitrification reaction with a change rate similar to the process value of NH4+-N can be achieved.
3.4 Carbon and nitrogen removal rate of combined sewage treatment system
As shown in Figure 4, the reaction rate constants of each substance were obtained by fitting the COD, NH4+-N, NO3−-N, and TN removal efficiencies. Among them, the KCOD (0–120 min) was 0.647 ± 0.017, which is the maximum reaction rate constant of each substance, and the minimum value of KTN was 0.258 ± 0.083. If only the conversion of NH4+-N into NO3−-N under aerobic condition was considered, the converted [image: image] will be about 0.416 ± 0.044, but the actual conversion to NO3−-N is not only the ammonification reaction of NH4+-N. The actual value of [image: image] will be higher than 0.416. Ammonification reaction is the main way to convert NH4+-N to NO3−-N; thus, other transformation ways are greatly affected by the reaction conditions. Here, we only calculated the NH4+-N ammonification reaction after weighted estimation. According to the size of the reaction rate constant, the reaction rates were in the order: KCOD (0.647 ± 0.017) > [image: image] (0.416 ± 0.044) > [image: image] (0.275 ± 0.014) > KTN (0.258 ± 0.083). Therefore, the combined application system is a wastewater treatment system with high nitrogen removal efficiency dominated by COD removal. The removal rates of various pollutants were in the order of: COD > NO3−-N > NH4+-N > TN.
[image: Figure 4]FIGURE 4 | Carbon and nitrogen removal rates of the combined sewage treatment system. 1) TN rate fitting; 2) COD rate fitting; 3) NH4+-N rate fitting; 4) NO3−-N rate fitting.
3.5 Variation of membrane contamination in the combined sewage treatment system
Membrane contamination is inevitable during the operation of the combined system. The system stops the sewage treatment operation and starts the membrane cleaning operation when the membrane pressure difference reaches 50 kPa. The membrane cleaning system adopts full automatic control. The membrane pressure difference of the original MBR system reached 50 kPa between 5 and 7 days, whereas that of the combined system reached 50 kPa between 7 and 10 days. This finding indicates that the combined system effectively mitigated the membrane contamination. Compared with the original MBR system, the sludge settling performance of the combined system was remarkably improved, and the settling performance of the combined system can reach the settling effect of the original system (30 min) in 5 min.
3.6 Energy saving and carbon emission reduction measurement of the combined sewage treatment system
The sewage treatment scale of the railway station is 3,000 t/day, including six lifting pumps with a total operating power of 9 kW and six MBR wastewater processors with a total operating power of 99 kW. This scale translates into a daily power consumption of 1,903.2 kWh. According to the TN removal rate, which increased by three times conversion, a total of 1268.8 kW h/day energy saving was achieved, and the annual electricity saving was 463,112 kWh. The amount of membrane-cleaning water was 159.6 t/time, and the drug dosage was 1.92 t/day. The average membrane-cleaning volume was reduced from 61 times per year to 43 times, with a reduction of 18 times, saving 2,872.8 t of water and 34.54 t of drug consumption. According to CO2 conversion, the annual reduction in electricity was 463,112 kWh, which corresponds to the carbon emission reduction of 363,542.92 kg CO2e; the water saved was 2,872.8 t, which corresponds to the carbon emission reduction of 482.63 kg CO2e; and the reduction in pharmaceutical dosage was 34.54 t, which corresponds to the comprehensive carbon emission reduction of 24,178 kg CO2e. Therefore, the annual carbon reduction of the combined system is at least 388,203.55 kg CO2e.
4 CONCLUSION
The results showed that ICMS-AS + MBR has a strong ability to resist the impacts of COD, NH4+-N, and TP hydraulic loads. The COD, NH4+-N, and TP values of raw water vary irregularly at 112.0–328.0 , 16.0–42.0 , and 2.0–6.0 mg/L, respectively, whereas the COD, TN, and TP values of the combined system were all stable in the ranges of 19.2–43.3 , 2.1–3.4 , and 0.3–0.4 mg/L, respectively. This finding indicates that the combined system has good resistance to hydraulic load impact and has stable effluent quality. Compared with the original MBR system without ICMC-AS, the COD, TN, and TP removal efficiencies of the combined system increased from 80%, 30%, and 10% to 92%, 93.5%, and 92%, respectively.
The study of the operation efficiency and parameters of the combined system and the in-depth analysis of the reaction process and reaction rate of the iron–carbon microelectrolysis wastewater treatment system revealed that the combined system is a wastewater treatment system dominated by COD removal with high nitrogen removal efficiency. The removal rate constants of various pollutants were in the order: KCOD (0.647 ± 0.017) > [image: image] (0.416 ± 0.044) > [image: image] (0.275 ± 0.014) > KTN (0.258 ± 0.083).
Compared with the original MBR system, the combined system had a considerably improved sludge settling performance and can reach the settling effect of the original system (30 min) in 5 min. This performance effectively mitigated membrane contamination in the combined system.
The above results indicate that adding iron–carbon microelectrolysis activated sludge to the MBR processor for combined wastewater treatment can enhance the efficiency of wastewater treatment and obtain better energy-saving and emission-reducing effects. This combined application provides an effective way for the transformation and upgrading of small- and medium-scale water treatment systems.
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There is limited information on contaminations of per- and polyfluoroalkyl substances (PFASs) in the water source affected by agricultural activities. The contamination of PFASs was investigated in the sources of agricultural groundwater and nearby surface water from an important vegetable production base supply for Beijing and Tianjin, located in North China. Σ13PFAS concentrations ranged from 0.321 to 8.285 ng/L, with an average concentration of 2.022 ng/L in the groundwater and 19.673 ng/L in the surface water. With the increase in the carbon chain length, the mean concentrations of PFASs in groundwater generally showed a decreasing trend. The dominated congeners of short-chain perfluorobutanesulfonate and perfluorooctanoate acid (PFOA) were detected in all groundwater samples, with mean concentrations of 0.944 and 0.654 ng/L. The difference was that PFOA and perfluorooctanesulfonate (PFOS) were the dominant congeners in nearby surface water, with concentrations of 7.585 and 3.421 ng/L. Thus, the concentrations of PFOA and PFOS in the surface water were about 8.5 times higher than those in the groundwater, indicating that Σ13PFAS concentrations might decrease with the water migration from the overground to the underground. In addition, significant correlations were observed between PFASs and DOC/TN related to agricultural activities, suggesting a certain relationship existed between PFAS conger distributions and organic carbon/nutrients in water. Health risk assessment indicated that the PFAS exposure caused insignificantly immediate harm to residents in the studied area. This survey provided information on the sources, spatial distribution, and potential migration characteristics of PFASs in a typical agricultural area of North China.
Keywords: perfluoroalkyl and polyfluoroalkyl substances, water source, groundwater, agricultural activity, health risk assessment
INTRODUCTION
Per- and polyfluoroalkyl substances (PFASs) have occurred ubiquitously in the environment, causing global concerns due to their long-distance migration, bioaccumulation, and severe toxicity (Cao et al., 2019; Chen et al., 2022). Serious organic pollution in the water body leads to a decrease in the availability of usable fresh water. Additionally, they have some proprietary properties such as low surface energy and high surface-active effect as uniquely hydrophobic and lipophobic characteristics (Tang et al., 2022). However, limited information is available on PFAS contaminations in the sources of groundwater and surface water affected by agricultural activities. The Chinese government issued the Regulations on Groundwater Management (Order No. 748 of the State Council of the people’s Republic of China) at the end of 2021 to further strengthen the monitoring and protection of groundwater, especially in agriculture and rural areas. Besides, the limit values for PFOS and PFOA in drinking water are 40 and 80 ng/L, respectively, according to the Standards for Drinking Water Quality of China (GB5749-2022).
PFASs have been widely applied in various fields involving people’s daily consumer goods, business, and industry, such as surfactants, fire retardants, additives, lubricants, carpet cleaners, paper coatings, and cosmetics (Sims et al., 2022). PFASs have also been widely used in pesticides (herbicides, insecticides, etc.) as auxiliary agents and their packaging (Nascimento et al., 2018). As always, concerns about PFASs are increasing owing to their particular features and wide applications, as well as their global distributions and potential hazards. Therefore, PFOS, perfluorooctanoic acid (PFOA), and related compounds were listed as priority pollutants in the International Stockholm Convention (Chen et al., 2022). In the past decades, short-chain PFASs or no-fluorinated substances have been recommended by global manufacturers instead of short-chain PFASs (Sims et al., 2022; Tang et al., 2022).
A great amount of information has been available presently on the contaminations of PFASs in various environmental media such as soil (Gao et al., 2019; Sammut et al., 2019), water (Zhang et al., 2019; Wang et al., 2022), and air-dust (Liu et al., 2011; Zhang et al., 2020). PFASs have also been detected in biological tissue and blood (Valsecchi et al., 2013; Hu et al., 2023), human blood and urine (Zhang et al., 2013; Szabo et al., 2018), and remote polar regions (Pedersen et al., 2016). However, solving the problem of the exposure pathways of PFASs to the ecosystem is still the focus of all future work. Several studies indicated that drinking water sources could also be a potential exposure source (Gao et al., 2019; Barton et al., 2022). Evidently, there is a potential health risk of drinking water with PFAS contaminations for human bodies (Li et al., 2020; Lu et al., 2022). Notably, groundwater accounts for about one-third of the total water resources and twenty percent of the water supply in China. Groundwater, as one of the main global water resources, has been facing the pollution of various pollutants (i.e., PBDEs, PAHs, nitrobenzene, and chloroethylene). Nevertheless, information on groundwater as a water source slightly contaminated by PFASs, including irrigation and drinking water sources, remains limited. A few existing reports suggested that the globally detected PFASs in groundwater were at various levels ranging from the typically measured levels of ng/L to several μg/L, dominated by perfluorinated carboxylates (PFCAs) with less than or equal to eight carbons and PFOS (Murakami et al., 2009; Bao et al., 2011; Sammut et al., 2019; Wang et al., 2022).
This study was focused on the occurrence of PFASs in groundwater sources from an important vegetable production base supply for Beijing and Tianjin, located in North China. The spatial distribution, compositional profiles, migration and source identification, and human health assessment of PFASs were conducted. This study will help develop effective strategies to monitor PFAS pollution by providing systematic data on the PFASs in this area. To accomplish the above goals, a total of 13 PFASs, including 9 PFCAs (C6–C14) and 4 PFSAs (C4, C6, C8, and C10), were analyzed for groundwater samples collected from 16 private wells and one nearby surface water sample.
MATERIALS AND METHODS
Materials and chemicals
The standards, PFBS, perfluorohexanoic acid (PFHxA), PFHxS, perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTrDA), and perfluorotetradecanoic acid (PFTeDA) were purchased from Sigma-Aldrich (Steinheim, Germany). PFOS was purchased from Dr. Ehrenstorfer GmbH (Germany). Perfluorodecanesulfonate (PFDS) and the internal standards of sodium perfluoro-1-[1,2,3,4–13C4]octanesulfonate (13C4-PFOS, MPFOS) and perfluoron-[1,2,3,4–13C4]octanoic acid (13C4-PFOA, MPFOA) were obtained from Wellington Laboratories (Guelph, Ontario, Canada).
Sample areas, collection, and preparation
Samples from groundwater and surface water were collected from a typic vegetable production area, an important vegetable production base supply for Beijing and Tianjin in North China in October 2021 (Figure 1). Groundwater samples from shallow aquifers were collected from 16 private wells at depths of 1.47–3.79 m (S1∼S16). The groundwater from these wells is used for vegetable irrigation and drinking water for residents. Meanwhile, one surface water sample was collected from the Beijing–Hangzhou Grand Canal nearby the groundwater wells (S17). Three trip blanks filled with ultrapure water were prepared. Meanwhile, six field spikes (three with target analytes of 50 ng/L, other three with target analytes of 100 ng/L) were also prepared to understand the recovery percentages of target analytes. All actual water samples were collected in duplicate. Formic acid (pH = 3–4) was added to prevent bacterial activity in water. Lastly, samples were stored at 4°C before analysis.
[image: Figure 1]FIGURE 1 | Sampling sites in the vegetable production base supply for Beijing and Tianjin, North China.
Sample extraction, cleanup, and instrumental analysis
The extraction, cleanup, and analysis procedures for these water samples were similar to those described previously (Wei et al., 2018). One liter of water samples was filtered through prebaked GF/F glass fiber filters (pore size: 0.7 μm, Whatman, United States) and spiked with 2 ng of 13C4-PFOA and 13C4-PFOS as internal standards. Subsequently, the filtrates were loaded onto a single-use cartridge (Oasis® WAX), preconditioned with 4 ml of 0.1% ammonium hydroxide (in methanol), 4 ml of methanol, and 5 ml of water sequentially. Immediately, the interferences on the cartridge were washed off with 4 ml of 25 mmol/L acetate buffer solution (pH 4) and 10 ml of water. After the removal of the residual water by centrifugation for 30 min at 3,000 rpm, target analytes were eluted with 4 ml of methanol and 4 ml of 0.1% ammonium hydroxide (in methanol) successively. The flow rate was kept at 1 drop during the whole process. Then, eluate with 8 ml was concentrated to 200 µL with a gentle stream of high-purity nitrogen before injection.
Analyses were performed for 13 PFASs using a high-performance liquid chromatography (HPLC, P680 pump, Ultimate 3000 autosampler, Dionex, Sunnyvale, CA, United States) equipped with an electrospray ionization tandem mass spectrometer (ESI/MS/MS, API 3200, Applied Biosystems/MDS SCIEX, United States) operated in negative ion and MRM mode. PFASs were separated on a 120 C18 column (5 μm, 4.6 mm i.d. ×150 mm length; Dionex, Sunnyvale, CA, United States) with an aliquot of 10 µL injection. A 10 min dualistic gradient of 0.1% ammonium hydroxide (in methanol) (A) and 50 mM NH4OAc (B) delivered at a flow rate of 1 ml/min was started with 28% B, ramped to 5% B in 4 min, held for 3 min, and then increased to 28% B gradually until the 10th min.
Quality assurance, quality control, and statistical analysis
Quantification was performed using the internal standard method. The instrumental limits of detection (LODs) varied from 0.015 to 0.047 ng/ml for each kind of PFASs at a signal-to-noise ratio (S/N) of 3 or better than 3. No detectable concentrations of PFASs were detected in trip blanks, field blanks, procedural, as well as in solvent blank in this study. Recoveries of field spikes and spiked blanks ranged from 90.2% to 107.4%, with relative standard deviations (RSD) lower than 3.8%. Average matrix spike recoveries (n = 6) of PFAAs in samples ranged from 80.6% to 114.7%. RSD for each kind of PFAAs were all below 10%.
Statistical analysis was conducted using the SPSS 18.0 (SPSS International, Chicago, United States) and OriginPro 8.0 (OriginLab, Los Angeles, United States) software. Concentrations below LOD were assigned as zero during the calculations. The possible correlations among PFASs in water samples were examined by the Spearman rank correlation analysis (2-tailed). PFASs are considered significantly different if p < 0.05.
Other analyses
A TOC analyzer (MultiN/C2100, Germany) was used to determine DOC after filtrating through glass fiber filters with 0.7 µm (Whatman, United States). TN was measured by the alkali digestion method with potassium persulfate by a UV spectrophotometer.
RESULTS AND DISCUSSION
Levels and congener profiles
Levels and congener profiles of PFASs in the groundwater were summarized in Figure 1. It was found that Σ13PFASs in groundwater ranged from 0.321 to 8.285 ng/L (mean 2.022 ng/L). Table 1 shows that the PFAS levels in this studied area of Tianjin were close to the levels of the Yuqiao Reservoir in Tianjin found by Cao et al.(2019). However, the found levels were relatively lower than most of those in groundwater samples collected from other areas, such as Hubei, China (2.04 μg/L, nearby a PFSA manufacturing facility) (Gao et al., 2019), Shenzhen, China (dry) (135.48 ng/L) (Li et al., 2020), Melbourne, Australia (74 ng/L) (Szabo et al., 2018), Fuxin, China (485.21 ng/L) (Bao et al., 2011), and Tokyo (51.649 ng/L) (Murakami et al., 2009). This could be explanted that there were neither specific point pollution sources nor heavy industrial or commercial activities observed nearby the groundwater sampling sites. This suggested that the application of pesticides might not be a major pollution source for PFASs or a few PFAS residuals in the environment were brought back by soil, degraded by organisms in the soil, or transported elsewhere by atmosphere deposition. However, future research should be conducted on soil from the upper part, characteristics of water and soil, and other coexisting matters therein to get a comprehensive understanding of the distribution and transformation characteristics of PFASs.
TABLE 1 | PFAS concentrations from worldwide in groundwater.
[image: Table 1]Ten congeners of PFASs were traced in all groundwater samples (Figure 2B), with a detection frequency of 76.9%. Meanwhile, concentrations of congener PFCAs were also detected at a comparable frequency in this study. These chemicals were dominated by PFBS and PFOA, accounting for 46% and 33%, with concentrations of 0–2.382 (mean 1.099) and 0.025–3.942 (mean 0.806) ng/L, respectively. In detail, PFBS concentrations were significantly two magnitudes higher than PFHxS and PFOS. Interestingly, a similar phenomenon was also found in groundwater collected from Fuxi, China (Bao et al., 2011). Log Koc and Kd values of PFASs were significantly correlated with the length of the carbon chain. Therefore, higher short-chain PFASs were detected in the aqueous phase compared to long chains (Chen et al., 2022). With the replacement of long-chain perfluorocarbons, the short carbon chain of PFBS is becoming the main type in environmental media.
[image: Figure 2]FIGURE 2 | (A) Box plot distributions of PFAS congeners concentrations detected in groundwater samples. Within the box, sampling sites were represented by numbers ranging from 1 to 16. (B) Composition profiles of PFASs in groundwater samples (S1–S16) and surface water (S17).
PFAS migration and source identification
Figure 2 shows that mean concentrations of PFASs in groundwater decreased with the increase in carbon chain length, consistent with the conclusion that short-chain congeners were easier to reside in groundwater (Boiteux et al., 2012). Additionally, high water–soil ratios verified the relatively high possibility of transfer from soil to groundwater (Lindstrom et al., 2011). Similarly, our observation was also embodied indirectly by the limited removal of short-chain PFCAs by soils (Washington et al., 2010; Bao et al., 2011). It has also been noted that short-chain PFASs with a carboxylate head group presented a decreased sorption trend (Higgins and Luthy, 2006; Chen et al., 2022). Furthermore, it was also correlated with the solubility of PFASs, which increased with the decrease in carbon chain length, suggesting that the migration ability of short-chain PFASs as the superincumbent movement of the water body would be enhanced. Moreover, the point of precursor degradation also gave a reasonable explanation for the lack of detection of long-chain PFTrDA and PFTeDA in the present study.
Figure 3A shows that one corresponding surface water sample was collected from the Beijing–Hangzhou Grand Canal. It was no surprise that PFOA and PFOS in surface water were typical PFASs, up to 7.585 and 3.421 ng/L, respectively. Differently, concentrations of ΣPFASs in surface water samples were about 8.5 times higher than those in groundwater. Additionally, concentrations of every kind of PFASs detected in surface water were higher than those in the groundwater. PFAS contaminations in surface water might be influenced by industrial activities nearby.
[image: Figure 3]FIGURE 3 | PFAS source identification. (A) Comparison of total PFAS concentrations and mean concentrations of each kind of PFASs in groundwater (GW) and surface water (SW). (B–E) Relationships between total PFAS concentrations and DOC/TN contents.
Correlations among various PFAS congers and total PFAS contents between groundwater and surface water were assessed, as shown in Supplementary Table S1 and Supplementary Figure S1. At different levels, the PFAS compounds exhibited significant correlations. In particular, there were strong correlations between PFHpA and PFOA, PFHpA and PFNA, PFHpA and PFBS, PFOA and PFNA, as well as PFDA and PFUnDA with correlation coefficients of 0.831, 0.828, 0.792, 0.917, and 0.806, respectively (p < 0.01). PFAS contents between groundwater and surface water showed correlation coefficients of 0.814 (p < 0.05). Statistically significant positive correlations suggested that these chemicals might be originated from the same or similar pollution sources.
Generally, environmental sources of PFASs are difficult to identify as PFASs used in a wide variety of fields are distributed throughout the globe and undergo complicated transformation pathways (Prevedouros et al., 2006; Chen et al., 2022). In particular, in the case that we do not know the specific activity locally, it will be hard to address source identification, except that the pollution sources are definite. Given this situation that no point pollution sources existed near the sampling sites in the present study, the highest PFBS concentrations detected may be attributed to the widespread daily usage of PFASs and then percolated through the soil after the degradation of other PFSAs, such as PFHxS and PFOS (Lindstrom et al., 2011; Feng et al., 2015).
To further trace the possible pollution sources, a correlation analysis was conducted between concentrations of Σ13PFASs and PFOA/PFBS and DOC/TN (Figures B∼E). Positive correlations were observed between Σ13PFASs/PFOA/PFBS and DOC/TN contents, conforming well to a linear equation with R2 = 0.5402–0.6784 (DOC) and R2 = 0.7439 (TN), respectively, by regression analysis. These results indicated that the distribution and levels of PFASs in water body might be related to dissolved organic carbon, nutrients, and inorganic salts, which came from the exudation of agricultural fertilizer contaminated by PFASs (Sinclair et al., 2006; Qi et al., 2016) and domestic sewage influenced by PFAS-containing products (Xie et al., 2013). The performance was affected by dissolved organic matter in groundwater (Li et al., 2022). Besides, it might be affected by human activities such as organic fertilizer, plastic film, household garbage, pesticides, and pesticides, which were used in this vegetable production base. However, the recognized interaction mechanism between organic matter/nitrogen and PFAS in water remains to be further studied.
Health risk assessment
The Standards for Drinking Water Quality of China (GB5749-2022) established for PFASs are limited to PFOS and PFOA, with 40 and 80 ng/L, respectively. Obviously, the concentration of PFASs was lower than the national standard in the studied groundwater and surface water. Notably, researchers had brought up a new approach by providing the provisional health-related indication values (HRIVs) to assess the health risks of lifelong exposure to short-chain PFASs in drinking water, based on the estimated half-lives for the elimination of PFASs from the human bodies (Bao et al., 2011). Accordingly, HRIVs of the short-chain PFASs detected in the present study were separately set as follows: PFBS 2.96, PFHxA 1.03, PFHpA 0.28, and PFHxS 0.31 μg/L. However, the general precautionary value (PVg) for all PFASs in drinking water was set to 0.1 μg/L in the long term (Wilhelm et al., 2010). The total PFAS concentrations, the total PFOA and PFOS concentrations, and each conger of PFAS concentration were all far lower than the lowest health-based guidance values reported accordingly, indicating that exposure to PFASs causes insignificantly immediate harm to residents in this area of North China.
CONCLUSION
This study showed that the short carbon chain of PFBS was the main type of PFASs. The mean concentrations of PFASs in the groundwater decreased with the increase in the carbon chain length. There was an insignificant potential risk of PFAS exposure in the studied groundwater source for vegetable planting and resident drinking. However, the detection of the dominant PFASs at relatively higher levels should be especially focused on to prevent the local residents from health hazards due to their longtime exposure to PFASs in drinking water. Further work should be done to study the PFAS contaminations in groundwater on a large scale in China. Meanwhile, related surface water and soil should be considered to obtain a comprehensive understanding of PFAS levels, characteristics, and sources. Therefore, it is meaningful to connect the occurrence and distribution of PFASs with the site characterization parameters such as organic carbon, nutrients, inorganic constituents, and the coexisting organic contaminants.
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Note: The data were presented as mean « standard deviation (n = 6). Different lowercase letters labeled on the data represented the significant dlifference (p < 0.05) accoraing to the one-
way ANOVA, and Tamhane’s T2 or LSD, post-tests.
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