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Abstract

:

Pollution in water environments hinders both social progress and economic development. Wastewater treatment and the sustainable use of water resources are important factors in solving this problem. In a previous study, the authors proposed a process that used photocatalytic film as a back-end treatment in a composite iron–carbon constructed wetland (WIC&PF) to restore a mildly eutrophic water body. This method has strong reoxygenation effects, and can efficiently remove pollutants; these are qualities that have not been mentioned in previous studies regarding constructed wetlands. In this study, the authors further investigated the effectiveness of this process by using a photocatalytic film as a front-end treatment for a composite iron–carbon constructed wetland (PF&WIC) to restore a mildly eutrophic water body. The results showed   N   H   4   +    - N   , TN, TP, COD, and chlorophyll a removal rates using PF&WIC of 79.1 ± 6.6%, 76.8 ± 6.5%, 77.0 ± 5.4%, 77.3 ± 7.2%, and 91.7 ± 5.6%, respectively. The DO concentration of the water body increased compared with that of the effluent. The bacterial species and their abundance in the lake water also changed significantly, and photosynthetic autotrophic bacteria (Cyanobium PCC-6307) became the most dominant bacteria, and this played an important role in reoxygenating the water body. In comparing these results to those of our previous study, the removal of pollutants with PF&WIC was close to that with WIC&PF, but the reoxygenation effect of PF&WIC on the water body was significantly worse than that of WIC&PF; thus, WIC&PF is the more reasonable choice for treating eutrophic water bodies.
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1. Introduction


Pollution in water environments is one of the major problems faced by human society in regard to the process of development, and different countries and regions face this issue to different degrees [1,2]. Water environments can be polluted by the continuous accumulation of pollutants. These pollutants gradually exceed their water environments’ capacity, and this leads to water quality deterioration, algae outbreaks, aquatic organism death, foul-smelling water bodies, eutrophication, and other phenomena [3,4,5]. These problems are a significant burden on economic and social development [6], and an increasing amount of technologies are being developed to treat the problem of water environment pollution. Wastewater treatment technologies should follow an effective and sustainable water management strategy [7]. Therefore, the development of safe wastewater treatment processes to promote water resource recycling and minimize pollutant discharge has become important to environmentally sustainable development. A constructed wetland refers to the interrelationship between the symbiotic system of plants and microorganisms and the treatment environment, or medium, in the process of wastewater treatment, which purifies wastewater and promotes the cycling of nutrients such as carbon, nitrogen, and phosphorus in a highly efficient way via physical, chemical, and biological actions [8]. Constructed wetlands have multiple advantages, including the efficient removal of pollutants, reduced costs and energy consumption, ecological balance and biodiversity, enhanced landscape value, and water resource recycling. The comprehensive benefits of constructed wetlands are significant, so they have become one of the most commonly used water treatment technologies [9,10,11]. Ecological wastewater treatment technology provides a sustainable wastewater treatment process that combines wastewater treatment with water resource utilization, mainly via the purifying effects of natural ecosystems [12]. Constructed wetlands are a typical wastewater treatment process that can improve treatment efficiency by establishing a diverse ecological structure and regulation system for hydraulic load distribution [13]. Wastewater treatment is the only technology that can regenerate water resources, and constructed wetlands, as a fundamental economic resource, play a significant role in both water recycling and wastewater treatment processes [14].



Constructed wetlands mimic natural wetlands, purifying wastewater through an artificially designed structure that contains a substrate, aquatic plants, and microorganisms [15]. Depending on the engineering design and water flow pattern, constructed wetlands can be categorized into surface flow constructed wetlands (SFCW), horizontal subsurface flow constructed wetlands (HSSFCW), or vertical subsurface flow constructed wetlands (VSSFCW) [16,17,18]. Regardless of the type of constructed wetland used to treat wastewater, in general, without aeration, the dissolution of oxygen (DO) concentrations in wastewater is a decreasing process from the influent to the effluent, as DO must be consumed during the aerobic decomposition of microorganisms to degrade pollutants in water bodies [19]. Indeed, the aerobic decomposition of microorganisms is one of the main reasons why constructed wetlands are efficient in removing pollutants [20]. However, reducing DO concentrations is not conducive to restoring a water body’s environment; a high concentration of DO in a water body will affect the survival of aquatic organisms, and a low concentration will cause most of the aquatic organisms to die of hypoxia [21,22,23], which will then destroy the aquatic biodiversity. The concentration of DO also affects the extent of chemical reactions in water. When the concentration of DO is high, the degradation of organic matter and   N   H   4   +    - N    is favored [24,25]; when the concentration of DO is low, the denitrification of   N   O   3   −    - N    and   N   O   2   −    - N    is more complete [26,27]. In addition, DO is an important indicator of a water body’s ability to self-purify. This self-purification ability depends on the length of time it takes for the DO in the water body to return to its initial state after being consumed. The shorter the time, the stronger the self-purification ability and the lighter the pollution; the longer the time, the weaker the self-purification ability and the heavier the pollution [28,29].



Iron and carbon fillers in wastewater treatment can achieve good results. Because of microelectrolysis, iron and carbon filler can form countless tiny primary batteries in which iron is the anode and carbon is the cathode; thus, the Fe will lose electrons, becoming Fe2+. At the same time, the cathode and anode in the primary cell will react, forming a microelectric field in the wastewater; under the microelectric field’s action, small colloidal particles and small molecular pollutants in the wastewater undergo electrophoresis, moving in the opposite direction of the charge and, ultimately, the electrode will aggregate large particles, resulting in flocculation and precipitation [30]. The Fe-C microelectrolysis reaction mechanism is as follows:



The reaction at the anode:


    F e → F e   2 +   + 2   e   −    



(1)






    F e   2 +   →   F e   3 +   +   e   −    



(2)







The reaction at the cathode:


    H   +   +   e   −   →   H    



(3)







The electrons generated by Equations (1) and (2) reduce   N   O   3   -    - N   , while Fe2+ and [H] from Equation (3) act as electron donors for denitrogenation in the following reaction:


    N O   3   −   + 5   e   −   + 3   H   2   O → 0.5   N   2   + 6   O H   −    



(4)






    N O   3   −   + 5   H   → 0.5   N   2   +   O H   −   + 2   H   2   O  



(5)







Fe2+ and Fe3+ form precipitates of Fe3(PO4)2 and FePO4 with     PO   4   3 −     to remove phosphorus. Fe2+ and [H] have reducing properties that can not only reduce nitro in wastewater but also break down some organic macromolecules and decompose them into smaller molecules. Given the excellent mechanism of Fe-C microelectrolysis, a large number of scholars have investigated Fe-C filler as an artificial wetland substrate [31].



Photocatalytic denitrification and phosphorus removal are chemical processes that use a photocatalyst (e.g., TiO2) activated under light conditions to generate electron (e−) and hole pairs by absorbing ultraviolet or visible light; this, in turn, generates free radicals such as hydroxyl radicals (·OH) with strong oxidizing abilities [32]. These free radicals can effectively decompose nitrogen and phosphorus compounds in water—such as     NH   4   +    - N   ,     NO   3   −    - N   ,     NO   2   −    - N   , inorganic phosphorus, organic phosphorus, etc.—and convert them into harmless or low-toxicity substances, thus removing nitrogen and phosphorus [33]. Thus, this process is important for treating nitrogen and phosphorus pollution in water bodies.



Therefore, the authors proposed a composite iron–carbon constructed wetland combined with photocatalytic film (WIC&PF) to restore a mildly eutrophic water body from a previous study. Our results showed that using photocatalytic film for the back-end treatment of composite iron–carbon constructed wetlands not only ensures efficient pollutant removal efficiency but also effectively improves the reoxygenation effect of the constructed wetland; this is a quality that has not been mentioned in previous studies on constructed wetlands [34]. The present study was conducted at the same time as the previous study. We used photocatalytic film as a front-end treatment for the composite iron–carbon constructed wetland to more deeply explore its effects on the reoxygenation of a water body when it is not also affected by the aforementioned constructed wetland. This process was compared with the previous study to analyze the differences between photocatalytic film as a front-end or back-end treatment, as well as to find a better way to combine photocatalytic film and constructed wetlands.




2. Materials and Methods


2.1. Construction and Operation of the Experimental Setup


Consistent with the authors’ previous study, the water source for this study was a small, mildly eutrophic lake on the campus of Fuzhou University’s Qishan Campus in China. The entire experimental setup consisted of a photocatalytic film front-end treatment and a composite iron–carbon constructed wetland (PF&WIC). The WIC consisted of wetlands with two flow regimes—vertical subsurface flow and horizontal subsurface flow—in sequential order. Both the external structure and internal composition of the wetlands were consistent with those in the previous study. The media layer of the vertical subsurface consisted of spherical iron–carbon (0.5–0.8 cm), gravel (1–1.8 cm), and gravel (2–3 cm) from top to bottom; the media layer of the horizontal subsurface consisted of gravel (1–1.8 cm), ellipsoidal iron–carbon (2–3 cm), and gravel (4–6 cm) from top to bottom. The plants in the wetland were all tumbleweeds. The PF layout was also consistent with that of the previous study, with the PF laid flat on the water surface at the front of the WIC. A performance characterization of the PF was completed in another study [35], which showed that the TiO2-SiO2-containing photocatalytic film had obvious light absorption between 250 and 400 nm of UV light. Characteristic absorption occurred at about 315 nm, which indicated that the PF had photocatalytic properties; the PF had highly efficient photocatalytic activity under simulated light conditions, with a photodegradation rate of 89.59% in a Methylene Blue (MB) solution after 10 h of photoreaction. The design of the entire experimental setup is shown in Figure 1. The water quality conditions of the lake are shown in Table 1.




2.2. Water Sampling and Analysis


The frequency and duration of the water sample collections were consistent with those in the previous study. The system was divided into four stages (12 h, 24 h, 36 h, and 48 h) according to different hydraulic retention times (HRT) for the experiments. The 12 h stage was operated for 39 days, each of the remaining stages was operated for 21 days, and the samples were taken every three days at sampling intervals ranging from 14:00 to 15:00. After the water samples were collected, they were sent to the laboratory to determine ammonia nitrogen (  N   H   4   +    - N   ), total nitrogen (TN), total phosphorus (TP), and chemical oxygen demand (COD) according to the Standard Methods for the Examination of Water and Wastewater [36], and three parallel tests were performed to eliminate errors. Chlorophyll a, DO, and pH were measured at the sampling site using a portable meter, and the probes used in the portable meter were calibrated before each test.




2.3. PCR Amplification and Sequencing Library Construction


PCR amplification and sequencing libraries were performed by Majorbio, Inc. (Shanghai, China) using the Illumina PE300/PE250 platform, and PCR amplification of the V3-V4 variable region of the 16S rRNA gene was carried out using the upstream primer 338F (5′-ACTCCTACGGGGAGGCAGCAG-3′), which carries a Barcode sequence, and the downstream primer 806R (5′ GGACTACHVGGGTWTCTAAT-3′). The PCR reaction system was 4 μL of 5 × TransStart FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of the upstream primer (5 μM), 0.8 μL of the downstream primer (5 μM). TransStart FastPfu DNA polymerase (TransGen, Beijing, China), 0.4 μL, and template DNA, 10 ng were added to obtain a total of 20 μL. The amplification procedure was as follows: pre-denaturation at 95 °C for 3 min and 27 cycles (denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 30 s), followed by a stable extension at 72 °C for 10 min and storage at 4 °C. (PCR instrument: T100 Thermal Cycler PCR thermocycler (BIO-RAD, Hercules, CA, USA)).




2.4. Statistical and Analysis


SPSS was used to analyze the mean and standard deviation of the experimental data, and Origin and CAD were used to plot the relevant images.





3. Results


3.1. Overall Treatment Performance


Section 3.1 describes the effectiveness of PF&WIC in removing the pollutants   N   H   4   +    - N   , TN, TP, COD, and chlorophyll a, and the along-track changes in pollutant removal. Effluent-0, Effluent-1, Effluent-2, and Effluent-3 in the charts represent effluent locations in the water source, PF, VSSFCW, and HSSFCW, respectively.



3.1.1. Nitrogen Removal


Figure 2a,c illustrate the effect of PF&WIC on the removal of   N   H   4   +    - N    and TN. The overall average removal rates of   N   H   4   +    - N    and TN were 79.1 ± 6.6% and 76.8 ± 6.5%. Compared with our previous study (81.8 ± 7.0% and 79.2 ± 5.6%) [34], the effect of PF&WIC on   N   H   4   +    - N    and TN, when PF was used as a front-end treatment, was close to that of WIC&PF on TN when PF was used as a back-end treatment. This shows that Fe-C microelectrolysis in the WIC plays a dominant role in N removal throughout the treatment process, mainly in that Fe-C microelectrolysis enhances   N   H   4   +    - N    nitrification and the chemical reduction of   N   O   3   −    - N    [37,38,39].



The removal rates of   N   H   4   +    - N    and TN using PF&WIC at different HRTs were 79.5 ± 7.1% and 76.3 ± 6.0% (HRT = 0.5 d); 74.2 ± 3.3% and 73.1 ± 6.1% (HRT = 1.0 d); 78.4 ± 5.5% and 80.4 ± 5.2% (HRT = 1.5 d); and 84.3 ± 5.6% and 77.4 ± 6.5% (HRT = 2.0 d). Previously, Xiaona Ma used iron and carbon (Fe-C) microelectrolysis in a constructed wetland system to denitrify mariculture wastewater, and the removal rate of     NH   4   +    - N    was 41.5% [40].



Figure 2b,d illustrate   N   H   4   +    - N    and TN removal with PF&WIC at different effluent locations. The average removal rates of   N   H   4   +    - N    and TN in Effluent-1, Effluent-2, and Effluent-3 were 50.4 ± 5.9% and 54.1 ± 6.8%; 71.7 ± 9.5% and 70.7 ± 8.0%; and 78.0 ± 8.2% and 76.8 ± 6.5%, respectively. This shows that the water body removes most of the   N   H   4   +    - N    and TN after secondary treatment with PF and VSSFCW, with HSSFCW making a more limited contribution to TN removal. At the same time, the removal rate of PF for   N   H   4   +    - N    and TN was not high, and it is difficult to meet the treatment requirements if only PF is used.



Overall, removing   N   H   4   +    - N    and TN from a water body relies on Fe-C microelectrolysis. PF makes little difference in overall N removal efficiency, whether it is used as a front-end or back-end treatment for the WIC. Secondary treatment with PF and VSSFCW can remove most of the TN, but PF should not be used alone for N removal.




3.1.2. Phosphorus Removal


Figure 3a illustrates the effect of PF&WIC on TP removal. The overall average removal rate of TP was 77.0 ± 5.4%. Compared with our previous study (80.5 ± 4.9%) [34], the effect of PF&WIC on TP, when PF was used as a front-end process, was close to the effect of WIC&PF on TP when PF was used as a back-end process. This shows that the removal of TP throughout the treatment process is mainly dependent on chemical precipitation. Fe2+ and Fe3+ produced by Fe-C microelectrolysis are the key to P removal. When the Fe-C microelectrolysis electrode is under neutral or alkaline conditions, Fe2+ and Fe3+ form Fe3(PO4)2 and FePO4 precipitates with     PO   4   3 −    , which can remove phosphorus [41,42]. The removal rates of TP using PF&WIC at different HRTs were 77.8 ± 5.1% (HRT = 0.5 d), 73.2 ± 5.8% (HRT = 1.0 d), 79.8 ± 4.7% (HRT = 1.5 d), and 77.4 ± 3.6% (HRT = 2.0 d). Previously, Cheng Dong used iron–carbon microelectrolysis combined with a constructed wetland to treat wastewater, showing a phosphorus removal efficiency of 76.1% [43].



Figure 3b illustrates the TP removal effect of PF&WIC at different effluent locations. The average removal rates of TP were 46.1 ± 5.5%, 64.2 ± 6.2%, and 77.0 ± 5.4% for Effluent-1, Effluent-2, and Effluent-3, respectively. This shows that the removal of TP with PF is more limited than N removal with PF and that the water body needs to undergo tertiary treatment with PF, VSSFCW, and HSSFCW to remove most of the TP.



Overall, removing TP mainly depends on the chemical precipitation of Fe2+ and Fe3+ produced by Fe-C microelectrolysis. The overall removal efficiency of PF for TP does not differ much whether it is used as a front-end or back-end treatment in the WIC. The water body needs to go through a three-stage treatment with PF, VSSFCW, and HSSFCW before most of the TP can be removed. Thus, PF has a very limited ability to remove TP and should not be used alone for P removal.




3.1.3. COD Removal


Figure 4a illustrates the effect of PF&WIC on COD removal. The overall average removal rate of COD was 77.3 ± 7.2%. Compared with our previous study (80.1 ± 5.9%) [34], when PF was used as a front-end treatment, the effectiveness of PF&WIC on COD was close to the effectiveness of WIC&PF on COD when PF was used as a back-end treatment. This shows that, during the entire treatment process, COD removal is mainly affected by Fe-C microelectrolysis. The Fe2+ produced by Fe-C microelectrolysis has high chemical activity that can change the structure and characteristics of organic matter in the water body and accelerate organic matter degradation [30]. The removal rates of COD using PF&WIC at different HRTs were 74.0 ± 6.8% (HRT = 0.5 d), 76.4 ± 8.1% (HRT = 1.0 d), 77.8 ± 5.6% (HRT = 1.5 d), and 80.8 ± 6.4% (HRT = 2.0 d). Previously, Xiaoying Zheng combined a constructed wetland and an iron–carbon (Fe-C) system to treat saline wastewater, and the results showed that the COD treatment efficiency was 68.2% [44].



Figure 4b illustrates the COD removal effect of PF&WIC at different effluent locations. The average removal rates of COD were 49.7 ± 11.4%, 70.1 ± 10.7%, and 77.3 ± 7.2% for Effluent-1, Effluent-2, and Effluent-3, respectively. This shows that the water body removes most of the COD after secondary treatment with PF and VSSFCW, with HSSFCW making a more limited contribution to COD removal. Similar to the removal ability of PF for TP, the removal ability of PF for COD has difficulty degrading organic matter on its own.



Overall, COD removal was strongly influenced by Fe2+ produced by Fe-C microelectrolysis. The overall removal of COD with PF was not significantly different whether it was used as a front-end or back-end treatment in the WIC. Most of the COD can be removed from the water with a secondary treatment with PF and VSSFCW. PF has a very limited ability to remove COD and should not be used alone to degrade organic matter.




3.1.4. Chlorophyll a Removal


Figure 5a illustrates the effect of PF&WIC on chlorophyll a removal. The overall average removal rate of chlorophyll a was 91.7 ± 5.6%. Compared with our previous study (94.0 ± 4.7%) [34], the effect of PF&WIC on chlorophyll a, when PF was used as a front-end treatment, was close to that of WIC&PF on chlorophyll a when PF was used as a back-end treatment. This shows that removing chlorophyll a is mainly achieved through the adsorption and retention effect of the media throughout the entire treatment process, and the rough surface of the iron–carbon media plays a key role in removing chlorophyll a [45]. The removal rates of chlorophyll a using PF&WIC at different HRTs were 93.55 ± 4.85% (HRT = 0.5 d), 89.6 ± 5.5% (HRT = 1.0 d), 79.8 ± 4.7% (HRT = 1.5 d), and 91.9 ± 4.1% (HRT = 2.0 d). Figure 5b illustrates the chlorophyll a removal effect of PF&WIC at different effluent locations. The average removal rates of chlorophyll a were 91.7 ± 5.6%, 88.7 ± 7.2%, and 35.9 ± 13.5% for Effluent-1, Effluent-2, and Effluent-3, respectively. This shows that PF plays a minor role in chlorophyll a removal. A previous study showed that PF can provide a carrier for phytoplankton survival [34], thus removing a small fraction of chlorophyll a. The water removes most of the chlorophyll a after secondary treatment with PF and VSSFCW, with HSSFCW making a more limited contribution to chlorophyll a removal.



Overall, chlorophyll a was removed mainly via the adsorptive retention of the iron–carbon packing material. The overall removal efficiency of PF for chlorophyll a did not differ much whether it was used as a front-end or back-end treatment in the WIC. Most of the chlorophyll a is removed from the water by a secondary treatment with PF and VSSFCW. PF can provide a vehicle for phytoplankton survival, but it cannot be used alone for chlorophyll a removal.





3.2. Changes in the Physicochemical Environment


Section 3.2 describes changes in the DO and pH caused by PF&WIC and along-track changes in DO and pH. Effluent-0, Effluent-1, Effluent-2, and Effluent-3 in the charts represent effluent locations in the water source, PF, VSSFCW, and HSSFCW, respectively.



3.2.1. Changes in DO


DO is one of the most important indicators of a water body’s capacity for self-purification. Changes in DO concentration have a significant effect on   N   H   4   +    - N    nitrification and COD degradation [46,47]. Figure 6a shows that the highest DO concentration in the effluent was achieved at HRT = 2.0 d, while   N   H   4   +    - N    and COD were also optimally removed at HRT = 2.0 d (Section 3.1.1 and Section 3.1.3). The DO concentration in the final HSSFCW effluent decreased significantly compared with that of the raw water, and the DO concentrations from the raw water caused by the PF, VSSFCW, and HSSFCW effluents showed successive increasing and decreasing trends (Figure 6b). The subsequent decrease in the DO concentration caused by the VSSFCW and the HSSFCW effluent further weakened nitrification and COD degradation (Section 3.1.1 and Section 3.1.3). This reaffirms the good reoxygenation effect of PF, which is consistent with the results of a previous study [34]. The entire PF&WIC process leads to a reduced DO concentration compared with that of the water source, which is contrary to the WIC&PF results [34]. With the same influent used in our previous study, the DO concentrations in the PF&WIC effluent decreased by 41.3%, 35.9%, 46.8%, and 18.4%, while the DO concentrations in the WIC&PF effluent increased by 1.5%, 7.7%, 15.0%, and 3.4%.




3.2.2. Changes in pH


Likewise, pH has a significant impact on water quality. The pH of natural water bodies is the most favorable for aquatic organisms when it is between 6 and 9, and the pH of the PF&WIC effluent in this study met this requirement (Figure 7b). Changes in pH mainly affect ammonia in the water column; the higher the pH, the more difficult it is for   N   H   4   +    - N    to remain in the water column in an ionized form [48]. In this study, the pH reached a maximum at HRT = 2.0 d (Figure 7a), and the removal rate was highest at HRT = 2.0 d (Section 3.1.1). The pH of the raw water in reaction to the PF, VSSFCW, and HSSFCW effluents showed a gradual increase, which was also related to the effect of Fe-C microelectrolysis (Neutral and alkaline waters) [30]. The pH of the final PF&WIC effluent was greater than that of the water source, which is consistent with the WIC&PF results [34].





3.3. Microbial Community Analysis


From a phytoplankton point of view, the authors of a previous study found that PF was colonized with a large number of granular Melosira granulata via microscopic observation, which greatly increased the growth density of granular Melosira granulata in a limited volume [34]. Melosira granulata is a Bacillariophyta alga, which is a photosynthetic autotrophic organism capable of releasing oxygen through photosynthesis to increase DO concentrations in water bodies [49]. We analyzed bacterial species and their abundance in lake water (LW), photocatalytic film (PF), and lake water treated with PF&WIC (LWPF) using the high-throughput sequencing method [50]. Figure 8 shows that the most dominant bacterial types in LW were the hgcI clade (28.6%) and the CL500-29 marine group (12.5%). These are the main genera involved in nitrogen–phosphorus cycling in the pond water; thus, they play an important role in maintaining this balance in ponds [51,52]. Figure 9 shows that the most dominant bacterial species on the PF surface were Exiguobacterium (25.0%) and Enterobacteriaceae (22.5%). Exiguobacterium can use small-molecule carbon sources, such as glucose for anaerobic respiration, and it is capable of degrading small-molecule organic matter in water bodies [53,54]. Enterobacteriaceae are well adapted to their environments and can reduce nitrate to nitrite [55], which is then further converted into nitrogen by other denitrifying bacteria (Massilia) [53]. Figure 10 shows that the bacterial species and abundance in the lake water after the PF&WIC treatment changed significantly, with the most dominant bacterial types in the LWPF being Cyanobium PCC-6307 (31.2%) and Enterobacteriaceae (28.2%). Cyanobium PCC-6307 is an alga of the phylum Cyanobacteria, which is a photosynthetic autotrophic type of bacteria and has a strong photosynthetic oxygen-releasing capacity [56]. This further explains the reoxygenation of the water body. Furthermore, the percentage of chloroplast in the lake water after the PF&WIC treatment reached 11.52%, which was mainly influenced by the root growth of wetland plants [57].





4. Conclusions


We proposed a treatment process using photocatalytic film as a front-end treatment (PF&WIC) for a composite iron–carbon constructed wetland, and it was used to restore a mildly eutrophic water body. The innovation of this study lies in the development of a novel wetland system that integrates a photocatalytic film with iron carbon. This combination significantly influences the variety and quantity of bacteria present in the lake water. Furthermore, it effectively enhances the dissolved oxygen concentration within the wetland. This is achieved by fostering the proliferation of a substantial number of photosynthetic autotrophic bacteria. We showed that the removal rates of   N   H   4   +    - N   , TN, TP, COD, and chlorophyll a using PF&WIC were 79.1 ± 6.6%, 76.8 ± 6.5%, 77.0 ± 5.4%, 77.3 ± 7.2% and 91.7 ± 5.6%, respectively. However, owing to the process’s limitations, none of the results derived from using PF alone as a treatment were satisfactory. When PF is combined with VSSFCW for secondary treatments, it can effectively remove most nitrogen, COD, and chlorophyll a. However, to remove all phosphorus, it is necessary to go through a tertiary treatment process, which involves the combined application of PF, VSSFCW, and HSSFCW. Therefore, combining PF with other wetland treatment technologies needs to be comprehensively considered in order to achieve optimal water quality improvement. Compared with WIC&PF in the authors’ previous study, PF&WIC was close to WIC&PF in removing pollutants, but it was significantly worse than WIC&PF in reoxygenating the water body. By using the same influent as in the previous study, the DO concentrations in the PF&WIC effluent were decreased by 41.3%, 35.9%, 46.8%, and 18.4%, while the DO concentrations in the WIC&PF effluent increased by 1.5%, 7.7%, 15.0%, and 3.4%. The results of our microbial community analysis showed that a large number of photosynthetically autotrophic bacteria were present in the water body treated with PF&WIC, and these photosynthetically autotrophic bacteria were one of the main causes of reoxygenation in the water body. There was a significant increase in the population and abundance of bacteria in the PF&WIC-treated water. By combining the results of the previous study and the present study, it can be seen that WIC&PF is a more reasonable choice for treating eutrophic waters compared with PF&WIC, which achieves a similar pollutant removal rate but provides better water body reoxygenation.
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Figure 1. Design diagram of the experimental setup. 
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Figure 2. Nitrogen removal performance of PF&WIC. ((a):   N   H   4   +    - N    concentration histogram and   N   H   4   +    - N    removal efficiency curve at different HRT; (b):   N   H   4   +    - N    concentration histogram and   N   H   4   +    - N    removal efficiency curve at different effluent location; (c): TN concentration histogram and TN removal efficiency curve at different HRT; (d): TN concentration histogram and TN removal efficiency curve at different effluent location). 
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Figure 3. Phosphorus removal performance of PF&WIC. ((a): TP concentration histogram and TP removal efficiency curve at different HRT; (b): TP concentration histogram and TP removal efficiency curve at different effluent location). 
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Figure 4. COD removal performance of PF&WIC. ((a): COD concentration histogram and COD removal efficiency curve at different HRT; (b): COD concentration histogram and COD removal efficiency curve at different effluent location). 
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Figure 5. Chlorophyll a removal performance of PF&WIC. ((a): Chlorophyll a concentration histogram and Chlorophyll a removal efficiency curve at different HRT; (b): Chlorophyll a concentration histogram and Chlorophyll a removal efficiency curve at different effluent location). 
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Figure 6. Changes in DO in PF&WIC. ((a): DO concentration histogram at different HRT; (b): DO concentration histogram at different effluent location). 
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Figure 7. Changes in pH in PF&WIC. ((a): pH histogram at different HRT; (b): pH histogram at different effluent location). 
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Figure 8. Classification of bacteria in the LW. 
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Figure 9. Classification of bacteria in the PF. 
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Figure 10. Classification of bacteria in the LWPF. 
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Table 1. Water quality condition of influent water.
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	Index
	Concentration





	  N   H   4   +    - N    (mg/L)
	0.36~0.61



	TN (mg/L)
	1.76~2.11



	TP (mg/L)
	0.021~0.034



	COD (mg/L)
	42.32~55.90



	Chlorophyll a (μg/L)
	8.15~13.37



	DO (mg/L)
	3.70~7.64



	pH (non-dimensional)
	7.75~8.12
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