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Abstract

:

Constructed wetlands (CWs) primarily achieve efficient wastewater purification through synergistic interactions among substrates, plants, and microorganisms. Serving as the structural foundation of the entire wetland system, substrates not only provide a growth medium for plants, but also serve as adhesive carriers for microorganisms and habitats for animal activities. Research on substrates has attracted considerable attention; however, in practical engineering applications, the selection of substrates often depend on personal experience, which may lead to significant gaps in the effectiveness of wetland systems in treating different characteristic contaminants. Therefore, it is of great significance to investigate the influence of substrates on the removal of contaminants in sewage and identify substrate materials with good physical and chemical properties to optimize the design and operation of CWs-based sewage-treatment systems and improve their purification efficiency. In this review, bibliometric analysis was conducted to using the Web of Science database and VOSviewer_1.6.20 software to assess the progress of research on CWs. This article provides a comprehensive overview of substrate types and characteristics based on recent research advancements in the field. Additionally, it discusses removal methods and the influence of factors related to conventional contaminants (COD, nitrogen, and phosphorus), heavy metals (HMs), fluorinated compounds, pharmaceuticals, personal care products (PPCPs), and microplastics. A thorough evaluation was conducted on the economic costs of various substrates and their ability to remove major contaminants from water bodies, providing a reference for the further development of wetland technology.
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1. Introduction


CWs are ecosystems built by artificial simulation of natural processes, usually relying on the synergistic interaction of substrates, plants, and microorganisms to enhance wastewater purification through physical, chemical, and biological processes [1,2]. The physical effects primarily encompass filtration and retention, which heavily rely on collaboration between the substrate layer and plants to effectively intercept and adsorb contaminants [3]. The chemical reactions involved in this study encompass adsorption, chemical precipitation, redox reactions, and ion exchange. These processes are primarily governed by the substrate’s chemical properties [4]. Biological reactions include plant metabolism and the growth activities of various microorganisms. Microorganisms are attached to the substrate and plant roots. Various microorganisms remove contaminants through the processes of absorption, metabolism, and transformation [5]. Biological reactions are the most important step in the removal of contaminants in CWs [6].



The findings of various studies have demonstrated that CWs possess the capability to effectively reduce the concentration of contaminants in domestic sewage. Moreover, CWs have also exhibited their potential in treating industrial wastewater [7], mine effluents [8], municipal effluents [9], hospital wastewater [10], agricultural wastewater [11], etc. By the end of 2023, more than 11,000 articles about CWs had been published on Web of Science. In order to better understand the current development status of CWs, “constructed wetland” was used in a keyword search of the literature from the last five years (2019–2023). After screening, a total of 5140 publications meeting the requirements were selected. The VOSviewer program was used for analysis, and the minimum frequency of occurrence was set to 100. A total of 81 keywords were included in the visualization. The outcomes of the analysis on highlighted words are presented in Figure 1. The figure exhibits four distinct color clusters, namely red, yellow, blue, and green. Words in the red cluster are mainly related to the removal of nitrogen and phosphorus, such as nitrogen, phosphorus and nutrient. Words in the yellow cluster are closely related to plants, such as phytoremediation, macrophytes, and plants. Words in the blue cluster are closely related to the direction of future research on CWs, such as personal-care products, pharmaceuticals and fate. The green cluster mainly relates to the mechanism of the removal of contaminants, such as denitrification and nitrification.



Table 1 shows the keywords with the highest frequency in CWs. It can be seen that the current research on CWs is still focused on traditional wastewater treatment, especially the removal of nitrogen and phosphorus contaminants (sort 5, 8 and 12). However, the increasingly intricate composition of contaminants in wastewater and the growing public demand for high water quality, particularly with regards to the emergence of various EPs, present novel challenges to CWs [12]. Studies have shown that the traditional substrate (soil, gravel, sand) mainly plays a supporting role for plants, but its effect on the removal of contaminants is often unsatisfactory [13]. Therefore, in the design of substrate for CWs, reasonable configurations should be selected to improve the efficiency of treatment of contaminants.



The substrates form the structural framework of the entire wetland, serving as a fundamental substrate for plant growth, an attachment surface for microorganisms, and a habitat for animal activities [14,15]. The physical properties of the substrate (particle size, porosity, specific surface area, and redox potential) will determine the effectiveness of treatment by CWs. For example, a substrate with increased specific surface area and porosity can facilitate biofilm formation and attachment and enhance microorganism–contaminant interactions at multiple contact points. According to the China Technical Specification of Constructed Wetlands for Wastewater Treatment (HJ 2005–2010) (MEPC, 2010), the selection of substrate should meet the following requirements: (i) good mechanical strength, high specific surface area and high stability; (ii) appropriate size in accordance with local sampling; (iii) when the content of nitrogen and phosphorus in the treated sewage is high, a functional substrate should be used to improve removal; (iv) for vertical subsurface flow (VSSF) CWs, the porosity of the substrates should be between 35–40%. Although research on substrates has attracted considerable attention, in practical engineering applications, the selection of substrate often relies on personal experience, which may lead to significant gaps in the effectiveness of wetland systems in treating different characteristic contaminants. Therefore, it is crucial to investigate the influence of substrate on the removal of contaminants in sewage and identify substrate materials with good physical and chemical properties to optimize the design and operation of CW-based sewage-treatment systems and improve their purification efficiency. This article summarizes the types and characteristics of substrates in CWs based on recent research achievements in the field of wetlands. It further discusses the removal mechanisms associated with substrates and the influence of factors specific to conventional contaminants (COD, nitrogen, and phosphorus), HMs, fluorinated compounds, PPCPs, and microplastics. A comprehensive evaluation was conducted on the economic costs of various substrates and their ability to remove major contaminants from water bodies, providing a reference for the further development of wetlands technology.




2. Typical/New Substrates for CWs


According to the source of the materials, the substrates of CWs can be divided into natural substrates, by-products and artificial synthetic substrates. Table 2 lists the representative substrates used in CWs at present. The physical and chemical properties of different substrates exhibit significant variations, thereby resulting in diverse impacts on CWs [16]. Consequently, during the operation of CWs, it is crucial to select appropriate substrates or combinations thereof based on the specific contaminant-removal requirements, as this may enhance the overall performance of CW systems.



2.1. Natural Substrates


The most common natural substrates in CWs are gravel, sand, volcanics and zeolite. In general, natural substrates are made from natural mineral materials and have the advantages of high strength, a wide range of sources, and low price. However, the permeability coefficient and specific surface area tend to be low, resulting in poor performance in contaminant removal. Therefore, the natural substrates are often used as a supporting part of the filter bed to reduce the design cost of CWs [17]. There are also studies comparing natural substrates with different substrates in order to find a material that is good at removing particular contaminants. The study conducted by Huo et al. [18] involved the construction of four CWs utilizing different substrates (gravel, biochar, zeolite, and pyrite). The results indicate that the CWs with gravel as a substrate exhibited the least efficient nitrogen removal. Microbiological analysis revealed a low abundance of nitrifying and denitrifying microorganisms in the gravel-based CW system.




2.2. By-Products


2.2.1. Agricultural By-Products


The term “agricultural by-products” refers to the waste generated during agricultural production, which mainly includes various crop residues, livestock manure, and processing by-products. In 2023, China’s grain output reached 695 million tons, which will undoubtedly produce a large number of agricultural by-products. China has emerged as the leading country in terms of agricultural by-products, displacing up to four billion tons of waste annually. However, improper utilization of these by-products can pose significant environmental risks [19]. Currently, it is increasingly common to use agricultural by-products as the substrate of CWs, which not only uses this resource, but also reduces the cost of CWs and improves their effectiveness in treatment [20,21].




2.2.2. Industrial By-Products


Industrial by-products are mainly substances that are inevitably generated during the production of target products in industrial processes. At present, the global production of industrial by-products can reach billions of tons per year [22]. The inadequate treatment of industrial by-products may lead to severe environmental issues if it is not addressed promptly. Consequently, the exploration of resource utilization for industrial by-products has emerged as a prominent research focus. Common industrial by-products used in CWs include fly ash, steel slag, iron filings, and construction solid waste. Some by-products have good physical and chemical properties, high porosity, and high specific surface area. Due to differences in the raw materials and treatment processes, different industrial by-products show significantly different performance in treating contaminants. Furthermore, it is important to note that industrial by-products may contain a substantial amount of toxic and hazardous substances, thereby posing potential environmental risks [23]. In practical applications, it is advisable to prioritize the use of harmless materials. When selecting by-products or other materials that may potentially impact the environment, appropriate modifications should be implemented to ensure their harmlessness [24,25].





2.3. Artificial Synthetic Substrates


Artificial synthetic substrates are new materials formed by calcination, carbonization, and modification, either individually or in combination with various materials. The common substrates in CWs include activated carbon, biochar, ceramsite, and modified materials. The physical and chemical properties of these materials are stability and high porosity. However, due to the influence of the preparation process and raw materials, they exhibit different levels pf performance in treating different contaminants. In addition, artificial synthetic substrates also have the problem of high cost, which have raised serious obstacles to their promotion and use. At present, the use of artificial synthetic substrates is still mainly a subject of laboratory research. Developing a low-cost and high-efficiency filler has become a hot topic for research [26,27].





 





Table 2. Classification of representative CWs substrates.
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	Category
	Substrate
	Bases
	Sources
	Characteristic
	Reference





	Natural substrate
	Gravel
	SiO2 and Al2O3
	Rock or mineral detritus
	① Low cost

② Poor removal of contaminants
	[28]



	Natural substrate
	Sand
	SiO2
	Tiny stone particles
	① Availability and low cost

② Easily clog CWs
	[29]



	Natural substrate
	Volcanics
	SiO2, Fe2O3, CaO and Al2O3
	Cooling magma after a volcanic eruption
	① High porosity and specific surface area

② Poor contaminant removal
	[30]



	Natural substrate
	Zeolite
	SiO2 and Al2O3
	Mainly derived from alkaline groundwater and volcanic rocks
	① High ion exchange, low cost, can be regenerated

② Low adsorption rate, easy to be affected by the environment
	[31,32]



	By-product
	Fly ash
	Fe2O3, Al2O3, SiO2 and CaO
	Waste from burning coal
	① Large specific surface area, good adsorption performance

② Can easily cause secondary pollution in the environment
	[33]



	By-product
	Steel slag
	CaO, SiO2 and Fe2O3
	From electric furnaces and refining furnaces during steelmaking
	① High phosphorus-removal performance

② Strong alkalinity, which makes it difficult for microorganisms and plants to survive
	[34]



	By-product
	Construction solid waste
	-
	Waste generated during demolition, construction and maintenance in the construction industry
	① Low cost, high availability

② Poor reusability
	[35]



	By-product
	Sludge
	Organics, SiO2 and Al2O3
	Waste from drinking water treatment
	① Low cost, high capacity for P and HMs adsorption, easy to obtain

② Very sensitive to the environment, might leach toxic substances
	[14]



	By-product
	Iron scraps
	Fe
	Waste from steel mills and machinery-processing plants
	① Low cost, large specific surface area
	[36,37]



	By-product
	Woodchip
	Cellulose, hemicellulose, lignin
	Waste from wood processing
	① Low cost, excellent N removal

② May cause secondary pollution
	[38]



	By-product
	Crushed glass
	Na2SiO3, CaO and SiO2
	Waste from glass production and use
	① Wide range of sources, reusable, provides space for microbes to attach
	[39]



	Artificial synthetic substrate
	Ceramsite
	SiO2, Al2O3 and CaO
	Made by roasting raw materials
	① Good adsorption performance, high strength

② High energy consumption
	[40]



	Artificial synthetic substrate
	Activated carbon
	Porous carbon
	Made by carbonization of raw materials
	① Moderate adsorption effect

② High cost
	[41]



	Artificial synthetic substrate
	Biochar
	Porous carbon
	Made by biomass pyrolysis
	① Excellent contaminant adsorption, stable

② Difficulty in preparation
	[42]



	Artificial synthetic substrate
	Modified substrates
	-
	Further processing of materials
	① Excellent contaminant adsorption

② High cost and high energy cost
	[43]










3. Functions of Substrates Removal of Contaminants


3.1. Substrates Removes Conventional Contaminants


3.1.1. Organic


The removal of organic matter in CWs mainly primarily relies on biodegradation by microorganisms [44]. As the site of microorganism metabolism, the substrates play an important role in the growth of microorganisms. In addition, the substrate can directly remove contaminants through adsorption and retention, which heavily rely on collaboration between the substrate layer and plants [26].



The physicochemical properties of the substrates exert a significant influence on the removal of organic compounds, with porosity being identified as one of the pivotal factors. Several studies have demonstrated that during continuous operation of CWs, there is an observed increase in insoluble organic matter, leading to a gradual reduction in substrate porosity and potentially resulting in clogging [45]. Since the wetland system mainly relies on microbial oxidative decomposition, anaerobic digestion, and other life activities to purify organic matter, clogging can result in extensive anoxia within the CWs as a whole. This condition diminishes the metabolic capacity of microorganisms and consequently lowers the efficiency of organic-matter removal.



In order to increase the removal of organic matter, substrates with high porosity such as zeolite and ceramsite can be selected. Wang et al. [46] utilized sewage sludge as a raw material to prepare new ceramic particles. A VSSF-CW was constructed with this new type of ceramic particle as the substrate. The COD-removal rate reached more than 70%, while the effluent quality reached the IV water standard. The high degradation rate of COD may be attributed to the substantial specific surface area and porosity of the novel ceramic particles, which facilitate enhanced contact between microorganisms adhered to the substrate surface and organic matter. Wang et al. [47] modified corn-straw biochar by alkali treatment. The results demonstrated that the specific surface area and porosity of the modified biochar were higher than they were before modification and that the effectiveness of treatment of other contaminants was also significantly improved.




3.1.2. Nitrogen


Nitrogen removal in CWs mainly depends on the processes of ammonification, nitrification, and denitrification by microorganisms. Organic nitrogen is first converted into NH4+-N through ammonification, which is followed by aerobic transformation into NO2−-N and NO3−-N by nitrifying bacteria. Finally, denitrifying bacteria convert NO3−-N into N2 under anaerobic conditions, so as to achieve nitrogen purification. The selection of carbon-rich fillers such as biochar, straw, and wood chips can improve the nitrogen-removal effect. Wang et al. [48] utilized corn stalks to prepare activated carbon for urban tailwater treatment, and this material exhibited an impressive nitrogen-removal efficiency, exceeding 85% in urban tailwater treatment. They concluded that using carbon-rich materials as the substrate of CWs can augment the content of organic matter and the C/N ratio, thus promoting the denitrification reaction. Furthermore, in addition to supplementation of carbon sources, the limitation on denitrification caused by low C/N in wetland influent can also be solved by oxygenation reduction reactions induced by inorganic reductive fillers. Common materials include nano zero-valent iron (NZVI) [49], pyrite [50], and sulfur [51]. According to the reaction mechanism of reduction, these materials can serve as electron donors for NO3−-N to achieve nitrogen removal in a process referred to as autotrophic denitrification [37]. Chu et al. [52] established eight sets of VSSF-CWs supplemented with pyrite. The results showed that the denitrification capacity of the pyrite-addition device was improved and that the TN removal rate was more than 27.05% higher compared to that in the control group. DO content also has an important impact on wetland systems. Insufficient DO content hampers the process of nitrification, thereby impeding subsequent denitrification and resulting in limited nitrogen-removal efficiency [53]. Some researchers have found that selecting substrates with higher porosity can not only enhance microbial attachment, but also help increase the DO content [17]. Zhou et al. [54] studied a new type of CWs that use biochar as the substrate. The high porosity of biochar promotes efficient oxygen diffusion within CWs, thereby enhancing nitrogen-removal performance and resulting in a TN-removal rate of 39%. In addition, apart from direct nitrogen removal via physical adsorption, the substrate can also remove NH3-N through ion-exchange pathways. Zeolite is a common material with high ion-exchange capacity. The zeolite lattice is composed of SiO4 and AlO4 tetrahedra, wherein the presence of aluminum imparts a negative charge to the framework. To maintain electrical neutrality, cations are required for charge balancing [55]. These cations (generally Na+ and K+.) are easily exchanged with NH4+ to remove ammonia nitrogen ions. Alshameri et al. [56] modified Yemeni zeolite by alkali treatment to allow it to adsorb ammonia nitrogen. The results showed that the removal of ammonia nitrogen by zeolite mainly depended on ion exchange, and the rate of removal of nitrogen by modified zeolite was as high as 99%.




3.1.3. Phosphorus


The removal of phosphorus in CWs mainly depends on microbial fixation, plant absorption, soil increment, and substrate adsorption [30,57,58]. Research has shown that the substrate can remove 36.2–87.5% of the phosphorus present in the water [59]. Phosphorus adsorption by the substrate encompasses physical adsorption and chemical precipitation processes, with chemical precipitation playing a significant role [35]. Phosphorus removal by chemical precipitation is mainly a process in which some substrates rich in Ca, Fe, and Al can combine with phosphate to form an insoluble phosphate precipitate (Figure 2a). The efficiency of chemical phosphorus removal is pH-dependent due to the existence of phosphate in various forms at different pH levels. When the sewage environment is weakly acidic or neutral, the predominant inorganic phosphate groups are HPO42− and H2PO4−. Conversely, in a weakly basic or alkaline environment, the main inorganic phosphate groups are HPO42− and PO43−. Research has demonstrated that metal ions exhibit varying phosphorus-removal efficiencies at different pH levels. Within the pH range of 4.5–7.21, Fe-Al-based phosphorus removal dominates, with a maximum phosphorus removal capacity of 17.88–21.63 mg/g. On the other hand, when the pH ranges from 5.42 to 9.83, Ca becomes the primary method for phosphorus removal, with an effective capacity ranging from 20.85 to 21.43 mg/g [60]. The selection of Ca, Al, and Fe-rich substrate materials will increase the phosphorus-adsorption capacity. The presence of metal ions in certain by-products and artificial synthetic materials makes them suitable as substrates for phosphorus removal. Jiang et al. [61] compared the phosphate-removal properties of quartz sand, anthracite, shale, and ceramics. The results showed that the anthracite and bio-ceramics had better removal effects on TP, at 85.87 and 81.44 mg/kg, respectively. The shale and quartz sand had weaker removal properties, at 59.65 and 55.98 mg/kg, respectively. The substrate can also be modified to improve phosphorus removal. Guaya et al. [62] modified zeolite by adding hydrated alumina oxide (HAlO) and showed that the adsorption properties of zeolite increased from 0.7 mg/g to 7.0 mg/g. The modification does not have a significant impact on the substrate’s original chemical properties. Stocker et al. [63] modified zeolite with Ca and showed through joint experiments with NH3-N and PO43− that the modified zeolite did not have a significant impact on the removal of ammonia nitrogen but did remove phosphate. The purification efficiency of CWs with regard to phosphorus is not only affected by the physical properties of the substrate itself but is also related to external factors such as HRT, temperature, pH, phosphorus concentration, and DO (Figure 2b). The use of a suitable operation mode is the key to achieving efficient phosphorus removal in CWs. Moreover, it is crucial to acknowledge that phosphorus removal in CWs can be achieved only through the harvesting of plants or the removal of saturated substrates. Failure to replace the substrate promptly will result in the release of previously adsorbed phosphorus back into the water body.





3.2. HMs Removal


Due to economic development and the acceleration of industrialization, the emission of HMs has soared. However, it is currently observed that numerous countries, particularly developing countries, exhibit deficiencies in their wastewater treatment. This inadequacy may result in the direct discharge of substantial quantities of HMs into natural water bodies without any form of treatment, thereby posing a considerable threat to human health [64,65]. In recent decades, there has been growing interest in the use of CWs to remove HMs. The methods of HMs removal by CW mainly include sedimentation, adsorption, chemical precipitation, ion exchange, flocculation, microbial interaction, and plant absorption [66,67]. Insoluble HMs in water can be removed by sedimentation and retention, while ion exchange and chemical precipitation can effectively transform soluble HMs into insoluble or insoluble compounds [68]. The mechanism of HMs ion exchange is analogous to that of NH3-N ion-exchange removal. However, it should be noted that the performance of fillers for the removal of different ions varies due to disparities in ionic charge, water solubility, pKH, and ionic strength [69]. Lee et al. [70] explored adsorption by different modified biochars of Cd, Pb, and Zn. The results showed that the adsorption capacity followed the order Pb2+ > Cd2+ > Zn2+. This can be attributed to the smaller hydration radius and relatively lower pKH value of Pb2+, which facilitates its easier adsorption. Moreover, chemical precipitation is also an important way to remove HMs. Tang et al. [71] prepared iron-manganese oxide-modified biochar (FM-BC) for the adsorption of Pb (II) in sewage. The results revealed that the removal of Pb (II) mainly depended on the co-precipitation and complexation of Fe and Mn. Common methods of HM removal by precipitation also include hydroxide precipitation, sulfide precipitation, and carbonate precipitation [68]. Due to the complexity of contaminant-removal mechanisms in CWs, the substrate often serves multiple roles in the removal of HMs. In order to improve the effectiveness of HMs removal from wastewater, Kong et al. [27] prepared a Fe-Al bimetallic oxide modified zeolite to remove Cr (VI) from wastewater. When the initial concentration of Cr (VI) is 20 mg/L, the removal rate can reach 84.96% due to the oxidation–reduction reaction and co-precipitation between Cr (VI) and Fe-Al.




3.3. Fluoride Compounds Removal


Fluorine, a naturally occurring element, readily forms fluoride through chemical bonding with other elements, serving as a vital constituent for the development of teeth and bones. However, excessive exposure to fluoride can lead to dental fluorosis and even skeletal deformities [72,73]. CWs mainly rely on adsorption and coprecipitation of substrate to remove F−. Yao et al. [74] used limestone as the substrate to increase the calcium content in wetlands. XRD showed that the formation of CaF2, Ca5(PO4)3, and Ca3(PO4)2 precipitates mainly depended on adsorption and co-precipitation. It is worth noting that the researchers found that the fluoride-removal effect of CWs with limestone as the substrate was not significantly different from that of the control group. This suggests that calcium-based wetlands do not show improved fluoride-removal performance. A special organic fluoride named perfluoroalkyl and polyfluoroalkyl substances (PFAS) have received extensive attention due to their toxicity and capacity for bioaccumulation [75]. CWs, synergistically with microorganisms, plants and substrates, may be able to promote their removal from water bodies. Ma et al. [76] added iron mineral to VSSF-CWs to remove perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) from water. The results showed that the dosage of iron mineral increased the concentration of microorganisms capable of removing PFAS (e.g., Burkholderia and Pseudomonas). Compared with the control group, the effluent PFOS and PFOA contents decreased by 35.0% and 36.8%.




3.4. PPCPs Removal


PPCPs come from various drugs, disinfectants, fragrances, and cosmetics [77]. Upon entering the aquatic environment, these substances can potentially diminish the survival rate of aquatic organisms. More importantly, their accumulation in such organisms poses a significant risk to human health through consumption [78]. Unfortunately, current wastewater treatment plants (WWTPs) mainly focus on the removal of conventional contaminants, often neglecting the elimination of PPCPs. As a result, some PPCPs manage to survive in traditional WWTPs and are subsequently discharged into natural water bodies [79]. CWs are considered an effective way to deal with PPCPs due to their low cost and environmental friendliness, especially as a method for removing antibiotics and antibiotic-resistance genes (ARGs). Chen et al. [80] established four CWs based on zeolite, resulting in impressive removal efficiencies of 87.4% for antibiotics and 87.8% for ARGs. The study revealed that microbial degradation emerged as the predominant factor, followed by substrate adsorption and plant absorption. Liu et al. [81] used zeolite as the substrate to remove sulfamethoxazole (SMX) and ofloxacin (OFLO). They found that the mechanism of removal of SMX and OFLO by zeolite was actually an adsorption–degradation process. When the zeolite comes into contact with the antibiotic, it rapidly undergoes adsorption onto the surface of the zeolite, which is followed by biodegradation facilitated by microorganisms attached to the zeolite. Subsequently, the excess adsorption sites on the zeolite surface will continue to adsorb antibiotics, reducing the concentration of antibiotics. Use of a suitable adsorbent can improve the removal of PPCPs. Rodriguez et al. [82] explored the use of powdered activated carbon in combination with ultrafiltration to remove five PPCPs (1-H-benzotriazole, DEET, chlorophene, 3-methylindole, and nortriptyline-HCl) and found that adsorbents can significantly promote the removal of compounds with poor hydrophobicity. Pore size plays an important role in removing PPCPs, and powdered activated carbon with high microporosity can better adsorb PPCP and organic matter.




3.5. Microplastics Removal


Microplastics are plastic particles with a diameter of less than 5 mm. The emission of microplastics not only leads to ecological pollution, but also inflicts irreversible harm upon the health of aquatic organisms [83,84]. Microplastics can be removed by adsorption, filtration, sedimentation, flocculation, and biodegradation [85]. CWs have been reported as a good new way to remove microplastics [86]. The mechanism of removal of microplastics by CWs mainly relies on physical retention. The substrate, serving as the carrier within CWs, plays an important role in the removal of microplastics. In addition, the substrate can also be used to remove microplastics by adsorption and chemical precipitation. Chen et al. [87] studied the removal of microplastics by CWs, and the results showed that most microplastics were removed through the substrate layer of 0–20 cm at the water inlet. Selecting a substrate with a larger pore size could enable the microplastics to be transported farther and improve the removal of microplastics. In addition, since microplastics generally carry a negative charge, cations can be used to capture and remove them. Shen et al. [88] used cationic surfactants to modify an aluminosilicate filter medium, and the capture rate of microplastics reached more than 96%, much higher than that of the rapid sand filter (63%). The utilization of CWs for the removal of microplastics has emerged as a prominent area of research; however, due to an incomplete understanding of the underlying removal mechanisms, current experimental investigations on microplastic removal using CWs are primarily conducted within laboratory settings.




3.6. Chapter Summary


The above content summarizes the role of CW substrates in the removal of various contaminants. Generally speaking, substrates can directly participate in the removal of contaminants through filtration and interception, adsorption, chemical precision, redox reactions, and ion exchange. Additionally, they serve as the foundation for CWs by facilitating the growth and reproduction of microorganisms and plants. Therefore, selecting the appropriate substrate is crucial for wetlands. Table 3 summarizes 14 representative substrate materials and evaluates their ability to purify water, providing a reference for the selection of high-quality substrates.





4. Problems and Prospects


4.1. Clogging


At present, the clogging problem has become a key factor restricting the long-term operation of CWs. The main causes of substrate clogging include deposition of various solids, precipitation, and microbial and plant growth [89]. Substrate clogging decreases the permeability coefficient and porosity of the substrate, which reduces the treatment performance and service life of CWs [29]. Choosing the right substrate can effectively reduce clogging. Wang et al. [90] used NaCl as a tracer to test the changes in electrical conductivity (EC) of nine substrates (quartz sand, zeolite, coarse sand, gravel, two types of biochar, and three types of ceramsite). The findings suggest that zeolite has minimal impact on the electrical conductivity (EC) of wastewater, whereas the utilization of artificial synthetic substrates like sludge biochar can significantly elevate EC levels in water, thereby increasing the susceptibility of wetlands to clogging. In addition, the adsorption capacity of the substrate is limited [91]. With increased substrate adsorption, the degree of clogging of CWs will continue to rise. Furthermore, once the adsorption reaches saturation, contaminants will escape from the adsorbent and enter the water body [92]. Therefore, the substrate needs to be replaced before it becomes clogged.




4.2. Substrate Selection and Collocation


Currently, problem of pollution associated with sewage has become increasingly complex, and relying solely on a single substrate often makes it difficult to completely remove contaminants. Developing substrates with different contaminant-removal characteristics and combining them can achieve better contaminant removal through the synergistic effect between substrate layers. Composite substrates can extend the life cycle and improve the removal of emerging pollutants. Xu et al. investigated the synergistic effect of a mixed substrate comprising manganese ore and activated alumina on enhancing the efficiency of contaminant removal. The combined approach demonstrated remarkable performance, achieving 89.4% COD removal and 98.1% TP removal. Under different types of flow direction, the optimal layout of substrates is significantly different [16]. In free water-surface-flow (FWS) CWs, the major function of substrates is to support the plants. The hydraulic permeability of substrates should be the focus in the design of vertical subsurface (VSSF) CWs. In recent research, a VSSF–horizontal subsurface flow (HSSF)-FWS hybrid system was constructed to treat domestic wastewater and showed better treatment efficiency [93,94,95]. In hybrid CWs, various substrates were applied at different stages to obtain better treatment efficiency.



However, there is currently no standardized approach for selecting the substrate type and determining the optimal mixing ratio of CWs, while the removal mechanism remains a subject of ongoing research. It is certain that the combination of substrates has become an important method by which to improve the treatment performance of contaminants and improve the service life of wetlands [96].




4.3. Combining CW Technology with Other Processes


CWs are widely used due to their advantages of cost effectiveness and ease of maintenance and management. However, major parts of the wetland do not have access to sufficient electron donors, especially oxygen, which leads to inefficient contaminant removal [97]. Combining CWs with other technologies can help ameliorate the lack of electron donors and thus improve contaminant removal. Technologies commonly combined with CWs include photocatalysis [98], microbial fuel cells (MFC) [99], membrane bioreactors (MBR) [100], etc. However, due to differences in water quality and the types and quantities of contaminants in different regions, there is still no scientific theoretical basis and standard for the research on the combination of different CWs with other technologies, which limits the promotion and application of such systems. Exploring the operating mechanism of composite systems and selecting combinations with good processing effects and strong adaptability can improve the overall processing capacity of the wetland and reduce the land area required.





5. Conclusions


This article reviews the research achievements in the field of wetlands in recent years, categorizes and summarizes the types of substrates, and elaborates on the removal methods and the influence of contaminant-related factors (conventional contaminants and EPs) in CWs. The physical properties of various substrates were comprehensively evaluated, along with their efficacy in contaminant removal, providing valuable insights for the further advancement of CWs. In summary, through a literature review of substrates, it can be concluded that:




	
CWs have been widely used in wastewater treatment. At present, there are more than 11,000 articles related to CWs in the Web of Science database. The term “constructed wetland” was used as the key word to search the database. In the past five years (2019–2023), a total of 5140 relevant publications were found after deduplication. Afterwards, VOSviewer software was used to visually analyze these 5140 articles, and the results show that the current research on CWs is still mainly focused on the removal of traditional contaminants (e.g., nitrogen and phosphorus).



	
According to the source of the substrates, they can be divided into natural substrates, by-products (agricultural by-products and industrial by-products) and artificially synthesized substrates. Different substrates exhibit significant disparities in performance. This paper systematically summarizes the characteristics of different substrates and their ability to remove various contaminants in CWs. For the purposes of practical engineering, this paper provides important reference information for the selection and configuration of substrates.



	
CWs rely on the synergistic interaction of plants, microorganisms, and substrate to purify contaminants. Among them, the substrate plays an important role in CWs. It not only can help microbial proliferation and plant growth, but also directly participate in removing contaminants through filtration and interception, adsorption, chemical precision, redox reactions, and ion exchange.



	
With the continuous improvement in requirements for contaminant removal, EPs have received extensive attention. At present, CWs have been proved to be an effective way to remove EPs. In the future, the mechanism of their removal from CWs should be studied systematically.
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Figure 1. Visualization of keywords in the 2019–2023 CW research. 
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Figure 2. (a) Mechanism of chemical precipitation; (b) Influence of external factors on phosphorus removal by the substrate. 
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Table 1. 2019–2023 CWs keywords prominence results table.
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	Sort
	Keywords
	Frequency





	1
	Constructed wetlands
	1546



	2
	Constructed wetland
	1029



	3
	Removal
	1019



	4
	Performance
	993



	5
	Nitrogen removal
	796



	6
	Waste-water treatment
	772



	7
	Waste-water
	712



	8
	Nitrogen
	530



	9
	Denitrification
	446



	10
	Phytoremediation
	350



	11
	Nutrient removal
	333



	12
	Phosphorus
	331










 





Table 3. The removal effect of different substrates on contaminants.
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	Contaminants Type
	COD
	N
	P
	Heavy Metals
	Fluoride
	PPCPs
	Microplastics





	Gravel
	+
	+
	++
	++
	-
	+
	+



	Sand
	+
	+
	+
	+
	-
	++
	++



	Volcanics
	+
	++
	+
	+
	++
	-
	-



	Zeolite
	++
	+++
	+
	++
	++
	-
	++



	Fly ash
	+
	++
	+++
	-
	+
	-
	-



	Steel slag
	++
	++
	++
	-
	-
	-
	-



	Construction solid waste
	+
	++
	+++
	-
	-
	-
	-



	Sludge
	++
	+
	+++
	-
	-
	-
	-



	Iron scraps
	+
	+++
	+++
	+
	-
	-
	-



	Woodchip
	+++
	++
	+++
	-
	
	-
	-



	Crushed glass
	-
	-
	-
	-
	-
	++
	-



	Ceramsite
	+++
	+
	+++
	++
	++
	+
	-



	Activated carbon
	+++
	+++
	+++
	+++
	+++
	+++
	+++



	Biochar
	+++
	+++
	+++
	+++
	++
	++
	+++







Note: +, ++, +++ respectively mean average, good, very good, - means poor effect or not yet studied.
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