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Abstract: Due to urbanization and population growth, freshwater resources have become a long-term
concern for most developing countries. With the growth of population, the demand for fresh water is
increasing and the requirement for sewage treatment is also increasing. In recent years, the demand
for sewage recycling has increased sharply. Constructed wetlands (CWs) are an effective sewage
treatment system with low energy consumption, minimal maintenance requirements, and a low
operation cost, which will meet the current demand for the removal of nutrients and pathogens.
The application of CWs in sewage treatment has attracted more and more attention because it is
also a nature-based solution (NbS). These systems are capable of removing not only nitrogen (N)
and phosphorus (P), but also pathogen indicators, such as fecal coliform and Escherichia coli. The
presence of these indicators also suggests the influx of other pathogens into aquatic systems, thereby
threatening aquatic ecological health. However, research on the removal of pathogens in CWs is
relatively scare and their removal mechanisms are not fully understood. Despite their widespread ap-
plication, the role of plants in CWs, particularly in the specific mechanism of pathogens and nitrogen
removal, remains largely unknown. This article will help us to better understand this technology and
provide help for our further research. In this paper, the coupled denitrification mechanism between
microorganisms and plants in the process of nitrogen transformation was discussed. Plants affect
nitrogen transformation microorganisms by releasing oxygen and secretions from their roots and
provide substrates for bioremediation. The removal effects of different types of CWs on pathogen
and nitrogen species were also summarized. Overall, the removal effect of subsurface flow wetlands
outperforms that of surface flow wetlands, with multi-stage wetland systems being the most effective.
The main factors affecting the removal of pathogens and nitrogen species in CWs include plants,
substrates, operating parameters, UV radiation, temperature, water composition, and pH. Finally, the
research frontiers on the removal of pathogens in CWs were prospected.

Keywords: water quality improvement; sustainable water management; plants; influence factors

1. Introduction

Due to population growth and economic development, the over exploitation and
pollution of water resources has led to a significant decrease in available water per capita [1].
The rapid urbanization and population growth in the 21st century require fresh water
supplies to maintain livelihoods [2], thus calling for the development of appropriate
sewage treatment technologies and their subsequent reuse. Although various sewage
treatment technologies have been developed, the overall treatment capacity in developing
countries remains relatively low due to economic constraints. Due to the lack of centralized
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wastewater collection and treatment systems in China, it has brought great challenges to
the management of domestic and agricultural wastewater in China [3]. Official statistics
show that the sewage treatment rate in rural areas is 11.4%, far lower than the reported
91.9% in urban areas [4]. The low treatment rate of rural sewage in China will lead to the
direct discharge of domestic sewage to nearby water bodies, which will lead to serious
eutrophication and potential biological risks of diffusion [5]. A recent survey shows that
about half of the CWs have been built in eastern China, of which 48.41% are located
in rural areas of Zhejiang Province. These are mainly responsible for the treatment of
typical domestic sewage components, including chemical oxygen demand, total nitrogen,
ammonia nitrogen, and total phosphorus [6]. As an emerging eco-friendly sewage treatment
approach and NbS, CWs have been increasingly implemented and applied on a large
scale in China. This method has been successfully applied to the removal of pollutants
from domestic wastewater [7], industrial wastewater [8], and agricultural wastewater [9].
Treated wastewater from CWs, once meeting the relevant sanitary standards, can be used
for landscape supplementation, green space irrigation, and agricultural irrigation, allowing
for nutrient circulation. This not only effectively reduces the pollution load on receiving
water bodies, but also offers certain landscape and economic benefits [10].

CWs demonstrate high efficiency in the removal of nitrogenous pollutants [11], at-
tracting widespread concern from researchers. In the purification process of constructed
wetlands, microorganisms play a primary role in the transformation and degradation of
nitrogenous pollutants. Their involvement in nitrification and denitrification reactions
effectively removes nitrogenous pollutants from the constructed wetland systems. Plants
can absorb nitrogen and provide substrates for bioremediation, while also influencing
nitrifying and denitrifying bacteria through the secretion of oxygen and exudates from their
roots [12]. Plants play an important role in the nitrification and denitrification processes
within CWs, and plant species are the key factors affecting these processes [13].

In addition, the standard limits for wastewater quality control mainly target organic
compounds (such as COD and BOD), nitrogen, and phosphorus. So far, the aquatic ecologi-
cal health impacts of pathogens in sewage have not received much attention. The helminths
parasites most commonly identified in wastewater include Ascaris lumbricoides, Ancylostoma
duodenale, and Trichuris trichura [14]. The utilization of this contaminated wastewater for
agricultural irrigation poses significant health risks, due to the high viability of insect eggs
in the environment. The soil or crops provide favorable conditions for insect eggs to de-
velop into toxic larvae within a few days. Consequently, helminths are transmitted via eggs
through a human–water–soil–crop–human pathway [15]. However, pathogens remaining
in treatment water should not pose risks to aquatic health. Many studies have shown
that pathogens in CWs can be removed individually or in combination through physical,
chemical, and biological factors, such as sedimentation, filtration, adsorption, predation,
natural die-off, etc. [16–18]. However, due to the complexity of the influencing factors,
the understanding of the fate and removal of these pathogens in CWs is still insufficient,
especially regarding the role of plants in these systems and their specific mechanism of
pathogen removal. This paper mainly discusses the various factors affecting the removal of
pathogens.

2. The Role of Plants in CWs
2.1. The Coupling Role of Plants with Nitrifying and Denitrifying Microorganisms

Nitrogen removal in CWs is the result of the combined action of multiple factors.
Plant roots can directly absorb inorganic nitrogen such as ammonium and nitrate from
soil or water, converting it into organic nitrogen within the plant body to meet the needs
of its growth and development. Other microorganisms in the wetland also participate in
the absorption and conversion process of nitrogen. Ammonification is also an important
step in nitrogen removal. In this process, organic nitrogen is decomposed into ammonia
nitrogen under the action of microorganisms, providing a foundation for subsequent
nitrification. The first stage is nitrosification, where ammonia nitrogen is oxidized to nitrite
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by nitrosifying bacteria. The second stage is nitrification, where nitrite is further oxidized to
nitrate by nitrifying bacteria. Under anaerobic or hypoxic conditions, denitrifying bacteria
reduce nitrate or nitrite to gaseous nitrogen (such as nitrogen gas), thereby removing it
from the system.

Plants are an important component of CWs, not only providing a vast surface area
for the development of microorganisms, but also offering a suitable environment for their
growth. The contribution of plant uptake to the total nitrogen removal is relatively small.
In pilot-scale CWs, the contribution of plants to total nitrogen removal is less than 10% [19].
Microbial denitrification is the most important pathway for nitrogen removal in CWs. These
functional microorganisms do not transform nitrogen in isolation, but rather in cooperation
with plants, substrates, and other microorganisms. Plants can absorb nitrogen and provide
substrates for microbial attachment, while also influencing nitrification and denitrification
bacteria through the secretion of oxygen and exudates from their roots [12]. Plants play an
important role in nitrification and denitrification within CWs, with plant species being the
key factors influencing these processes [13].

Plant characteristics, such as root exudates, oxygen transport, and root structure,
will affect microbial diversity and rhizosphere enzyme activity. The main components
of root exudates are small molecular organic acids, phenolics, aromatic proteins, etc.,
varying with plant species, predominantly in the form of organic carbon. Rhizosphere
microorganisms are strongly affected by root exudates [20]. Root exudates can determine
the distribution patterns of microorganisms in micro-polluted soil [21] and the microbial
activity in rhizosphere soil is often higher than that in non-rhizosphere soil [22]. Oxygen is
essential for the activity and growth of nitrifying and denitrifying bacteria. Albuquerque
et al. [23] demonstrated, through experiments, the ability of plants to provide oxygen to the
aquatic environment. Extensive plant aeration tissues transport excess oxygen to the roots,
which then diffuses to the surrounding environment, thus forming an oxidative–reductive
rhizosphere micro ecosystem in CWs [24].

Plants are the key factors directly or indirectly affecting nitrification and denitrification
in wetland rhizospheres [25]. They support the nitrification process by releasing dissolved
oxygen and nutrients from root exudates, promoting the growth of nitrifying bacteria,
and enhancing the denitrification process by providing carbon and energy for denitrifying
bacteria in root exudates [21]. Compared to non-planted treatments, the potential nitrate
reduction and nitrification activities [26], as well as the nitrate reductase activity [27], were
notably higher for planted treatments. In addition, compared to single-species planting,
CWs with mixed planting demonstrated a higher percentage of nitrogen metabolism-
related bacteria, as well as a higher microbial diversity and abundance [28]. Plant species
have an important impact on nitrifying bacteria and denitrifying bacteria. Mixed planting
holds considerable potential for improving total nitrogen removal efficiency in septic tanks.
However, the difference in plant–microbe denitrification coupling mechanisms under
various vegetation combination conditions is not yet clear and requires more detailed
research to optimize denitrification efficiency.

2.2. The Effect of Plants on the Removal of Pathogens

The specific mechanisms by which plants influence the removal of pathogens from
CWs are currently unclear. It could be through adsorption and filtration by the plant roots,
oxygen permeation, or the release of root exudates from plant species with antimicrobial
activity, as well as secretions affecting the environment of the surrounding water body and,
thus, rendering it unsuitable for the survival of pathogens [29]. This section discusses how
different types of plants affect the removal efficiency of pathogens and the importance of
plant selection in constructed wetland design.

Avelar et al. [30] conducted a comparative study to compare the effectiveness of
horizontal subsurface flow constructed wetlands either with or without Mentha aquatica
planting on the removal of coliforms from effluent at different hydraulic retention times
(HRTs) (HRTs of 1.5 to 6.0 d). They observed that total coliform (TC) and Escherichia coli (EC)
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removal efficiencies were improved in horizontal subsurface flow constructed wetlands
planted with Mentha aquatica. Seidel [31] studied the removal of EC by different species of
herbs (Mentha aquatica, Alisma plantago, and Juncus effusus) and showed that Juncus effusus
was more effective in removing EC (99%) compared to the other two plants. The report
attributed the higher removal of pathogens by Juncus effusus to differences in the nature
and density of the root system. Although the high density and large surface area of the
root system contribute to the removal of pathogens, various other processes such as biofilm
formation, oxygen permeation of the root system, and secretion of phytoconstituents are
still unknown and require further in-depth studies. Kipasika et al. [32] compared the ability
of the following four types of wetland vegetation: Typha latifolia, Cyperus papyrus, Cyperus
alternifolius, and Phragmites mauritianus to remove wetland pathogens, and the results of
the study showed that although there were differences in the removal ability between the
different plants, the plants were effective in reducing pathogens in the wastewater, with
the removal rates of salmonellae and Escherichia coli being above 98%. All these prove the
positive role of plants in removing pathogens from wastewater and we have to choose
different plants for different situations to achieve the desired removal effect. Table 1 lists
the effectiveness of planted CWs in removing pathogens.

Table 1. Effectiveness of planted CWs in removing pathogens.

Pathogens Plants HRT (d)
Log10

References
In Out Reduction

EC
Canna flaccida 3.00 5.68 0.00 4.45 [33]

Iris versicolor L. 3.00 5.68 1.23 3.88 [33]
Juncus effusus L. 3.00 5.68 1.80 - [33]

TC
Scirpus lacustris 3.00 6.70 4.64 2.70 [34]

Typha sp., Iris sp.,
Phragmites sp. 3.00 6.70 3.82 4.46 [34]

Typha latifolia 4.00 7.41 2.40 5.01 [35]

FC
Canna flaccida 3.00 5.96 1.85 4.11 [33]

Iris versicolor L. 3.00 5.96 3.24 2.72 [33]
Juncus effusus L. 3.00 5.96 1.89 4.07 [33]

Notes: EC: Escherichia coli; TC: total coliform; FC: fecal coliforms; HRT: hydraulic retention time.

However, some studies have different opinions on the effectiveness of plants in re-
moving pathogens. For surface flow constructed wetlands, the role of plants in pathogen
removal differs from that in other subsurface flow constructed wetlands [29]. In a study
conducted by Lekeufack et al. [36], the surface flow constructed wetlands planted with E.
pyramidalis showed a decreased efficiency in removing fecal streptococci when compared
to a plant-free control group. This may be due to the inactivating effect of UV radiation on
pathogens in unvegetated CWs exposed to prolonged sunlight, or the shade provided by
vegetation that reduces UV exposure and may reduce microbial removal from free water
surface constructed wetlands. Moreover, the efficiency of removing fecal bacteria was
higher in the first year than in the second year, probably when the high plant density in the
second year prevented the effect of UV radiation on wetland bacteria [36]. Manios et al. [37]
reported no significant difference in the performance of planted and unplanted reed beds
for the removal of EC and fecal coliforms. There are different explanations for the removal
mechanism of pathogens removed by plants from CWs, which need to be studied in depth.

These studies are also very challenging with many variables to control. Although the
influence of plants may seem negligible at times, their impact on biofilm formation and the
overall framework of the wetland system cannot be denied.
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3. The Removal Efficiency of Different Constructed Wetland Types on Pathogens and
Nitrogen Species

CWs can be classified in various ways, based on the relative position of water flow
and substrates. They are divided into free water surface constructed wetlands (FWSs) and
subsurface flow constructed wetlands (SSFs). Among them, the subsurface flow constructed
wetlands can be divided into horizontal subsurface flow constructed wetlands (HSFs) and
vertical subsurface flow constructed wetlands (VSFs) according to the direction of water
flow. The advantages of FWSs are simple design and low operating costs, but due to their
low load and limited decontamination capacity, they are now less commonly used. SSFs
are less affected by climate, have a strong load-bearing capacity, and are currently widely
used. Table 2 shows a comparison of the advantages and disadvantages of the various
types of CWs. Table 3 summarizes the removal effectiveness of different types of CWs for
pollutants.

Table 2. Comparison of advantages and disadvantages of various types of CWs.

Features FWS HSF VSF

Water flow Flow on the surface Horizontal flow
under the substrate

Longitudinal flow from
the surface to the

bottom of the substrate

Hydraulic loading Low High High

Decontamination
effect Average

Good removal of
organic matter and

heavy metals

Good removal of N
and P

System control
Simpler, highly

influenced by the
seasons

Relatively complex Relatively complex

Environmental
situation

Smells bad and
breeds flies in

summer
Good Smells bad and breeds

flies in summer
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Table 3. The removal effectiveness of different types of CWs for pollutants.

Wastewater Type Media Plants Targeted Pollutants
(% Removal) References

Textile waste

VSF Sugarbagasse P. australis,
D. sanderina

BOD-79.20

[38]

COD-62.50
NH4-N-66.40

HSF Sylhet sand

P. australis,
D. sanderina,
Asplenium
platyneuron

BOD-76.10
COD-69.70

NH4-N-42.10

VSF + HSF
Sugarbagasse,

sylhet sand

P. australis,
D. sanderina,

A. platyneuron

BOD-96.60
COD-89.30

NH4-N-80.50

Industrial waste VSF + HSF

Recycled brick

Canna indica

BOD-87.00

[39]

COD-83.20
TSS-95.00

NH4-N-81.00
TP-89.00
TN-80.00

Sugarcane bagasse

BOD-74.00
COD-67.00
TSS-55.10

NH4-N-40.30
TP-64.20
TN-67.50

Municipal waste

VSF Sawdust and coal

Macrophytes

BOD-77.30

[40]

COD-63.10
NH4-N-50.00

HSF
Small gravel and

sylhet sand

BOD-83.00
COD-55.80

NH4-N-28.90

FWS
Gravel, sylhet

sand, and oyster
shell

BOD-21.10
COD-66.10

NH4-N-50.50

Hybrid unit -
BOD-97.00
COD-94.40

NH4-N-82.30

Constructed wetlands are a wastewater treatment technology which is coordinated
by plants, microorganisms, and substrates. The matrix can provide a growth medium for
plants and microorganisms and the functions of adsorption, interception, filtration, and
precipitation of pollutants. Plants can provide a suitable living environment for microorgan-
isms and can also remove some pollutants in water by absorption and interception. Their
roots can also provide oxygen and alleviate matrix blockage. Meanwhile, decaying plant
tissues can provide a carbon source for denitrification processes. The ammonifying bacteria,
nitrifying bacteria, and denitrifying bacteria in microorganisms can make the wetland have
a good nitrogen removal effect. Table 4 lists the main mechanisms of pollutant removal by
CWs. Figure 1 shows the removal mechanism of pathogens and nitrogen.
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Table 4. Main mechanisms for pollutant removal in CWs.

Pollutant Type Main Removal Mechanism

organic compound microbial degradation; adsorption and precipitation of
matrix; plant absorption

phosphorus matrix adsorption and replacement; plant absorption
and harvesting

nitrogen nitrification; ammonification; denitrification; anammox;
plant absorption; matrix adsorption

pathogens natural death; prey; precipitate; filter; ultraviolet radiation

Numerous studies and literature reviews (Rita P. Shingare [41], Shubiao Wu [29])
indicate that both types of CWs are effective in removing pathogens, in which the SSFs
have better removal effect than the FWSs. The results showed that under the condition
of high concentration of pathogens, although the removal effect of SSFs is still better than
that of FWSs, the effluent from single-stage CWs may be at a safety risk due to the effluent
pathogens concentration still being high. Therefore, multi-stage CWs may be considered to
enhance their removal. Combinations of different types of CWs are also now widely used.
Based on the data collected by Shubiao Wu et al. [29] from 91 CWs (including 20 FWSs,
53 HSFs, and 18 different types of multi-stage CWs), the mean values of the reduction in
these fecal indicator organisms after wastewater flowed through the three types of CWs
were calculated, and the HSFs were found to be more effective in removing EC (+1.10 log10
CFU/100 mL), FC (+0.20 log10 CFU/100 mL), FS (+0.90 log10 CFU/100 mL), Clostridium
perfringens (+0.60 log10 CFU/100 mL), and Staphylococcus spp. (+0.80 log10 CFU/100 mL),
than the FWSs, except for TC (−0.90 log10 CFU/100 mL). The combined multistage CWs
improved the removal of EC, TC, and FC by 1.50, 1.20, and 0.30 log10 CFU/100 mL,
respectively, compared to the HSFs. This conclusion was also supported by a study by
Rita P. Shingare et al. [41] that investigated the effectiveness of more than 90 different
types of CWs for the removal of pathogens and found that the average log reduction
rates for multi-stage CWs were 3.14 log CFU/100 mL for EC, 3.80 log CFU/100 mL for FC,
3.24 log CFU/100 mL for FS and TC was 3.39 log CFU/100 mL. While the HSFs showed
mean log reduction rates of 3.04, 2.88, 3.16, and 3.27 log CFU/100 mL for EC, FC, FS, and
TC. Table 5 lists the pathogen removal effects of different types of CWs.

Table 5. The removal efficiency of different types of CWs.

Pathogens Type Plants HRT (d)
Log10

References
In Out Reduction

EC

FWS Typha latifolia 2.00 5.26 4.30 0.96 [42]

HSF Phragmites
australis - 6.20 4.00 2.20–2.50 [43]

HSF + VSF Cyperus sp. - 6.97 2.26 4.71 [44]

TC
FWS Cyperus sp. 3.80 4.47 3.11 1.36 [45]
HSF Cyperus sp. 1.60 4.47 3.21 1.26 [45]

VSF + VSF Cyperus sp. - 7.77 4.00 3.77 [44]

FC

FWS Unplanted 3.00 6.70 3.72 3.48 [34]

HSF Scirpus
lacustris 3.00 5.80 3.88 2.88 [34]

HSF + HSF Cyperus sp. - 6.81 5.41 1.40 [44]

Notes: EC: Escherichia coli; TC: total coliform; FC: fecal coliforms; HRT: hydraulic retention time.

Although a combination of different types of CWs can significantly reduce the con-
centration of pathogens in wastewater, they do not always meet regulatory standards for
wastewater reuse, or there is no more economically available space to increase the size of
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wetlands. As such, further improvements in wetland technology or combining wetlands
with different chemical or physical disinfection methods, such as wetland bed aeration,
chlorination, ultraviolet disinfection, or advanced oxidation, will be required [29,41].

4. Factors Affecting the Removal of Pathogens and Nitrogen Species

CWs treat wastewater through the physical, chemical, and biological action of various
components, with numerous influencing factors. These different factors affect different
pathogens in different ways. Factors affecting the removal of pathogens from CWs include
plants, substrates, operational operating parameters, UV radiation, temperature, water
composition, and pH. The role of plants has already been described in Section 2.

4.1. Substrates

The substrate is an important component of constructed wetland systems, providing
a growth medium for plants and microorganisms to adsorb, retain, filter, and precipitate
pollutants. There are two main ways for pollutants to adsorb on the substrate, as follows:
physical adsorption and chemical adsorption, with physical adsorption being the main
focus.

Redder et al. [46] conducted comparative experiments to study the effect of two sub-
strates on Giardia lamblia and Cryptosporidium. In their experiments, seven pilot-scale
SSFs, both vertical and horizontal flow types, were filled with washed sand (particle size
0–2 mm), while the other seven wetlands were filled with mixtures of expanded clay and
sand with particle sizes of 2–4 mm and 0–2 mm, respectively. Their results suggest that
wastewater filtration is the main effective mechanism for reducing protozoan parasites and
that small particles (0–2 mm sand grains) may have a more favorable protozoan reduction.
Tanner et al. [47] found that VSFs with fine sand media (median 3.20 log10 CFU/100 mL
removal rate) had significantly better removal rates compared to coarse gravel media (me-
dian 1.90 log10 CFU/100 mL removal rate). The size of the particles is clearly an important
factor in the removal of pathogens. Similar results were found by Shingare et al. [35], who
studied different substrates for the removal of enteric pathogens and showed a higher
reduction in enteric pathogens when sand (<2 mm) was used as a substrate compared to
the effect of marble chips (10–15 mm). Ushijima et al. [48] reported that by using fine soil
as a substrate in the HSF, the log units of Escherichia coli and MS2 phage were reduced by
five and three, respectively; whereas, coarse soil failed to remove these microorganisms.
This may be due to the grain size of the filtration substrate being one of the determining
factors of the removal efficiency, as smaller grain sizes provide a larger specific surface area
for various interactions.

Depending on the nature of the effluent and different discharge standards, matching
substrates or combinations of substrates can be selected. Current studies mainly focus
on the nitrogen and phosphorus removal effects of the substrates, while relatively little
research has been carried out on the removal effect of pathogens. Therefore, on the basis of
satisfying the removal of nitrogen and phosphorus pollutants, the substrate needs to be
further investigated on the adsorption and removal effect of pathogens.

4.2. Hydraulic Retention Time (HRT)

In practical applications, it is generally believed that once the type of CWs has been
determined, the type of substrate and plant species are also determined. The operational
parameters will affect the action time between pathogens and the wetland biofilm and,
thus, the removal efficiency of the wetland for pathogens. Specific reasons may include
that longer hydraulic retention times increase the time spent in removing bacteria such
as sedimentation, adsorption to organic matter, predation, the effects of microbial or
phytotoxins, and ultraviolet radiation [49].

Sawaittayothin and Polprasert [50] reported a positive correlation between the removal
of fecal indicator bacteria and HRT in HSFs, which showed that when the HRT was 1,
3, 5, and 8 d, the removal of total coliforms was 72.5%, 90.1%, 94.3%, and 99.7%, and
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the removal of fecal coliforms was 63.5%, 88.5%, 94.5%, and 99.2%. However, Tunçsiper
et al. [51] pointed out that the relationship between HRT and average removal rate is a
polynomial relationship, which means that HRT does not follow the idea of the longer
the better, and there exists a “saturation value” in the removal of indicator bacteria in
CWs, i.e., when it reaches the “saturation value”, then increasing HRT will not increase the
removal rate of indicator bacteria. There is a “saturation value” in the removal of indicator
bacteria in artificial wetlands, i.e., when the “saturation value” is reached, increasing the
HRT will not increase the removal rate of the indicator bacteria. Various factors affecting
the hydraulic retention time include the structure and porosity of the substrate medium,
vegetation, water depth, and flow velocity [51,52].

4.3. Water Composition, Oxygen, and pH

The quality of wastewater can affect the treatment process in CWs and also the elimi-
nation of pathogens from the CWs. Diaz et al. [49] reported a positive correlation between
the number of indicator bacteria and the concentration of fixed nitrogen compounds in
wastewater, suggesting that these microorganisms may survive longer or self-propagate
faster in the presence of available nitrogen. The reduced removal of indicator bacteria
was observed under conditions of water rich in organic matter and surfactants. These
compounds will reduce bacterial adsorption in porous media by competing for adsorption
sites [53] and by decreasing the affinity of the bacterial surface for adsorption [54]. This
suggests that organic matter and nutrients in the water play multiple roles for indicator
microorganisms, both stimulating the growth of indicator bacteria and inhibiting it by
competing for adsorption sites and altering factors such as light exposure.

Vymazal [55] reported that the presence of oxygen also creates unfavorable conditions
for enteric pathogens, as they are either parthenogenetic or specialized anaerobes in nature.
Elevated dissolved oxygen levels are directly related to pathogen reduction. Headley
et al. [56] conducted an in-depth comparison of EC removal in different types of CWs, all of
which used the same influent, water, and showed that the aeration system had a significant
performance in removing pathogens.

Generally, these microorganisms’ effluents survive better at pH values between 5.50
and 7.50, with their survival rate rapidly decreasing outside this range. Most pH values
in wetland wastewater are within this optimal range [29]. However, in some CWs, the
nitrification rate of ammonia is high, leading to higher concentrations of bacteria and
natural organic acids (e.g., humic and tannic acids); there is also the presence of effluents
with relatively low pH, which are also thought to have antiviral properties [57]. In addition
to being due to the composition of the water in the wetland itself, such changes in pH
are sometimes caused by the type of wetland and how it is supplied with water. García
et al. [44] found that the change in pH in the effluent compared to HSFs was due to the
system arrangement of VSFs. Zhao et al. [58] found similar results with intermittent water
supply in a composite vertical subsurface flow system. This is because intermittent water
supply leads to the passive aeration of the system [10], whereas horizontal flow-based
treatment systems mainly rely on air diffusion and oxygen release from plant roots.

4.4. UV Radiation

In FWSs, UV radiation has been one of the important influences on the removal of
pathogens, due to the fact that the effluent is advancing in a push-flow pattern over the
wetland surface, leaving the pathogens fully exposed to sunlight, leading to DNA damage.
In contrast, in horizontal submerged and vertical submerged wetlands, the influencing
factors of UV radiation are negligible. Lekeufack et al. [36] conducted a study on the
removal of pathogens through FWSs and found that fecal bacteria were removed more
efficiently in the first year than in the second year. High plant densities in the second year
may have reduced the effects of UV radiation on wetland bacteria. Some studies have
also shown that UV radiation can also cause the inactivation of viruses, but probably to a
lesser extent than bacteria. Silverman et al. [59] discussed the inactivation of viruses by UV
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radiation and the effects of different parts of the solar spectrum on different virus species.
Wigginton and Kohn [60] enumerated the mechanisms of the UV inactivation of viruses to
include the disruption of viral genomes and proteins, disruption of phosphodiester bonds,
and others. A proper understanding of the sunlight-induced deactivation processes and
their role in pathogen reduction is needed to optimize the design of treatments and to
enhance the understanding of mechanisms for pathogen removal in FWSs.

UV radiation not only has a certain bactericidal effect, but also plays a crucial role
in the AOP process. Specifically, ultraviolet radiation is mainly used to activate oxidants,
such as ozone or hydrogen peroxide, to produce strong oxidizing effects. When ultraviolet
radiation combines with these oxidants, they can generate free radicals with extremely
high oxidation ability, such as hydroxyl radicals. These free radicals are very active and can
react rapidly with organics and micro pollutants in water, as well as decomposing them
into low toxic or non-toxic small molecular substances and, even, eventually converting
them into carbon dioxide and water. This strong oxidation makes the AOP process able to
efficiently remove refractory organics, drug residues, and other micro pollutants in water.

4.5. Temperature/Seasonal Fluctuation

The removal of pathogens by temperature is also controversial. Jokerst et al. [61]
seasonally evaluated the effluent treatment efficiency of constructed wetland systems
with FWSs and HSFs in a one-year study. Results showed that the wetland removed
significantly more EC in the fall, spring, and summer (1.70 log10 CFU/100 mL) than in
the winter (1.00 log10 CFU/100 mL) [61]. Elfanssi et al. [62] observed that the maximum
removal efficiencies of the bacterial indicators for TC, FC, and FS were 4.80, 4.67, and
4.07 log reductions in summer in a hybrid constructed wetland system, while the lowest
performance was observed in winter, with log unit reductions of 3.91, 3.88, and 3.46 for
TC, FC, and FS, respectively. Sartori et al. [63] studied SSF systems, which treated domestic
wastewater generated by a small village of 150 inhabitants and noted that the removal of
EC ranged from 98% during the stationary phase to >99% during the growth phase; the
results of the study also showed that the inactivation of fecal bacteria was not affected by
the season, but only by the operational artefactual parameters. The results of Thurston
et al. [64] showed that the concentration of fecal coliforms increased with temperature in
SSF systems. However, the increase in TC and FC in summer compared to winter may be
due to animal activity, seasonal changes in plant growth, or colonization of coliforms in
wetlands [64].

5. Challenges and Outlook

One significant challenge of CW research is the issue of scale. Predominantly con-
ducted in laboratory settings, the extrapolation of these findings to full-scale CWs remains
contentious, raising questions about their applicability. Another major challenge lies in
assessing the long-term performance of CWs. Most current research is based on short-term
studies, typically not exceeding a year. Like other treatment systems, CWs are designed to
provide services for decades rather than a year. In order to improve the technical level of
CWs, it is necessary to carry out more research on large-scale CWs for sewage treatment.
CWs possess a certain degree of long-term sustainability in removing pollutants, but are
also affected by many factors, such as seasonal factors, plant growth status, matrix blockage,
and so on. Therefore, it needs regular maintenance and management to deal with various
potential risks and challenges and to ensure its long-term stable operation and efficient
purification.

There are numerous strategies for nitrogen removal in wastewater treatment processes.
For urban wastewater collection and treatment systems, biological treatment methods are
commonly employed, including traditional activated sludge process, oxidation ditch pro-
cess, SBR process, and A2/O process. In conventional secondary and tertiary wastewater
treatment processes aimed at improving water quality, ozone oxidation, chlorination, and
ultraviolet disinfection are the most successful techniques used for pathogen inactivation
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in tertiary treatment [65]. While chlorination is widely used as a disinfection method, the
presence of natural organic residues in wastewater can lead to the formation of carcinogenic
trihalomethanes and other organochlorine compounds [65]. Other methods of pathogen
inactivation, such as ultraviolet light and ozone oxidation, are effective but come with
higher costs and maintenance requirements. In contrast, CWs offer not only excellent
removal efficiency but also environmental friendliness, low operational costs, strong eco-
logical functions, and high sustainability compared to traditional methods. They have
the potential to address the issue of low wastewater treatment rates in rural areas and
thus possess broad application prospects. However, further research is still needed on the
technology of CWs.

(1) In most CWs, planting systems have a higher removal efficiency of pathogens and
nitrogen than no-planting systems. We should delve deeper into understanding the
role of plants in CWs.

(2) As aquatic ecological health issues related to pathogen pollution in wastewater become
increasingly severe, water quality standards may become higher. Therefore, it may be
necessary to conduct a detailed investigation of a wider range of indicator bacteria
and to explore more efficient detection methods.

(3) As concerns the combination of CWs and other processes, although CWs can signifi-
cantly reduce the concentration of pathogens and nitrogen in wastewater, if combined
with other removal processes (different chemical and physical disinfection methods),
this will develop and improve more efficient and economical wetland treatment
technologies.

(4) As concerns the model simulation and optimization research of hydraulic, conven-
tional pollutant (such as N and P) removal, as well as pathogen removal in CWs,
providing a theoretical basis and technical support for the promotion and application
of CWs is required.

6. Conclusions

Nitrogen removal through microorganisms is complicated. Different microbial cou-
pling mechanisms occur under different conditions in different CWs. In this paper, the
mechanism of microbial coupling denitrification was introduced from the coupling of
microorganisms and plants. The importance of removing different types of nitrogen is
well known and people should better understand non-conventional denitrification mecha-
nisms [66] and improve the nitrogen removal rate in wastewater through multiple pathways.
An in-depth study on the removal mechanism and influencing factors of pathogens in CWs
is required.
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