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Abstract: Conventional onsite wastewater treatment systems (OWTSs) could potentially contribute
to the transmission of infectious diseases caused by waterborne pathogenic microorganisms and
become an important human health concern, especially in the areas where OWTSs are used as the
major wastewater treatment units. Although previous studies suggested the OWTSs could reduce
chemical pollutants as well as effectively reducing microbial contaminants from onsite wastewater,
the microbiological quality of effluents and the factors potentially affecting the removal are still
understudied. Therefore, the design and optimization of pathogen removal performance necessitate
a better mechanistic understanding of the hydrological, geochemical, and biological processes
controlling the water quality in OWTSs. To fill the knowledge gaps, the sources of pathogens
and common pathogenic indicators, along with their major removal mechanisms in OWTSs were
discussed. This review evaluated the effectiveness of pathogen removal in state-of-art OWTSs and
investigated the contributing factors for efficient pathogen removal (e.g., system configurations, filter
materials, environmental and operational conditions), with the aim to guide the future design for
optimized treatment performance.

Keywords: onsite wastewater; pathogen removal; filtration-based OWTS; water quality

1. Introduction

More than 20% of the population in the United States rely on onsite wastewater treat-
ment systems (OWTSs) to treat domestic wastewater [1]. Domestic wastewater contains
nutrients, organic matter, suspended solids, and pathogens, which can cause a number of
diseases through the oral consumption route, if not properly treated [1,2]. A conventional
OWTS consists of a septic tank and a leaching field or a leaching pool, providing only
primary treatment of wastewater, during which particles settle to the bottom of septic tanks,
and are partially degraded. Septic tank effluent (STE) is further dispersed in a leaching field
(i.e., a gravel or sand filter) or leaching pools from where it leaks into the surrounding soil
and the aquifer. OWTSs have been designed for the removal of solids, organic compounds
(i.e., biological oxygen demand (BOD)), and nutrients while the efficiency of pathogen
removal has not been systematically evaluated [1,3,4]. Problems with the disposal of poorly
treated wastewaters from OWTSs are aggravated in coastal areas and where groundwaters
are shallow [5,6]. To protect water resources and human health, new treatment technologies
have been developed to meet certain standards of water quality over recent years [1].

Microbial contaminant removal from onsite wastewater is important from a human
health perspective, especially in the areas where OWTSs are used as the major wastewater
treatment units [7]. Sanitation controls mostly involve the treatment of nutrients and
organic matters, while the pathogens (bacteria and virus) removal efficiency of OWTSs is
not the main focus and has been scarcely documented [8]. In addition, inadequately treated
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onsite wastewater could contribute to the potential transmission of infectious diseases
caused by waterborne pathogenic microorganisms. Therefore, there is a widespread need
for OWTSs with an optimized design that can reduce pathogen risks while being simple
and affordable to build, maintain, and operate.

OWTSs hold the promise to eliminate pathogens and other contaminants while of-
fering the benefits of low cost and wide application [3,9,10]. However, few case studies
or reviews have focused on the microbiological quality of effluents, and how operation
conditions and design factors may affect the removal of pathogens (e.g., system configura-
tion, filtration media, and seasonal impact, etc.). In addition, most research of advanced
OWTSs has not been well translated into the design and operation of OWTSs for pathogen
removal, due to the intertwined effects from different removal mechanisms. To optimize
the system design and achieve the full potential of the OWTS for efficient pathogen removal
along with nutrients and organic contaminant removal, a mechanistic understanding of the
hydrological, geochemical, and biological processes controlling water quality in OWTS is
needed. To fill the knowledge gap, this review evaluates the effectiveness of bacterial and
viral pathogens removal by current OWTSs and investigates the contributing factors that
could potentially affect pathogens removal efficiency. This knowledge is beneficial to guide
the design and operation of OWTSs to minimize the risk of pathogenic contamination
of groundwater and drinking water. Specifically, this review not only investigates the
impact of common factors such as hydraulic retention time, pH and temperature, but also
includes a thorough discussion regarding the OWTS configuration, filter materials, and
operational conditions. Therefore, this review covers a comprehensive range of studies
and provides a thorough discussion to guide the future designs of OWTSs for a higher
pathogen removal efficiency.

2. Materials and Methods

A systematic literature search of the peer-reviewed publications in Web of Science
was conducted to evaluate the pathogen removal performance in OWTSs. The search
included the keywords (pathogen* OR bacteria OR virus*) AND (onsite OR on-site OR
septic OR decentralized OR “sand filter*” OR denitrifying OR filter* OR bioreactors* OR
“constructed wetland*” OR wetland* OR lagoon*). The literature search was limited to
peer-reviewed publications written in English between 1990 to 2021. A total of 43,426
results can be searched from the database using the above keywords, and after full-text
review, 78 references passed our criteria. Study inclusion criteria including the scope
and data availability were applied to each publication. First, to be considered within
scope, the article needed to have the following information: information on wastewater
types, treatment configurations, types of indicator bacteria or virus, and operating seasons.
Second, occurrence data for pathogens including bacteria, virus, protozoa, or helminth in
wastewater influent and effluent were required for articles to pass the scope. Publications
reporting only presence/absence data were excluded. In some studies, individual data
points only available in figures were digitized by WebPlotDigitizer, version 4.4 (https:
//automeris.io/WebPlotDigitizer/, accessed on November 2020).

For each publication, the log10 reduction and removal efficiency of different indicators
were calculated using Equations (1)–(3) when the studies expressed the concentrations of
pathogens using logarithmic notation.

Log10 reduction = log10

(
Cin

Cout

)
(1)

Removal efficiency (%) =

[(
Cin − Cout

Cin

)
× 100

]
(2)

Removal efficiency (%) =
[
1 − 10(log10 Cout−log10 Cin) × 100

]
(3)

where Cin and Cout represent the influent and effluent pathogen concentration, respectively.

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
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3. Sources of Pathogens and Fecal Indicators in OWTSs

Domestic wastewater contains a variety of pathogens, including bacteria (e.g., coliforms,
Escherichia coli (E. coli), Salmonella, streptococci, Vibrio cholerae, enterococci), viruses (e.g.,
enteric virus, norovirus, adenovirus, and rotavirus), protozoa (e.g., Giardia, Cryptosporidium),
and helminths [11]. These pathogens are generally derived from the intestinal tract in
human feces and are associated with waterborne diseases such as diarrhea, cholera, and
dysentery [1,12].

It is cost-prohibitive and technically complicated to monitor all potential pathogenic
microorganisms in the influents and effluents of OWTSs on a regular basis. Therefore,
microbial indicators are used for analytical feasibility and convenience to evaluate the
levels of pathogens and indicate the extent of fecal contamination in the wastewater [13].
Coliform bacteria, including total coliforms (TCs) and fecal coliforms (FCs), are the most
commonly measured pathogen indicators. Coliform bacteria are nonpathogenic but their
detections in the water are generally accepted as the reliable indicators of fecal contam-
ination [14]. Escherichia coli, a member of the FCs, has been widely used as a pathogen
indicator. However, it is more sensitive to disinfection than other pathogens (e.g., viruses
and protozoa) [15]. As a result, enterococci and fecal streptococci (FS) are also used as indi-
cators due to their higher resistance to environmental stresses (e.g., temperature changes)
and general longer survival times [15,16]. Their presence in wastewater may also signal
the presence of human enteric pathogens such as hepatitis A virus [17]. These bacterial
indicators have long been utilized as microbial measures of water quality, largely because
they are easy to detect and enumerate in water. Different types of enteric viruses excreted
in human feces have been detected in domestic wastewater [18,19]. Previous studies have
demonstrated that viruses such as enteric adenovirus, rotavirus, human calicivirus, hepati-
tis A and E, and astrovirus in domestic wastewater are the leading causes of gastrointestinal
and respiratory illness [20–22]. Although the relationship between enteric viruses and in-
fectious diseases has been discovered for a long time, no regulation has been implemented
to monitor the concentrations of viral pathogens in the wastewater treatment effluent prior
to discharging into water bodies [23]. Other indicators such as F-specific RNA and somatic
bacteriophages have been chosen as surrogate viruses as their size and morphology are
similar to human enteric viruses [24,25]. F-specific RNA bacteriophages can infect bacteria
through the F-pili, while somatic bacteriophages infect bacteria via the cell wall. Both
bacteriophages are frequently found in human and animal feces, and are non-invasive
to humans [15,26]. Therefore, they are widely accepted as indicators for human enteric
viruses and are commonly used in studies on the removal of viruses in OWTSs [25,27–29].
Clostridium perfringens, whose spores are used as the proxy for protozoan (oo)cysts, are
also typical pathogen indicators in wastewater quality measurements [30]. Compared to
protozoan (oo)cysts (generally around 5 µm in diameter), C. perfringens are more resistant to
predation and inactivation, but less retained by filtration due to their smaller sizes (≤1 µm
in diameter) [31–33]. Cryptosporidium is also one of the most commonly detected protozoan
parasites in domestic wastewater and has been implicated in numerous gastroenteritis
outbreaks worldwide [34]. Additionally, helminth eggs represent the infective stage of
helminths, which are excreted in feces and are prevalent in domestic wastewater especially
in developing countries [35]. Ascaris lumbricoides is the most frequently tested helminth
indicator for water quality as Ascariasis is one of the most common worms associated
with excreta in low-income countries and the eggs of Ascariasis are more resistant than
other helminth eggs (e.g., Trichuris and Toxocara) [36–38]. Table 1 provides a list of quan-
titative measures of the most commonly detected pathogen indicators’ concentrations in
domestic wastewater.
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Table 1. The concentrations of indicator pathogens in domestic wastewaters.

Pathogenic
Microorganisms

Concentration in
Domestic Wastewater

Removal
Efficiency by OWTSs (%) Reference

Bacterial pathogen
Total coliform 4.4–8.6 log10 CFU/100 mL a 84.15–99.99 [25,39–46]
Fecal coliform 4.1–7.9 log10 CFU/100 mL 96.02–99.99 [10,24,25,30,40,45–48]

Fecal streptococci 3.1–6.1 log10 CFU/100 mL 99.29–99.93 [41,44,47,49]
Escherichia coli 5.8–7.8 log10 CFU/100 mL 73.91–99.99 [4,10,39,41–44,50–52]

Salmonella 4.7 log10 CFU/100 mL 68.38–99.99 [4,48,53]
Shigella 1.0–3.8 log10 CFU/100 mL 96.33–99.72 [4,54]

Clostridium perfringens 0–6.0 log10 CFU/100 mL 93.69–99.96 [30,41,55]
Pseudomonas

aeruginosa 3.8–5.0 log10 CFU/100 mL 96.92–99.21 [39,55]

Enterococci 3.3–6.6 log10 CFU/100 mL 80.05–99.99 [10,43,51,56]
Viral pathogen

F-specific
bacteriophage 2.8–6.3 log10 PFU/100 mL b 36.90–99.99 [24,25,40,51,56,57]

Rotavirus 2.9–8.1 log10 copies/mL 97.28–99.99 [51,54,58]
Norovirus genogroup

I and II 3.1–8.9 log10 copies/mL 73.80–99.99 [4,51,55,58–61]

Adenovirus 5.0–7.3 log10 copies/mL 77.83–99.99 [51,58,60–62]
Enterovirus 7.6–7.8 log10 copies/mL 98.73–99.99 [51,62]

Protozoa
Giardia 0.6–4.9 log10 cysts/L 99.91 [4,24,25,40,41]

Cryptosporidium 0–140 oocysts/L 99.87 [24,25,40,41]
Helminths 9.6–244 eggs/L 53.70–99.98 [41,44,47,63]

a The concentrations of bacteria are expressed using logarithmic notation, where the values shown in the table are
the base 10 logarithm colony-forming unit (CFU) per 100 mL of samples. b PFU: plaque-forming unit.

4. Fate and Removal Mechanisms of Pathogens in OWTSs

The removal of pathogenic microorganisms in OWTSs is accomplished through a
combination of physical (e.g., sedimentation and filtration), chemical (e.g., adsorption
to substrates or particles, UV radiation by sunlight, and exposure to root exudates), and
biological (e.g., predation, natural die-off, and retention in biofilm) mechanisms [9,64–67].
Conventional OWTSs (e.g., septic tank with cesspools/leaching fields), filtration-based
OWTSs, and constructed wetlands (CWs) are the most frequently used onsite wastewater
treatment systems [1]. Filtration-based OWTSs such as sand filters and peat filters pro-
vide a high level of treatment for chemical and microbial pollutants by filtering the STE
through filters packed with different media [65]. CWs utilize a variety of processes includ-
ing contaminant removal by vegetation, soil filtration, and biodegradation by associated
microbial assemblages on the media surface to assist in treating onsite wastewater [3,68].
Wastewater flows from the septic tank and then enters the wetland cell where the wastew-
ater can be treated by microbes, vegetations, and other media that remove pathogens
and nutrients [9]. An example of different pathogen removal mechanisms involved in
a filtration-based OWTS and a CW is shown in Figure 1. The most significant removal
mechanisms of pathogens in OWTSs may vary depending on numerous factors such as the
configuration of the treatment units, filtration materials, hydraulic loadings, and seasonal
variations [65,67,69]. This section is dedicated to reviewing the major pathogen removal
mechanisms that occurred in OWTSs.
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Figure 1. The removal mechanisms of pathogens in OWTSs. (A): Major pathogen removal mecha-
nisms involved in a conventional septic tank and sand filtration system. (B): Major pathogen removal
mechanisms involved in a constructed wetland.

4.1. Physical Removal Mechanism
4.1.1. Sedimentation

Sedimentation has been demonstrated as an effective removal mechanism, which
is controlled by the settling velocity of pathogens [24,70,71]. Therefore, the pathogen
reduction in septic tanks was most effective for helminth eggs (e.g., 87–158.2 µm s−1

for Ascaris suum, Trichuris suis, and Oesophagostomum spp.), followed by protozoa (e.g.,
0.27–1.4 µm s−1 for Giardia and Cryptosporidium), bacteria (e.g., 0.14–0.5 µm s−1 for FC,
E. coli, enterococci, and C. perfringens), and least for viruses (e.g., 0.0001 µm s−1 for F-
specific and somatic bacteriophages) [72–74]. Pathogens with low settling velocities can
only be effectively eliminated by sedimentation when they were aggregated or associated
with larger particles [25]. When assessing the influence of suspended particles on settling
out of FC, fresh peat was added to wetland water and led to a higher removal rate of FC
compared to plain wetland water [75]. On the other hand, the adsorption of pathogens
onto settleable solids is not always conducive to pathogen reduction. Boutilier et al. found
that sedimentation was not observed to contribute to E. coli removal despite the fact that
approximately 50% of E. coli in the STE were associated with particles > 5 µm. Only the
bacteria associated with larger particles (>80 µm) could be removed by sedimentation,
indicating that the size and density of the particles which the bacteria associated with
could affect the pathogen sedimentation performance in water columns [70]. In septic
tanks, 99.9% removal of helminth ova was observed through sedimentation, while a limited
removal of fecal bacteria (37.4 to 63.5%) was observed [46,76,77]. In another study, the
moderate removal of FC (52.1 to 56.6%), Giardia (35.1%), and Cryptosporidium (45%) from
domestic wastewater was observed in settling tanks prior to the wetland cells [25]. Since
limited pathogen removal occurs in the septic tank, especially for viruses due to their low
settling velocities, the STE needs further treatment where pathogens could be eliminated
by other mechanisms [65,67].

4.1.2. Filtration

Pathogens that survive and remain infective in the STE can be further reduced with
mechanical filtration before discharging to groundwater or surface water. Filtration refers
to the physical blocking of pathogen movement through smaller pores in the filter media.
The effectiveness of filtration mainly depends on the characteristics of the pathogen and
filtration media, including the type, texture, and size [55,78]. Previous studies have re-
ported efficient bacteria (4.85–6.8 log10 CFU/100 mL) and protozoa (2 log10 CFU/100 mL)
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removal through the filtration process [79,80]. Filtration can be considered as a significant
removal mechanism when the ratio of the diameter of the bio-colloid (dp) to the diameter
of median grain size (d50) was greater than 0.005 [81]. Filtration can be more effective
during unsaturated flow than during saturated flow through the same filter media since
most of the transport of bacteria would occur in the smaller pores. In addition, clogging of
the filtration systems could restrict pore sizes and hence increase the pathogen filtration
efficiency [65,69]. The removal of FC was more efficient in a heavily clogged sand filter (SF)
compared with a less clogged SF [82]. On the other hand, the presence of macropores or
channeling in the unsaturated flow filter media would decrease the removal rates by filtra-
tion and results in a more rapid movement of bacteria [65]. Although bacteria, protozoa,
and helminth eggs can be eliminated by filtration, viruses are not effectively removed by
filtration as their sizes (20–300 nm) are much smaller than the pores sizes (0.4–400 µm) of
most filtration media [2,26].

4.2. Chemical Removal Mechanism
4.2.1. Adsorption

When the pathogen size is much smaller than the media pores, mechanical filtration
becomes ineffective, and adsorption becomes the dominant mechanism for pathogen
removal [83–85]. Adsorption of pathogens on the filtration matrix occurs during the
filtration process and can be influenced by the interaction with plant roots, filter media
type, and the associated biofilm on the media surface [70]. The interactions between
bio-colloids (e.g., bacteria and viruses) and solid surfaces have been comprehensively
explained by the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [86,87]. In the
DLVO theory, the attractive/repulsive interaction potential is calculated based on both
van der Waals force and electrostatic force, which vary with distance (short distance as
the primary minimum: ≤1 nm or long distance as the secondary minimum: 5–10 nm).
Moreover, the adsorption of bio-colloids to the porous media is a two-step process [65].
The first step is reversible adsorption, which is a weak interaction between bacteria and the
solid surface [88]. Reversible adsorption could be a temporary process at the secondary
minimum distance, where attached bacteria can detach from the solid surface and return
to the water. The second step is irreversible adsorption to the surface of media at the
primary minimum distance. Despite the fact that the DLVO theory has been applied
successfully to explain the bacterial and viral adhesion to the surface for some strains,
non-DLVO forces from hydrophobic and steric interactions were also proposed to affect
the partitioning of bacteria and viruses onto a solid surface [89–91]. Overall, the theories
provide a general understanding of the relative contributions of the physical (e.g., media
types, organic matter content, and temperature), chemical (e.g., pH and ionic strength), and
microbiological (e.g., cell types and cell surface characteristics) factors to the adsorption
process [70,92–94].

Adsorption of viruses to porous media is related to the characteristics of proteins in
the virus outer capsid, and the electrostatic repulsive forces between viruses and media
can be reduced by low pH, high ionic strength, and the presence of divalent cations in the
systems, hence improving the removal efficiency [90]. As most protein coats of viruses
and porous media are both negatively charged at natural pH, the increase in pH would
result in less adsorption of virus to filter media due to the enhanced electrostatic repulsion
between them [95]. Similarly, increasing the ionic strength would decrease the energy
barriers, extending the secondary minimum distance and promoting bacterial cells and
virus attachment to the solid surface, thus enhancing the adsorption [91]. An increased
level of divalent cations was reported to be more effective than monovalent cations in
increasing virus adsorption to filtration media in a soil column [96]. It has been shown that
soil with high contents of iron (Fe) and aluminum (Al) oxides and low pH showed a greater
reduction in MS2 bacteriophages, mainly due to irreversible adsorption. The soil particle
surface charge became more positive by coating the Fe3+ and Al3+, so the adsorption of
bacteriophages increased [93]. The amendment of clay to soil filters could also increase the
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adsorption of bacteria as a result of increased surface areas due to small particle sizes along
with large cation exchange capacity [83,97].

In addition, viral and bacterial adsorption to soils is strongly affected by the type
and strain of virus and bacteria as their surface characteristics vary significantly [98]. For
example, two fecal indicator bacteria (E. faecalis and E. coli) with distinct surface character-
istics resulted in different transport and retention behaviors in sand media: the adsorption
between the Gram-positive E. faecalis and sand was dominated by the combination of
DLVO and hydrophobic or polymer bridging, while the combination of DLVO and steric
interaction governed the adsorption of Gram-negative E. coli to sand [91]. As a result, E.
faecalis were irreversibly attached to sand in primary minimum at increased salt conditions,
whereas E. coli were reversibly attached to sand in secondary minimum at both freshwater
and seawater conditions [91].

4.2.2. UV Radiation by Sunlight

UV radiation by sunlight is an effective mechanism for pathogen removal mainly in
open-water treatment wetlands (e.g., free water surface flow CWs and waste stabilization
ponds) [99,100]. The effect of sunlight UV radiation on pathogen removal heavily depends
on the amount of sunlight the systems have access to. The open-water treatment systems
were reported to achieve increased inactivation of pathogens due to more sunlight exposure
than vegetated wetlands [67,101]. UV-B (λ = 280–320 nm), UV-A (λ = 320–400 nm), and visi-
ble light (λ = 400–700 nm) of the sunlight spectrum are responsible for pathogen inactivation
in open-water wetlands [102–104]. All three regions of sunlight contributed approximately
equally in enterococci and F-specific bacteriophage inactivation, while UV-B dominated the
inactivation of E. coli, poliovirus, adenovirus, PRD1, and MS2 bacteriophages [99,104–106].
There are three sunlight inactivation mechanisms proposed for bacteria and viruses: the di-
rect, indirect endogenous mechanisms, as well as exogenous mechanisms [99,107]. Through
the direct endogenous mechanism, sunlight causes direct damage to nucleic acids or pro-
teins that absorb the photons, while the indirect endogenous mechanism occurs when
photons are absorbed by endogenous photosensitizers (e.g., NADH/NADPH, flavins, and
porphyrins) to produce reactive intermediates (e.g., singlet oxygen) that can indirectly
damage bacteria and viruses [108,109]. In exogenous mechanisms, indirect damage may
occur when photons are absorbed by photosensitizers in the water (e.g., natural organic
matter) to form exogenous reactive intermediates (e.g., superoxide, hydroxyl radical, and
triplet dissolved organic matter) [110,111]. The contribution of each mechanism to sun-
light inactivation varies with different organisms’ survivability, water depth, and water
quality (e.g., turbidity, dissolved oxygen (DO), pH) [3,9,99]. The effect of UV radiation
by sunlight is negligible in subsurface flow CWs due to the limited pathogen exposure to
sunlight [3,112]. Furthermore, most filtration-based OWTSs are constructed underground,
therefore sunlight radiation has little impact on pathogen removal.

4.3. Biological Removal Mechanism
4.3.1. Natural Die-Off

Natural die-off is another important mechanism in the removal of bacterial pathogens
from domestic wastewater, controlled by predation, starvation, and exposure to unfavor-
able factors [64,70,113]. The unfavorable conditions for bacterial survival include high
temperature, low moisture content, low pH, and low organic matter content [65,114]. Pre-
vious studies have reported that the survival times of pathogenic bacteria in soil were
reduced by increasing soil temperatures from 5 ◦C to 30 ◦C [14]. In addition, it has been
found that the die-off rates of pathogenic bacteria increased as the organic matter decreased,
presumably due to competition for nutrients [115]. The low pH (below 5.5) in some OWTSs
such as sand (pH 3.9–6.9) and peat (pH 3.7–4.7) filters also have an adverse effect on
bacterial survival [48,116]. The survival of E. coli has been found to be more improved
in neutral-to-alkaline soils (pH 6.8–8.3) than in acidic soils (pH 5.5–7.2) [117]. In another
study, the enhanced survival of E. coli and Enterococcus faecalis was observed in limestone
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soil (pH 5.8–7.8), compared to peat (pH 2.9–4.5) [118]. Moreover, dissolved oxygen increase
has been linked with bacterial die-off in OWTSs [119,120]. For example, the die-off rates
of fecal bacteria increased from 17–95% to 53–99% when the wastewater lagoon was aer-
ated [119]. In CWs, natural die-off rates of bacteriophages were higher in the water column
(0.198–0.397 log10 d−1) than in the sediments (0.054–0.107 log10 d−1) due to the protective
effect of sediments on bacteriophages [24]. In addition, another study suggested that
natural die-off of E. coli was the major removal mechanism after wastewater has undergone
pretreatment such as a septic tank [70]. Likewise, helminth eggs can remain viable for
months in soil, freshwater, and sewage, and for years in feces and sludge [19,37,121]. For
example, Ascaris eggs can remain viable for 14 months in sludge while the inactivation
rate ranged from 0.0007 to 0.001 log10 d−1 [36]. It was hard to inactivate the helminth
eggs unless the temperature was over 40 ◦C and the moisture content was below 5% [122].
Therefore, helminth eggs are more likely to be eliminated by filtration from soils and by
sedimentations in septic tanks as discussed above [123].

4.3.2. Predation

Predation has been found to be an important factor in attenuating pathogenic bacteria
by other bacteria, bacteriophages, protozoa, and nematodes [3,64,124,125]. Predation rates
depend on the characteristics of the prey (e.g., concentration and species), the predator
(e.g., morphology and feeding behavior), and physicochemical factors (e.g., temperature
and hydrodynamics in the microenvironment) [113,126,127]. Protozoa predation has been
reported in various OWTSs, such as subsurface flow CWs and SFs, and it was suggested
to be the main mechanism for bacteria elimination in CWs [64,113,128]. Shigella flexneri,
E. coli, and Salmonella typhi were efficiently removed (98 to 99.9%) by free-living ciliate
protozoans, and the grazing rates (103 to 105 bacteria/ciliate/h) increased with prey
densities (106 to 108 bacteria/mL) [124]. In another lab-scale CW study, the predation of
bacteria by protozoa was found to be the dominant mechanism for E. coli removal while the
roles of adsorption and natural die-off in the elimination processes were insignificant [64].
On the other hand, researchers found predation was the most likely removal mechanism for
Cryptosporidium parvum in slow SFs, while it was less relevant to C. perfringens removal [129].
Moreover, grazing rates in actual OWTSs have not been studied, and more research is
needed to investigate the predation activity of pathogens by different types of predators
in OWTSs.

5. Factors Affecting the Removal of Bacterial and Viral Pathogens in OWTSs

The efficiency of pathogenic microorganism removal in OWTSs depends on many
variables including system configuration, filter material, operational conditions (such as
hydraulic retention time, flow pattern, recirculation, and aeration), and other environmen-
tal factors (such as temperature and pH). Other influencing factors such as vegetation
on the removal of pathogens in OWSTs were investigated and well explained by other
reviews [3,9,65]. Therefore, in this review, we focus on the factors related to the design and
operation of OWTSs. Based on the literature review, OWTSs can achieve high pathogen re-
duction rates up to 99.99% (Table 2). However, in some OWTSs, the level of pathogens in the
effluent does not meet the regulatory standards for wastewater reuse in agriculture [130].
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Table 2. Performance of pathogen removal in various OWTSs.

Treatment Type Total Coliform Fecal Coliform Escherichia coli Helminth Bacteriophage c Virus e
ReferenceIn a Out a RD a In Out RD In Out RD In b Out b RD b In d Out d RD d In f Out f RD f

Conventional OWTSs

ST only 7.52–
7.98

7.44–
7.78

0.08–
0.20

7.35–
8.95

7.22–
7.90

0.14–
1.05

7.00–
7.10

6.07–
6.70

0.40–
0.50 - g - - - - - - - - [46,49,131,

132]

ST + soil drainage field - - - 8.40–
9.06

7.20–
8.20

0.75–
1.86 - - - - - - - - - - - - [133]

Filtration-based OWTSs

Filters with different filter
materials

5.16–
9.41

1.15–
6.45

0.61–
5.58

4.30–
9.06

0.60–
6.26

0.42–
5.78

4.20–
8.95

0.17–
5.41

1.40–
6.50 102.33 0.50–

9.77
92.56–
101.83

3.50–
13.96

0.30–
12.60

0.20–
6.77

3.90–
9.75

ND
h-9.65

0.49–
7.75

[28,48,51–
53,56,57,60,
133–141]

ST + multi-soil-layering reactor 6.82–
7.27

4.81–
5.49

1.33–
2.46

6.71–
7.20

4.82–
5.53

1.18–
2.38 - - - 244 2 242 - - - - - - [47,142]

Wetlands

FSF CW 4.36–
7.90

3.72–
5.58

0.81–
4.46

3.60–
6.60

3.09–
9.11

1.52–
3.41

3.31–
6.68

2.56–
5.99

0.25–
1.79 - - - - - - 1.06–

10.31
ND-
9.65

0.58–
5.16

[30,50,61,
62,143,144]

HSSF CW 4.36–
8.20

3.18–
7.16

0.53–
2.89

2.57–
7.68

1.73–
8.95

0.33–
3.48

5–
7.45

3.70–
6.22

0.58–
2.99

16.5–
27

12.50–
16.50 0–14.50 0.54–

4.20
-0.051–

2.36
0.59–
1.84

8.81–
10.31

4.55–
8.41

1.90–
4.26

[30,44,45,
49,55,62,63,
71,120,145–

150]

VSSF CW 6.34–
8.20

4.37–
6.80 0–2.93 5.49–

7.35
2.60–
5.77

1.04–
2.89

4.76–
7.10

1.28–
6.13

0–
4.48 27 7.98 19.03 14.60 13.16 0.80–

1.44 - - -

[28,43,44,
48,71,120,
131,132,
146,151]

Upflow wetland - - - 5.96 1.85 4.11 5.68 −3 8.68 - - - - - - - - - [152]

Pond systems 4.36–
7.90

3.78–
5.93

0.38–
2.90

3.60–
6.60

3.14–
3.83

2.04–
3.22

4.86–
6.35

4.75–
4.85

0.11–
1.50

9.56–
992.60 0–54 8.84–

992.60 4.86 4.52 0.34 - - - [30,41,63,
153]

Activated sludge-based OWTSs
MBR - - - 5.35 1.43 4.10 - - - - - - - - - - - - [139]

Fine screen + A2O - - - 6.72 4.87 1.85 5.41 3.35 2.06 - - - - - - 4.96–
5.62

3.43–
4.00

1.33–
1.77 [54]

Fine screen + A2O-MBR - - - 6.72 1.67 5.05 5.41 1.74 3.67 - - - - - - 4.96–
5.62

2.61–
2.93

2.03–
2.75 [54]

Hybrid OWTSs

SF + phosphorus filter 6.17–
6.32

3.47–
3.90

2.27–
2.85 - - - 5.43–

6.52
0.78–
1.85

3.75–
5.74 - - - 5.56–5.69 0.30–

0.60
5.09–
5.26

3.90–
5.36

1.78–
2.08

2.12–
3.58 [43,60]

VF CW + phosphorus filter 7.52 3.76 3.76 7.35 4.11 3.24 - - - - - - - - - - - - [131]
RBC + SF - - - 5.53 4.68 0.85 - - - - - - - - - - - - [139]

Biofilter + upflow filter - - - - ND-
0.48 - - ND - - - - - - - - - - [154,155]

SF + HF CW 5.16 3.05 2.11 4.3–
8.15

2.07–
6.75

1.40–
2.23 - - - - - - - - - - - - [137,149]
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Table 2. Cont.

Treatment Type Total Coliform Fecal Coliform Escherichia coli Helminth Bacteriophage c Virus e
ReferenceIn a Out a RD a In Out RD In Out RD In b Out b RD b In d Out d RD d In f Out f RD f

SF + HF CW +VF CW 5.16 2.13 3.03 4.30 1.04 3.26 - - - - - - - - - - - - [137]

HF CW + HF CW 7.08–
7.77

4.70–
6.22

1.56–
2.38 - - - 5.64–

6.81
2.68–
5.45

1.36–
2.96 27 5.25 21.75 - - 2.50–3 - - - [44,156,

157]
HF CW + HF CW + VF CW - - - - - - 6.54 4.08 2.46 - - - - - - - - - [156]

HF CW + VF CW 6.40–
7.98

3.65–
4.20

2.19–
4.33 7.63 3.48 4.15 6.20 3 3.20 - - - - - - - - - [46,146]

HF CW + pond 5.40–
6.440

2.40–
5.58

0.82–
3.00 - - - 5.00–

6.20
1.80–
3.62

2.58–
3.20 - - - 2.90 1 1.90 - - - [146,147]

HF CW + SF 5.83 3.94 1.89 - - - 6.11 3.93 2.19 - - - - - - [62]

FWS CW+HF CW + SF 6.39 2.93 3.46 - - - 6.68 3.19 3.49 - - - - - - 8.81–
10.31

5.46–
6.30

3.35–
4.01 [62]

VF CW + HF CW 6.40–
6.95

2.15–
4.85

1.55–
4.8

6.73–
6.83

2.16–
2.85

3.88–
4.67

6.18–
6.81

2.32–
3.30

3.51–
3.88 27 1.90 25.10 4.89 2.07 2.83 - - - [44,146,

157,158]

VF CW + VF CW 6.00–
7.77 3.98 2.00–

3.80 - - - 6.00–
7.10

2.50–
4.70

2.00–
4.50 27 2.40 24.60 4.41 3 1.41 - - - [44,132,

157]
VF CW + VF CW +

bioreactors - - - - - - 6.54 2.34–
3.08

3.46–
4.20 - - - - - - - - - [156]

Bioreactor + VF CW +
bioreactors - - - - - - 6.54 4.08 2.46 - - - - - - - - - [156]

Pond + FSF CW +SSF CW 6.75 4.40 2.35 - - - 6.35 3.23 3.12 9.56 <1 9.56 4.86 2.62 2.24 - - - [41]
OWTSs with disinfection units

SF + UV unit - - - 8.23 4.97 3.26 6 0.91–
1.53

4.47–
5.09 - - - - - - - - - [159,160]

CWs/pond + UV unit 4.85–
5.4 1 4.4–5.1 6.23–

9.11
0–

4.81 - 3.88–
7.07

0.041–
4.54

1.78–
5.90 - - - 2.90 <1 1.20 - - - [143,147,

161,162]
Activated sludge system +

Filter+ VF CW + chlorination 4.82 ND 4.90 - - - 3.74 - >3.20 - - - - - - - - - [162]

Fine screen + A2O-MBR +
chlorination

- - - 6.72 0 6.72 5.41 0 5.41 - - - - - - 4.96–
5.62 0 4.96–

5.62 [54]

ST + peat filter + chlorination - - - - - 5.40 0 5.40 - - - 4.61 2.360 2.25 - - - [138]
a In: influent concentrations of pathogens; Out: effluent concentrations of pathogens; RD: reduction rate of pathogens; the units of total coliform, fecal coliform, and E. coli concentrations are log10 CFU/100 mL.
b The unit of helminth concentrations is egg/L. c Detection of F-specific, somatic, and phiX174 bacteriophages. d The unit of bacteriophage concentrations is log10 PFU/100 mL. e Detection of adenovirus,
echovirus, rotavirus, norovirus, poliovirus, Aichi virus 1, and pepper mild mottle virus. f The unit of virus concentrations is log10 copies/100 mL. g No data reported in the studies. h ND presents not detected
in the studies. ST: septic tank; FSF CW: free water surface flow constructed wetland; HSSF CW: horizontal subsurface flow constructed wetland; VSSF CW: vertical subsurface flow constructed wetland;
MBR: membrane bioreactor; A2O: anaerobic/anoxic/oxic; RBC: rotating biological contactor; SF: sand filter; VF CW: vertical flow constructed wetland; HF CW: horizontal flow constructed wetland; SSF CW:
subsurface flow constructed wetland.
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5.1. Effect of Configurations
5.1.1. System Configuration

Conventional OWTSs generally consist of a septic tank and a subsurface infiltration
system, commonly known as the drain field. Septic tanks usually consist of a one- or two-
chamber system that provides quiescent and anaerobic conditions to facilitate the removal
of pathogens from domestic wastewater. The quality of STE depends on the characteristics
of the raw domestic wastewater (e.g., size of the suspended particles, concentration and
chemical composition of the influent) that enters the septic tank, but the reductions in
bacteria, viruses are limited (approximately 1–2 log10) in the septic tanks [135,163,164].

Besides the traditional septic system, surface flow CWs, subsurface horizontal flow
CWs, and vertical flow CWs have been widely employed in many countries and can
achieve 0.4–4.48 log10 removal of pathogens (bacteria, viruses, protozoa, and helminths)
treating domestic wastewater [3,9]. Furthermore, the filtration-based treatment system
filled with sand, peat, carbonaceous or other media is another technological solution for
onsite wastewater treatment [28,136,165]. The installation of an SF in drain fields greatly
increased the removal of FC (99.8%) compared with the soil-only filter systems (91%) [133].
When the pathogen removal performance of TC, E. coli, clostridia, Bacteroides spp. and
enterococci was compared among different OWTSs (a horizontal flow CW, a vertical flow
CW, an SF, and a biofilter consisted of specific light weight aggregates (LWA)), the mean
pathogen reductions ranged from 1.41 to 4.12 log10 units in different systems, with the
best overall performance (3.04 log10) observed in the biofilter due to the long hydraulic
retention time (HRT) (>20 days) resulted from its configuration [43].

More recently, hybrid OWTSs which comprise a CW or an infiltration percolation
system with a subsequent filter or CW have been found to achieve higher pathogen re-
moval efficiency compared to single-stage systems [41,44,137,156,166], because the hybrid
system synergistically integrated the benefits of both types of CWs which created optimal
hydraulic conditions and longer HRT [9]. For example, the highest removal rates of TC,
FC, and FS from 97.7 to 99.4% were observed in hybrid systems, followed by subsurface
flow CWs and free water surface CWs [167]. Enhanced pathogen reductions were also
reported in multi-stage sand filters (3–5 log10) compared to single vertical-flow sand filters
(1.5–2.5 log10) [157]. Furthermore, the hybrid OWTS (CWs and a denitrifying bioreactor)
could not only improve E. coli reduction (3.5–4.7 log10) but also reduced energy inputs
and land area requirement compared with a horizontal subsurface flow CW system [156].
Most of the hybrid OWTSs were designed to operate in series with recirculation to obtain
maximum removal performance [43,137,156]. Few studies evaluated the system configura-
tion impact on viral pathogen removal efficiencies. A study showed the rotating biological
contactor (RBC) achieved a higher removal efficiency of viral (MS2, phiX174, and PR772
bacteriophages) pathogen (>3.63 log10) in comparison to the conventional septic tank
system (>3.35 log10) [168].

In addition, activated sludge-based OWTSs have also been evaluated for pathogen
removal efficiencies. For example, an anaerobic/anoxic/oxic (A2O) biological treatment
unit with a membrane bioreactor (A2O-MBR) has been used to treat onsite wastewater [54].
The 0.2–0.4 log10 removal of bacterial and viral pathogens was achieved by fine screening
in the preliminary treatment of wastewater, and 1.3–1.7 log10 removal of pathogens in the
A2O biological treatment unit, followed by 0.7–4.7 log10 removal in the MBR [54]. Although
other filtration-based OWTSs such as passive nitrogen removal systems seem to have the
potential for pathogen reduction due to the physical, chemical, and biological processes
within the systems, the capability of them to remove pathogens has not been systematically
evaluated [169].

Studies have revealed that the flow direction in a treatment system is an important
factor affecting the pathogen removal performance. A better removal rate of total coliforms
was observed in the vertical flow wetland (92.3–93.1%) than in the horizontal flow wetland
(96.8–97.0%) [170]. Analysis of the vertical flow CWs compared to horizontal flow CWs
showed a higher DO concentration (2.35 mg/L vs. 0.21 mg/L), which was the main factor
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for the better pathogen removal efficiency. Many studies suggested that such results were
due to the unfavorable environment for bacteria survival in aerobic conditions and the
distribution of microbial communities varied in response to the horizontal or vertical flow
direction [64,71,167]. Another study also observed more effective eliminations of E. coli
(0.65 log10), clostridia (0.42 log10), and Bacteroides spp. (0.44 log10) in vertical flow CWs than
horizontal flow CWs [43]. The poorer removal performance in the horizontal flow CW was
probably due to clogging problems after over 20 years of operation [43]. When comparing
different system configuration impacts on E. coli areal load removal rate (i.e., the geometric
mean of pathogen removal rate), it was found that the aerated vertical/horizontal flow
wetlands with recirculation had the highest reduction rates (9.9–10.5 log10 MPN/m2 d),
followed by unsaturated vertical flow wetlands (9.7–9.8 log10 MPN/m2 d) and passive
horizontal flow systems (9.1–9.4 log10 MPN/m2 d), indicating that the configuration and
flow direction had significant impacts on the removal performance of pathogens [120].
Although the pathogen removal rate was often recognized as the overall performance of the
system, it requires caution to fairly assess the overall capability when comparing the effluent
concentrations or removal rates under vastly different design and operational conditions.

5.1.2. Disinfection Treatment Unit

Although substantial pathogen reduction can be achieved in conventional OWTSs,
effluent concentrations of pathogens are generally high, especially above legislation limits
for wastewater reclamation and reuse [138,171–173]. Therefore, a disinfection step is imper-
ative to remove pathogens for minimizing health risks that are associated with pathogens in
reclaimed water. UV radiation, ozone, or chlorination are commonly adapted for enhanced
pathogen inactivation after conventional OWTSs [54,143,159,161,174–176]. The effluent
concentrations of E. coli and FC can be reduced to extremely low levels (<10 CFU/100 mL)
by using the combination of OWTSs and UV radiation systems [143,161]. Likewise, the
concentrations of TC and E. coli were considerably reduced in the effluent to meet the regu-
lation for agricultural reuse by 5 mg O3/L with a contact time of 5 min [174]. Post-treatment
by chlorine with a dose of 2.5 mg/L was also proved to be effective for eliminating all
pathogens including FC, E. coli, Salmonella, Shigella, enterovirus, rotavirus, and norovirus
from MBR effluent for water reuse [54]. Therefore, the combination of the OWTS and a
disinfection treatment unit could significantly improve the water quality by reducing the
pathogen concentration, while minimizing the operational cost.

5.2. Effect of Filter Materials
5.2.1. Media Grain Size

Media grain size and the filter material type are two main factors in the elimination
of pathogens in OWTSs. The media grain size determines the effectiveness of mechanical
filtration while the intrinsic properties of the materials can be utilized to enhance pathogen
removal performance. Smaller media grain sizes are beneficial for pathogen immobilization
by filtration and can also provide larger surface areas for adsorption [65,83,177]. Many
studies have demonstrated the positive influence of fine grain sizes on the removal of
pathogenic bacteria (Table 3). Silt, clay, and fine sand have pore sizes within the range
of most protozoa (10–100 µm in diameter) and bacterial cells (0.2–5 µm in diameter),
therefore improving the pathogenic bacteria and protozoa removal [26]. For example,
the removal of C. parvum and Giardia lamblia were investigated in CWs with different
filtration media: one set of CWs were filled with washed sand (grain size of 0–2 mm)
and the other set of CWs were filled with a mixture of expanded clay (grain size of
2–4 mm) and sand (grain size of 0–2 mm) [79]. The results showed that washed sand in
the filter bed was the most effective filter material to achieve 2 log10 reductions of protozoa,
indicating small media size played an important role in eliminating protozoa by mechanical
filtration. In another study, 18 times more C. parvum oocysts were detected in the effluent
from the coarse sand column than from the fine sand column [178]. A modeling study
revealed that the removal rates of bacteria and viruses increased by 0.16–0.3 log10 and
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0–0.1 log10, respectively, when comparing a sand filter with fine size (d10 = 0.17 mm) and
one with coarse size (d10 = 0.52 mm). The increase in pathogen removal efficiency was
independent of the HRT changes [177]. These results are in agreement with a previous
study in which a significantly greater removal of E. coli was observed in the vertical-
flow wetlands with fine sand media (3.2 log10) than that with the coarse gravel media
(1.9 log10) under the same operational condition treating wastewater [156]. Another study
reported a substantial removal of E. coli and F-specific bacteriophage (5 log10 and 3 log10
reductions, respectively) in fine soil matrix (1–4 mm), while no removal of those pathogens
was observed in coarse soil matrix (4–11 mm) [179]. Likewise, Ausland et al. observed
that the reduction in FC in the media with fine media size (unsorted sand) was higher
(>3 log10) than in the media with coarser size (LWA 0–4 mm and LWA 2–4 mm) at the
same hydraulic loading (80 mm d−1) [180]. However, when hydraulic loading decreased to
40 mm d−1, no considerable difference of pathogen removal was found between different
media grain sizes, indicating the contribution of grain sizes becomes marginal when HRT
is sufficient [180].

Table 3. The removal performance of pathogens in OWTSs with various grain sizes of the filter media.

Filter
Material

Size a

(mm)

Pathogen Reduction (log10 CFU/100 mL or log10 PFU/100 mL)
Reference

Total
Coliform

Fecal
Coliform

Escherichia
coli

Fecal
Streptococci b

F-Specific
Bacteriophage

Somatic
Bacteriophage

Cryptosporidium
parvum

Gravel

d60 = 3.5; Cu = 1.7 2.0–2.4 - c 2.2–2.4 1.3–1.7 - - - [55]d60 = 10; Cu = 1.6 1.2–2.7 - 1.5–2.6 1.3–2.2 - - -
5–13 (d60 = 9.5) - 0.2–2.8 - - - 0.9–1.8 - [181]5–25 (d60 = 17) - 0.1–2.7 - - - 0.5–1.7 -
d10 = 5; d60 = 12 0 d - 0–0.5 - - - - [151]

Sand

d10 = 0.24; d50 = 0.65;
Cu = 3.13 - 5.6–6.2 - 4.9 - - - [180]

d10 = 0.13; d50 = 0.84;
Cu = 9.85 - 6.2–6.3 - 4.9 - - -

d10 = 0.34; d60 = 0.9 1.5–2.9 - 1.5–3.3 - - - - [151]
Mixture of
river sand

and gravels
2–13 (d60 = 9.5) - 0.7–3.4 - - - 0.9–2.6 - [181]

Pebbles 5–20 (d60 = 12.7) - 0.1–2.7 - - - 0.5–1.2 -

Light
weight

aggregates
(LWA)

0–3 (d10 = 0.08;
d50 = 0.7; Cu = 15) - 5.6–6.2 - 4.9 - - -

[180]0–4 (d10 = 0.8; d50 =
1.9; Cu = 2.68) - 3.4 - 4.7 - - -

2–4 (d10 = 2.05;
d50 = 2.8; Cu = 1.46) - 2.9 - 4.5 - - -

Biochar
d10 = 1.4; Cu = 2.2 - - 3.3–6.5 3.0–6.4 2.7–4.3 - 3.5–3.9

[56]d10 = 2.8; Cu = 2.2 - - 2.6–3.8 2.5–3.6 2.2–3.0 - 2.9–3.1
d10 = 5.0; Cu = 2.2 - - 2.2–2.5 2.3–2.4 2.2 - 2.3–2.6

a d50 and d60 represent the grain diameters where 50% and 60% weight of the mass is of smaller size. Cu is the uniformity coefficient and is
calculated as the ratio between d60 and d10. b Fecal streptococci = fecal enterococci. c No data reported in the studies. d The mean removal
log10 was zero due to the same average concentrations of influent and effluent measured in the study.

Although the fine grain size has been reported to be a key design factor in removing
pathogenic microorganisms, a filter media with too fine grain sizes may lead to rapid clog-
ging [182]. Therefore, selecting a proper media size to maximize the removal performance
and minimize the risk of clogging is an important filter design parameter. d10 (i.e., the
effective media size, that 10% of the media by weight is smaller than this particular size),
d60 (60% of the media by weight is smaller than this particular size), and the uniformity
coefficient should be considered when selecting the filter media to avoid clogging. The
uniformity coefficient represents the uniformity of the media size distribution in the filter
media and is calculated as the ratio of d60 to d10. Based on previous studies, a selected
range of d10 (0.3 to 2.0 mm), d60 (0.5 to 8.0 mm), and the uniformity coefficient (<4) for filter
media in OWTSs were recommended to achieve a high HRT without clogging [53,183].

5.2.2. Type of Filter Media

A variety of filtration media have been used in OWTSs, including sand, peat, wood
byproducts (e.g., woodchip, sawdust, and bark), zeolite, biochar, oyster shells, coconut
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shells, glass bead, geotextile, earthworms, and commercially available filtration me-
dia [27,51,134,136,160,184–187]. The selection of filter material largely depends on the
pollutants of concern in the domestic wastewater, the operational strategies, and the config-
urations of treatment systems. Pundsack et al. compared the pathogen removal efficiencies
of subsurface-flow CWs filled with a variety of media (i.e., gravel, sand, and peat). The
highest reductions in Salmonella were found in the intermittent peat filters (99.99% re-
moval), followed by sand filters (95.69–99.93% removal) and gravel CWs (94.94–95.82%
removal) [48]. The high reduction rates were strongly related to the media size and the
type. Smaller media size in the sand and peat filters enhanced the filtration efficiency of
finer particles and improved the possibility of pathogen adsorption to media surface and
the biofilms in the systems [48]. In addition, peat functioned as an effective sorbent in
wastewater treatment, offering higher removal through the adsorption process [188]. A
previous study evaluated the log reductions in FC by sand, crushed glass, peat, and geotex-
tile as filter media for onsite wastewater treatment, and the peat filter showed the best FC
removal (3.9 log10) compared with other filter materials (1.3–3.1 log10) in the recirculating
biofilters [160].

Porous media such as woodchip and coconut husk, commonly found in denitrifying
bioreactors as the carbon source, are also promising materials for pathogen removal. The
wood byproduct materials have been selected mainly due to their readily availability,
low cost, high permeability, and high C:N ratio [189]. Previous studies have evaluated
the ability of wood-based bioreactors to reduce pathogens in wastewater [27,136,156,189].
Among those studies, 0.2–2.9 log10 reductions in E. coli and 3.9 log10 reductions in F-
specific bacteriophages were reported by the denitrification bioreactors. Specifically, no
detectable E. coli (<10 CFU/100 mL) in effluent has been achieved in the full-scale OWTSs
using wood byproduct media [189]. In addition, coconut husk, employed as an effective
alternative carbon-rich media in the denitrifying bioreactors, attenuated pathogens as a
low-cost natural material. In a case study, the removal performance of TC, E. coli, and
F-specific bacteriophage were evaluated by woodchip and coconut husk bioreactors with
gravel filters as the control, treating primarily treated municipal wastewater [27]. The
removal rates of pathogens by woodchip and coconut husk bioreactors were comparable
(1.3–1.6 log10) to those gravel-based bioreactors (1.5–1.6 log10) under the same operational
conditions, suggesting that denitrifying bioreactors filled with carbonaceous media could
be considered as an effective option for pathogen removal from domestic wastewater [27].
Enhanced overall reduction rates of pathogens were observed in newly constructed (fresh)
woodchip and coconut husk bioreactors (1.72 log10) compared to the 8-year old (mature)
bioreactors (1.42 log10), suggesting a negative effect of media age on the attenuation of
microbial contaminants in carbonaceous bioreactors [27].

In developing countries, earthworms have been used in vermifilters to treat domestic
wastewater as a low-cost and bio-safe material [134,190,191]. Vermifilters are engineered
natural systems involving the joint action of earthworms and microorganisms, in which
microorganisms biodegrade the waste materials while earthworms ingest organic matter,
bacteria, protozoa, nematodes, algae, and fungi and secrete mucus to increase the available
surface area for microbial action [192–194]. Considerable reductions in pathogens (TC:
3.91 log10, FC: 2.82–6.4 log10, FS: 2.65 log10, E. coli: 2.51 log10, Salmonella: 2.2–8.6 log10,
enteric virus: 4.6 log10, helminth eggs: 1.9 log10) have been observed in these earthworms
amended vermifilters treating domestic wastewater [134,195].

Zeolite has also been used as the filter media to enhance pathogen removal efficiency
due to its ability to adsorb positively charged ions [76,196]. A zeolite tank was used as
a polishing unit after the conventional CW to further remove nutrients from domestic
wastewater. The zeolite tank was also able to offer additional removal of total coliforms
(0.78 log10; relative removal rate: 83.7%) besides nitrogen, phosphorus, and organic mat-
ter [76]. In recent years, biochar as an environmentally friendly sorbent has gained attention
for contaminant removal in wastewaters [197]. It was considered as a suitable medium to
improve pathogen removal due to its small pore size and large surface area [94,166,198].
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In a case study, the removal performance of bacterial (E. coli and Enterococcus spp.), viral
(phiX174 and MS2 bacteriophages), and protozoan (C. parvum) pathogens were studied
in biochar filters treating wastewater for irrigation [56]. The average reduction in bacteria
(0.2 to 4.5 log10), viruses (0.2 to 2.3 log10), and protozoa (0.3 to 1.9 log10) by biochar filters
were comparable to that of sand filters [56]. Another study also demonstrated that sand
filters amended with 5% (by weight) biochar retained up to 1000 times more E. coli than
plain sand filters, indicating that the pathogen removal efficiency could be improved by
the amendment of biochar to the filter [198]. Other materials such as recycled tires and
mulch have been applied for onsite wastewater treatment [196,199]. However, most of the
studies only focused on the removal of nutrient and organic pollutants.

5.3. Effect of Environmental Conditions
5.3.1. Seasonal Changes

Temperature, which fluctuates with different seasons, is commonly considered as the
dominant factor for the survival of viruses in the environment [30,116,200,201]. Higher
temperatures can damage viral DNA or RNA, increase predation through enhanced mi-
crobial metabolism, and also increase the natural die-off rates of bacteria [28,202,203]. A
significant die-off of Pseudomonas sp. was observed at 25 ◦C [204], while the best survival of
enteric bacteria was at 5 ◦C [117]. A few case studies have reported higher removal rates of
pathogens in warm seasons compared to those in cold seasons [28,43,48,52,55,60,134,157].
On the other hand, several studies suggested seasonal differences did not have a significant
impact on the removal of pathogens in OWTSs [57,136,137,180,205]. The discrepancy was
likely due to the considerable differences in the system configuration and filter media.

The removal efficiencies of FC, F-specific and somatic bacteriophages were compared
in an SF and a CW at all seasons. Both the SF and the CW performed better in summer
with 1.4–3.9 log10 removal of all pathogens. While in winter, 0.8–2.7 log10 removal of all
pathogens was observed [28]. In another study, the removal rate of Salmonella choleraesuis
increased by 1.1–6.2 log10 during summer when a variety of filters (peat filters, SFs and
CWs) were tested [48]. These results were similar to previous reports that the removal
of bacterial indicators (e.g., Salmonella and FC) was higher in summer than in winter in
CWs [55,157]. Furthermore, the seasonal impact on pathogen removal rates was also
observed in vermifilters. The removal efficiencies of TC, FC, FS, and E. coli in winter
were in the range of 33.93–52.60%, while in summer the removal efficiencies increased to
98.20–99.88% [134].

On the other hand, only a minor or no difference in the removal of TC, FC, fecal
indicator bacteria, E. coli, F-specific, and somatic bacteriophages were observed between
winter and summer seasons in a few case studies using CWs, peat filters, and denitrifying
bioreactors to treat onsite wastewater [28,136,137,150,205]. For example, a greater reduction
in E. coli (0.6 log10) was achieved in woodchip bioreactors operating at 22 ◦C compared to
10 ◦C [52]. However, in another study, no impact of seasonal changes on pathogen removal
(e.g., E.coli, TC, and F-specific bacteriophage) was found in denitrification bioreactors with
woodchip and coconut husk media [27].

Meanwhile, the filter media type also plays an important role in the pathogen removal
efficiency at different seasons. The SF filled with gravels and the SF filled with sand showed
a reduced removal performance of bacteriophages, enteric viruses, and other microbes
during winter, while the SF filled with a mixture of gravel, sand, and biotite showed an
increase in the removal of enterococci and heterotrophic bacteria during winter [60]. It
was speculated that this increase was due to the decreased biofilm formation in the winter,
leading to lower shedding of these pathogens. Furthermore, one study found that the
seasonal changes were greater close to the surface than for the rest of the intermittent sand
filters, thereby establishing no significant correlation between FC and FS removal rates and
filter temperatures [180]. Overall, these studies demonstrated that seasonal variations in
removal rates varied significantly based on the configuration and filter media of OWTSs.
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5.3.2. pH

The wastewater pH may affect the extent of bacterial and viral adsorption to colloidal
particles and filter materials [92,206]. The optimum pH for coliform bacteria survival was
in the range of 5.5 to 7.5, and the chance of survival would rapidly decline outside this pH
range [207]. Therefore, the low pH in some OWTSs can result in faster natural die-off rates
of bacteria, thus increasing the bacteria removal efficacy [48]. A previous study showed
that increased pH (from 5 to 7) posed a negative impact on the removal of F-specific
bacteriophages (87% decrease) in the silica-bead columns [208]. Similarly, a decrease in
the removal of F-specific bacteriophages (0.6 log10) was observed in a quartz granular
media column after the pH increased from 3.5 to 5.0 [90]. The plausible explanation is that
viruses such as F-specific bacteriophages and enteric viruses tend to have a positive surface
charge at pH below 5, increasing their affinity to negatively charged soil thus increasing
the viral removal performance [28,92,209]. These results were consistent with the previous
studies, where higher reductions in F-specific bacteriophages, FC, and S. choleraesuis were
observed in peat filters (pH 4.7 ± 0.6) compared to the SFs (pH 6.7 ± 0.2) and CWs
(pH 7.1 ± 0.1) [28,48]. On the other hand, a higher pH outside the bacteria survival range
also leads to enhanced pathogen inactivation. A compact filter system amended with
positively charged iron and aluminum oxides showed a complete removal of E. coli and
somatic bacteriophages when treating domestic wastewater [154]. This performance may
be explained by an inactivation effect resulting from the high initial pH (12–13) of the filter
media. A follow-up study of the same system after three years of operation still reported a
complete reduction with pH at 9–10 [155]. At higher pH values, the negatively charged
virus particles were easily attracted by the positively charged filters, and were more easily
removed by the system.

5.3.3. Water Composition

The quality of wastewater such as turbidity and organic and nutrient content has been
found to be an effective factor in the removal of pathogens in OWSTs [177,210–212]. A
relatively large negative effect of influent turbidity on MS2 bacteriophage removal (one
additional NTU of influent turbidity decreased 0.017–0.019 log10 reduction), and a smaller
positive effect of influent turbidity on FC removal (one additional NTU of influent turbidity
increased 0.0035 log10 reduction) in an intermittent slow SF [177]. The plausible expla-
nation was that the particles in the influents competed with the MS2 bacteriophages for
adsorption sites while the particles associated with the bacterial pathogens for sedimenta-
tion [70,177]. Moreover, the influent particles provided protection to coliforms, which were
resistant to high initial chlorine concentrations of 80 mg L−1, decreasing the disinfection
performance [213].

Organic and nutrient contents of the wastewater also play important roles in pathogen
reductions in OWTSs [211,212]. Dissolved organic carbon (DOC) in the wastewater may
decrease bacterial adsorption by compositing with bacteria for adsorption sites on the
grain surface [214]. Increased DOC in silica-bead columns may enhance the hydrophobic
interactions between the hydrophobic virus (MS2 bacteriophages) and grain surfaces
while inhibiting the adsorption of the hydrophilic virus (phiX174 bacteriophages) by
competing for binding sites; therefore, the removal efficiency of the hydrophobic virus
was improved [92,95]. A positive correlation between bacteria indicators’ (E. coli and
enterococci) levels and total nitrogen concentrations in CWs has been detected by previous
studies, showing that the survival of bacteria could be enhanced due to the presence of
available nitrogen [212].

5.3.4. Sunlight Intensity

Sunlight inactivation of bacteria and viruses can be affected by various factors such
as water depth, vegetation density, and water quality [100,105,106,215]. High sunlight
intensity enhances the effect of sunlight radiation, thus promoting pathogen removal.
However, the effect of sunlight has a very limited penetration depth. Sunlight intensity and
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the inactivation rates of bacteriophages reduced rapidly within the first few centimeters
of the open-water systems such as free water surface flow CWs and waste stabilization
ponds [100,216]. The density of vegetation in CWs also significantly impedes sunlight
penetration into the wastewater which lowers the fecal bacteria removal [217].

The effect of sunlight radiation to remove pathogens also depends on the quality
of wastewater including DO and pH [112,215,218]. Previous studies have reported a
strong influence of DO on the sunlight inactivation of FC, E. faecalis in waste stabilization
ponds [106,219]. In a previous study, the sunlight inactivation rates of enterococci, E. coli,
and F-specific bacteriophage increased from ~80% to ~99% with increased DO (4.8% to 148%
of saturation) in waste stabilization ponds [99]. In the presence of oxygen, sunlight radiation
can produce exogenous reactive oxygen species which can damage the DNA, RNA, or
proteins of bacteria and viruses [106]. In addition, the sunlight inactivation of E. coli, FC,
and mesophilic Aeromonas increased with pH increased from 7 to 10 [99,112,215,219]. A
study also found a strong synergy between increased DO and pH on sunlight inactivation
of E. coli, and the highest inactivation rate was observed at high DO and high pH [99].

5.3.5. Pathogen Species and Morphologies

The removal performance of pathogens varies among different species in the OWTSs.
This is attributed to two contributing factors: survivability and the morphology of pathogenic
microorganisms [65,220]. Certain species such as Salmonella and several Streptococcus have
longer survival times than E. coli in soil, whereas Shigella dies more quickly [221]. The longer
survivability of some bacteria is attributed to their greater ability to compete for nutrients
with indigenous microorganisms, enhanced adsorption to the soil surface, or higher re-
sistance to physical, chemical, or biological stressors in the environment [65]. It has been
reported that Salmonella can survive under unfavorable conditions by entering a viable but
nonculturable state [221]. In addition, the estimated inactivation rates of various pathogens
(e.g., C. perfringens and C. parvum) in a slow SF were drastically different (0.005 log10 d−1

and 0.014–0.019 log10 d−1, respectively) [129].
On the other hand, the morphology of pathogens would affect their transport through

filter media [65]. It was found that the size of bacteria significantly impacted the bacterial
transport through the soil. For example, cells with smaller diameters (<1 µm) transported
further than cells with larger sizes (>1 µm) [222]. Another study reported that the cell shape
(as the ratio of cell width to cell length) influenced the transport of bacteria through porous
media, and the long, rod-shaped bacterial cells showed preferential removal in porous
media [223]. Surface appendages (e.g., flagella and pili) produced by pathogens have been
found to facilitate adsorption to the filter media [65]. For example, the hydrophobic pili
can result in enhanced adhesive properties of the bacteria to filter media [224].

5.4. Effect of Operational Conditions
5.4.1. Hydraulic Loading Rate

Hydraulic loading plays an important role in the pathogen removal rates in OWTSs,
since longer HRTs increase the contact time between pathogens and the filtration me-
dia. The HRT changes depend on the properties of filter material (e.g., texture and
porosity), loading rates, water depth, and the vegetation on top of the OWTS [57,137].
Higher pathogen removal rates, as a result of decreased loading rates, have been ob-
served in different OWTSs such as SFs, denitrification bioreactors, biochar filters, and
CWs [11,56,57,137,157,180,225,226]. Several studies showed a positive relationship between
microbial reduction and HRTs in CWs [181,212,227,228]. A previous study also observed
slightly higher removal percentages of Salmonella (4% higher) and E. coli (5% higher) at 24 h
HRT compared to 12 h HRT under 21.5 ◦C in woodchip bioreactors [52]. In addition, the
removal performance of FC and SC increased as the HRT increased until saturation values
were reached at approximately three days of HRT [181]. This result might be related to
the assumption that first-order microbial decay was valid only at short HRT [205]. Similar
results were reported that the removal rates of TC, FC, E. coli, Salmonella, and Shigella
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were higher during the initial three days of treatment. After day 3, the removal efficiency
appeared to be negligible [141]. In addition, a lower hydraulic loading rate allows for the
development of thicker biofilm and could create a closer and longer contact between the
porous media and pathogens, thus enhancing the mechanical filtration and adsorption for
pathogen removal [65,226]. Filter depth change also affected the HRT in CWs and sand
filters [57]. Higher removal rates of FC, E. coli, somatic and F-specific bacteriophages were
achieved in the filters with a depth of 65 cm than those with 25 cm, due to the increased
3–5 h HRT [57]. Although an average wastewater loading is specified in most OWTSs with
a septic tank as the pretreatment unit for solids separation and flow stabilization, in some
cases where a pretreatment unit is lacking, the wastewater loading variation throughout the
year may lead to fluctuating pathogen removing performance. If the OWTSs rely heavily
on the predation mechanism, the performance deterioration can be significant, especially
when a high loading follows a long pause of wastewater.

On the other hand, high hydraulic loading rates increased larger pores and decreased
the exchange between mobile and less mobile water in the systems [225]. Previous studies
reported that the increase in hydraulic loading rates would considerably decrease the
reduction in FC, E. coli, and somatic bacteriophage, but there was a minimum impact on
the removal of F-specific bacteriophages (p > 0.05) in vertical flow CWs and soil-based
filters at 200–800 mm d−1 loading rates [57,180,225].

5.4.2. Loading Regime and Distribution Method

Loading regime in terms of the influent dosing frequency and the volume of each
dosing is considered as an important operation condition that impacts the pathogen re-
moval in OWTSs [57,120,151,229–231]. A previous study observed enhanced FC reduction
rates (~1.9 log10 to ~4.3 log10) in sand columns with increased daily hydraulic loading
frequency (fractionation of the total hydraulic loading was from 2 to 12) [230]. When the
daily hydraulic loading (800 mm d−1) was divided into 32 pulses rather than 16 pulses, a
significant improvement of FC, E. coli, and somatic bacteriophage removal was obtained in
vertical flow CWs and intermittent sand filters [57]. However, the removal of MS2 bacterio-
phage in the same study was not significantly affected by the loading regime change [57].
Similarly, several studies found no effect on the E. coli, MS2, and PRD1 bacteriophages
reductions at different loading frequencies (12 and 24 pulses per day) in sand-based vertical
flow filters [120,231]. From a hydraulic point of view, longer intervals between single
loadings would lead to better drainage of the system and lower residual water content,
resulting in better oxygen renewal and pollutant removal [198,232]. A case study has
demonstrated in intermittent slow sand filters, increased HRT (experimental average: 16 h)
with an overnight pause between feedings was beneficial for the removal of bacteria by
0.29 log10 and viruses by 0.67–0.77 log10 compared to a short HRT (average: 5 h) with
continuous flow [177]. Pause time may also help to avoid viral shedding by increasing
the residence time for adsorption and provide sufficient time to clear pore spaces with
contaminants before the next dosing [177]. Nevertheless, the hydraulic effect of longer
intervals became marginal on pathogen removal when the volume of each dosing was
smaller, due to the resulted longer hydraulic contact time with the media and biomass
in the systems [229,232]. Furthermore, the effect of various distribution methods on the
removal of FC was significant in buried infiltration systems treating STE, and a higher
removal of FC was observed in the uniformly loaded filters than in the point loaded fil-
ters [180]. On the other hand, excessive loading frequency could decrease the hydraulic
conductivity, diminish the oxygen supply, and damage the infiltration surface, thereby
inducing short-circuiting in the treatment systems [57,230].

Short-circuiting caused by preferential flow paths may reduce the pathogen removal
efficiency since the actual residence time of pathogens remaining in the OWTS could be
less than expected [142,233]. For example, the hydraulic short-circuiting in CWs was
caused primarily by uneven plant distribution, channelized flow, and malfunctions (e.g.,
the clogging and freezing of inlet pipes) [157,234]. Results from another study indicated
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that low numbers of helminth eggs in the influent may be more difficult to be eliminated
by waste stabilization ponds due to the extent of short-circuiting compared to influent
with higher helminth egg concentration [63]. Besides short-circuiting, many studies have
indicated that preferential flow, flow circulation, and dead zones are major limitations to
reduce hydraulic efficiency, thus decreasing the pathogen removal in conventional soil-
based treatment systems [142,235]. The hydraulic efficiency represents the ability of a
system to distribute the inflow uniformly across its volume, maximizing the contact time
between pollutants and the media. OWTSs with high hydraulic efficiency are expected to
achieve a better treatment efficiency [236,237]. For example, the mean reduction rates of TC,
FC, and FS increased from 1.25, 1.26, and 1.15 log10 in standard multi-soil-layering (S-MSL)
filters to 2.36, 2.38, and 2.11 log10 in modified multi-soil-layering (M-MSL) filters [142]. The
hydraulic profile analysis showed a smaller HRT (15.79 h vs. 22.07 h), a lower effective
volume ratio (0.26 vs. 0.84), and a higher dead zone rate (38.25% vs. 8.19%) in the S-MSL
filters, which were the main factors for its poor pathogen removal performance [142]. To
obtain maximum pathogen removal efficiency, the hydraulic efficiency can be improved
by allowing the flow to be uniformly distributed through the media and avoiding short-
circuiting and dead zones.

5.4.3. Degree of Water Saturation

The substrate saturation level has also been found to play an important role in de-
termining the removal efficiency of pathogens in OWTSs due to its effect on pathogen
survivability [28]. The virus inactivation mainly occurs at the air–water interface in un-
saturated porous media where viruses are vulnerable to environmental stressors [96]. In
a case study, the inactivation rate of poliovirus type 1 was demonstrated to fluctuate in
soil with a water content in the range of 5–25% [238]. Although the resistance to moisture
change varies among different pathogen species, the general survival time is longer in
moist soil than in dry soil [93,220]. Pathogenic microorganisms can be eliminated from
unsaturated soil not only by inactivation and adsorption to soil but also by filtration. Under
unsaturated conditions, pathogens move through micropores via matrix flow and filtration
can be more effective compared to the saturated conditions in the same media [65,239].
Under saturated conditions, pathogens transport mainly through macropores, which may
reduce the effectiveness of filtration [65]. Therefore, OWTSs that operate under unsaturated
conditions are more likely to achieve better pathogen removal efficiency.

Previous studies showed higher removal rates of different types of viruses (e.g.,
poliovirus type 1, MS2, and PRD1 bacteriophages) under unsaturated flow than saturated
flow in OWTSs [96,240]. Similarly, the lower removal of viruses in saturated CWs was
observed when compared to unsaturated peat and sand filters [28,48]. Field and laboratory
studies have reported that pathogens can be significantly reduced through 0.35 to 0.9 m
depth of unsaturated subsoil achieving 99–99.9% removal of MS2 and PRD1 bacteriophages
and a near-complete removal of E. coli [168,241,242]. In addition, saturated conditions are
more likely to cause freezing problems (e.g., inlet or outlet pipes) in cold seasons which
can also reduce the removal of pathogens [116,243]. Therefore, a constant unsaturated
flow pattern may be beneficial for bacterial pathogen removal since this regime resulted
in considerably less bacterial transport compared to saturated and variable unsaturated
flow patterns. It could be more effective to remove pathogens by converting variable
unsaturated flow to constant unsaturated flow in OWTSs by dosing wastewater at a steady
rate [244].

5.4.4. Recirculation and Aeration

Recirculation has been applied in various OWTSs to promote nitrification and denitri-
fication processes for enhanced nitrogen removal [161,185,245]. However, it did not appear
to influence the pathogen removal performance, as reported by most studies [131,137]. For
example, the mean removal rates of TC and FC were at the same levels (<2% differences)
with and without recirculation when different CW configurations were tested [137]. Sim-
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ilarly, no impact on E. coli removal was observed when preliminary treated wastewater
was recirculated in the vertical sand filter [157]. A possible reason is that pathogens differ
in sizes, survivability, and surface morphologies. There may be a stable removal rate
for chemical contaminants, while the remaining pathogens with smaller sizes and longer
die-off periods were unlikely to be removed even with recirculation. On the other hand,
a case study found recirculation was beneficial for E. coli removal. When a recirculating
vertical flow CW was used to treat artificial domestic wastewater, the effluent concentra-
tion of E. coli increased by 2.4 to 5.5 log10 in the absence of recirculation during a 72-h
treatment [245]. Possible reasons for the higher reduction rates might be: (1) recirculation
increased aeration and consequently promoted faster biodegradation; (2) recirculation
created an almost completely mixed reactor to dilute influent domestic wastewater with
the treated residual wastewater from the previous batch, thus easing the hydraulic loading
to systems and enhancing the pathogen reduction [245].

Aerated systems also showed improved pathogen removal performance due to the
enhanced biological removal process [39,119]. One study found that the vertical flow CW
achieved better TC, E. coli, enterococci, clostridia, and heterotrophs removal (approximately
1 to 3 log10 higher) than the horizontal flow CW under the same conditions, indicating
that aerobic unsaturated conditions benefited the pathogen reduction in greywater treat-
ment [39]. Moreover, a comparison of CWs with various designs revealed a significantly
improved E. coli removal performance in aerated systems, indicating that the bacterial
pathogen removal may be related to the dissolved oxygen concentration in the water [120].

6. Future Perspectives

The various OWTS designs, water sources, and operating conditions in different stud-
ies make it difficult to reach a conclusive understanding of the impact of each contributing
factor on pathogen removal efficiency. Therefore, a systematic level comprehensive investi-
gation on the factors that affect pathogen removal performance is needed to develop the
design and operating guidelines for OWTSs to help prevent pathogen transport from septic
tanks into natural environments. It is also worth noting that there are factors outside the
user’s control such as climate and the formation of preferential flow pathways in natural
media; thus, the need for more controllable and predictable treatment systems should be
considered. Here, in Figure 2, we provided a qualitative summary of the contributing
factors to the pathogen removal performance based on previous studies. However, these
factors can be significantly intervened, and lead to inconsistent conclusions in the previous
literature. There is also no clear distinction between physicochemical mechanisms and
biological mechanisms because they are usually coupled with microbial transport [84,246].
Limited work has been reported to better understand the effects of design and operation on
overall system performance. A quantitative approach is critical and urgent to investigate
the effect of each factor, in order to identify the potential bottleneck of OWTS systems,
optimize the design based on the local environment and water source, and therefore fur-
ther enhance the removal performance. Besides conventional OWTSs, newly developed
innovative and alternative (I/A) systems with different configurations, filter material, and
operational conditions need further investigations on their performance and dominant
mechanisms of pathogen removal. Although indicator pathogens such as TC, FC, E. coli,
and F-specific bacteriophage have been widely used to represent the water quality, they
are not able to provide information about the existence of a specific pathogen, such as
SARS-CoV-2 and its fate within treatment systems. Therefore, it is necessary to explore a
wider spectrum of pathogen indicators to further assess and interpret the pathogen removal
in OWTSs. OWTSs integrated with chemical or physical disinfection methods such as
chlorination and UV radiation could further enhance the pathogen removal efficiency, but
more research is required to evaluate their performance and the potential of disinfection
byproduct (DBP) formation.
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Figure 2. A bubble graph illustrating the significance of each contributing factor to the pathogen
removal rates. Different factors are categorized into four aspects. The colors represent the importance
of these factors in previous studies. A larger portion of the yellow region indicates that the factor is
significant for high removal rates reported by a large number of studies, while the light blue color
region represents that its effect is negligible in some studies. The size stands for the design space of
the contributing factor. *Pathogen reductions based on the filter material and pathogen types.

Policies and standards related to pathogen removal are also complicated topics due
to the wide range of pathogen types and their environmental impacts. The pathogen
removal capabilities in both conventional OWTSs and I/A systems should be taken into
consideration in future standards and regulations controlling the microbial contamination
in OWTSs. Although the policy and standards evaluations are out of the scope of this
review, they are also essential and urgent matters for the development and optimization of
OWTSs to enhance pathogen removal, which future works can also focus on.

7. Conclusions

The reduction in pathogens from domestic wastewater is a high priority for environ-
mental and public health protection. Both filtration-based treatment systems and CWs have
shown the potential to remove substantial quantities of pathogens, and the hybrid/multi-
stages OWTSs have been found to remove a significantly higher level of pathogens from
domestic wastewater than traditional OWTSs. HRT is the most significant contributing
factor that can be optimized for higher pathogen removal. The grain sizes of filter media
and the water distribution method are also important factors for pathogen elimination,
as they are all directly related to the HRT in the systems. The fine size of filter media,
uniform distribution of wastewater over the filter surface, and low hydraulic loading rate
could enhance the HRT, and subsequently, increase the removal of pathogens. Further-
more, emerging materials such as zeolite and biochar can enhance the pathogen removal
efficiency via a variety of mechanisms. OWTSs with subsequent disinfection units could
significantly improve the pathogen removal performance, which is important to eliminate
the health risks associated with onsite wastewater used for agriculture applications.
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