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Abstract. The combination of rapid urbanization and industrialization expansion increased waste
volumes. Most of the wastewaters generated from either domestic or industrial sources are still
discharged without adequate treatment processes, and impact on the environment and public health. The
objective of this paper was to provide a comprehensive literature review on the application of horizontal
subsurface flow constructed wetlands in treating a variety of wastewaters, discussing its feasibility in
pollutant removal efficiency and additional benefit in climate change mitigation through carbon
sequestration. The following results were obtained: 98%, 96%, 85%, 90%, 92%, 88% for BOD5, COD,
TSS, TN, NH4 —N, PO43- respectively in Kenya; 98.46% and 98.55% for COD and BODS5 in Indonesia;
and ranges from 94-99.9%, 91.7-97.9% and 99.99% for BOD5, COD and TFC respectively in Costa Rica.
Whereas in Ethiopia, the HSSFCW achieved the following abatement efficiencies: COD ranges from 58
to 80%, BOD ranges from 66 to 77%, TKN ranges from 46-61%, sulfates ranges from 53 to 82%, and
NH4 — N range from 64 to 82.5% for tannery wastewater treatment. For domestic wastewater treatment;
99.3%, 89%, 855, 84.05%, 77.3%, 99% and 94.5% were achieved for BOD5, COD, TSS, TN, PO, TP,
Sulfate, and TFC, respectively. In addition to improving water quality, CWs have a CSP. For example,
CWs showed CO; equivalent of 4119.54 g C/m?/yr CSP (carbon sequestration potential) which is
15118.7118 g CO,. The methane equivalent to this amount of carbon sequestration is 604.748472
g/m?/yr. Generally, research results indicated that constructed wetlands are efficient wastewater treatment
techniques and should be encouraged for wastewater management as a strategy to reduce wastewater
pollution. However, constructed wetland performance efficiency sustainability is affected by the
operational conditions of HSSFCW including plant species, media/substrate types, water depth, hydraulic
loading, and hydraulic retention time and feeding mode.

Key words: carbon sequestration potential, horizontal subsurface flow, climate mitigation, wastewater,
constructed wetland, performance evaluation, and greenhouse gases, carbon cycle

Introduction

Globally, wetland ecosystems are more and more being used for the treatment and
disposal of wastewater because they have been known as low-cost and operative
treatment schemes (Brix et al., 2001). Their potential to advance the quality of water
from inflow to outflow has been recognized (Donald, 1989) Constructed wetland
schemes use a conglomerate of biological physical, and chemical parameters. The
combination of rapid urbanization and industrialization expansion increased waste
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volumes. Most of the wastewater generated from either domestic or industrial sources
are discharged still without adequate treatment processes. The discharging of untreated
or partially treated wastewater by cities and industries causes an impact on the
environment and public health resulting in the contaminated downstream water supplies
becoming unfit for drinking, irrigation and recreational activities (Birhanu and Seyoum,
2007), due to the presence of nutrients, heavy metals, toxic organic pollutants and
pathogens. Research reported by Bahri et al. (2008) also agreed that untreated
wastewaters discharged into the freshwater bodies change the quality of freshwater.
Besides deteriorating the freshwater bodies, the farmland soil characteristics are also
changed due to using contaminated river waters or direct use of wastewater for
irrigation. According to Bayrau et al. (2008) surveyed results in the case of Ethiopia
outbreaks of waterborne diseases in addition to eutrophication of surface water and
farmland resources are common.

The use of constructed wetlands for wastewater management is becoming more and
more popular all over the world. This is due to its efficient wastewater management
ability with cost-effective option in both developed and developing countries. Most of
these systems are easy to operate, require low maintenance, and have low investment
cost (Ballesteros et al., 2016; Langergraber, 2013). Today horizontal subsurface flow
CWs (Constructed wetlands) are quite commonly used in many developed countries
such as Germany, UK, France, Denmark, Australia, Poland and Italy. Constructed
wetlands are also appropriate for developing countries but they are rarely investigated
and implemented (Prasad et al., 2016). Water body deterioration is becoming a serious
issue in developing countries due to indiscriminate discharge of wastewaters and lack of
comprehensive management techniques. In developing countries constructed wetlands
(CWs) are used to treat a wide variety of wastewaters such as domestic, municipal,
industrial, landfill leachate as well as agricultural and highway runoff (Tilak et al.,
2016). Wetland technologies are a reliable onsite wastewater treatment technology and
work with a higher rate of biological activity which enables conversion of many of the
pollutants that are contained in the wastewater into non-toxic byproducts and serve as
secondary or tertiary treatment level that meets the regulatory standards. CWs have
shown to successfully control macro (organic material, nutrients and pathogens)
pollutants and provide high quality water used for irrigation, recreational and other
reuse purposes. Generally, this technology serves as an active and low-cost alternative
technology for the treatment of wastewater all over the world (Mustafa, 2013).

Treatment wetlands are technologies that are able to remove nutrients, toxic metals,
organic pollutants, emerging contaminants and pathogenic organisms effectively
(Belmont et al., 2009; Chen et al., 2012). Their effective pollutant removal is associated
with several mechanisms involved in the constructed wetland systems. These are
sedimentation, filtration, volatilization, adsorption, plant uptake and bacterial activity
(Chazarenc et al., 2009; Ballesteros et al., 2016; Langergraber, 2013). The mechanisms of
treatment in constructed wetland are complex processes which can happen simultaneously
or sequentially involving microbial degradation, plant uptake, sorption, sedimentation,
filtration and precipitation. In designing the good wetland, the main biological component
in the CW is aquatic plants (macrophytes). However, it is important in determining the
appropriate plant species that can survive in the wastewater environment, because only
suitable plant species can treat a high concentration of pollutant in the waste water
(Prasad et al., 2016). The selection of media type is also very important, because clogging
problems are observed in subsurface flow constructed wetlands and linked hydraulic
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retention time and hydraulic conductivity. Therefore, adequate selection of granular
media could decrease the estimated wetland area and improve the removal efficiencies
(Lopez-Lopez et al., 2015). The vegetation biomass from the constructed wetlands can
provide economic importance to communities by harvesting it for biogas production,
animal feed, fiber for paper making and compost (Lakshman, 1987).

They also have an important role in carbon sequestration (CS) and reports indicated
that the highest CSP (carbon sequestration potential) was recorded for Typha latifolia
(741.02 g m2/yr) followed by Phragmites australis (740.5 g m?/yr) and the lowest for
Carexsp (137.37 g m?/yr) from wetlands (Maqubool et al., 2013). Generally, CW can
provide economical on-site wastewater treatment that is both effective and aesthetically
pleasing (EI-Gohary, 2008), and become a popular subject among many community
leaders, health officials, and home owners. However, in developing countries the use of
CWs is certainly lower in comparison to their use in Europe or the United States,
despite the enormous potential and the great necessity of these countries to implement
low-cost treatment for better wastewater management strategy to achieve the required
standards (Belmont et al., 2004; Zurita et al., 2006, 2008). In order to establish the
performance of constructed wetland systems under different conditions various research
studies have been carried out to investigate constructed wetland systems in the removal
of pathogens, organic matter and nutrients. To date however, very limited research
works on the performance of CW, especially under tropical conditions have been
reported. Therefore, the purpose of this review paper was to provide a comprehensive
literature review on the application of horizontal subsurface flow constructed wetlands
in treating a variety of wastewaters, and to discuss its feasibility in pollutant removal
efficiency and additional benefit in climate change mitigation through carbon
sequestration.

Objective

This systematic review was aimed to assess and to provide a comprehensive literature
review on the application of horizontal subsurface flow constructed wetlands in treating a
variety of wastewaters, and to discuss its feasibility in pollutant removal efficiency and
additional benefit in climate change mitigation through carbon sequestration.

Method

This review paper was written using searching key phrases “HSSF (Horizontal Sub
Surface Flow) practice in the world”, “Factors affecting treatment efficiency and
“benefits and limitation of Constructed wetland” in springer link, science direct, library
genesis, jester, and www.nap.org searching web pages. From these search results, peer
reviewed journals and review papers were used. The interpretation of the result of each
document was done using bar graphs, lines and scatter plot in a Microsoft Excel. In
view of the current demand of this review, the performance assessment assignment
employed a range of tools to gather and analyze data from secondary sources. The
review approach considered and used specific indicator parameters that are important
for the environment. The parameters used include: Total suspended solids (TSS), Total
phosphors (TP), Total Kjeldahl nitrogen (TKN), Biological oxygen demand (BOD),
Chemical oxygen demand (COD) and NH4-N (ammonia nitrogen).
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Constructed wetland historical background

Natural wetlands are usually found between water bodies and terrestrial areas. These
systems naturally screen and collect pollutants such as silt and nutrients as they migrate
towards water bodies. Natural wetlands were historically used as wastewater discharge
sites (Kadlec, 2003). This system is still used for wastewater treatment under controlled
conditions and the use of constructed wetlands has increased significantly. The
purposeful construction and study of wetlands to treat wastewater was started at the
Max Plank Institute in 1952 by Seidel (Vymazal, 2011).

Research in this area has accelerated since 1985 because of the simplicity of the
systems regarding mechanical operation, biological complexity and high level of
treatment. The other attractive advantage for developing countries is that construction
may be completed using local materials and labor. The first full scale horizontal flow
constructed wetland was constructed and used in the Netherlands in the 1975 but
vertical flow wetlands dated back to the time of Seidel (Kadlec, 2008). Horizontal
subsurface flow constructed wetland is the most widely used technology in Europe. This
technology is designed typically in a rectangular bed form, and contains planted
macrophytes and lined with an impermeable membrane or made from concrete.
Mechanically raw or pretreated wastewater is fed in at the inlet and passes slowly
through the filtration medium under the subsurface of the bed in a horizontal path until
it reaches the outlet zone before discharging via level control arrangement at the outlet
(Vymazal, 2005).

Constructed wetland classification
General classifications

Constructed wetlands for wastewater treatment are typically classified into two types
according to the wetland hydrology, i.e. free water surface (FWS) constructed wetland
and subsurface flow (SSF) constructed wetlands (Saeed and Sun, 2012).

In the FWS system, the water flowing through the system is exposed to the
atmosphere, while in the SSF system, water is designed to flow through a granular
media, without coming into contact with the atmosphere. FWS wetlands can be
subdivided into four categories based on their dominant type of vegetation: emergent
macrophyte, free floating macrophyte, free floating leaved macrophyte and submerged
macrophyte. However, the subsurface flow wetlands (which by definition must be
planted with emergent macrophytes) can be sub-classified according to their flow
patterns: horizontal or vertical (Vymazal and Kropfelova, 2008).

Surface flow systems are further subdivided based on the type of macrophytes that
grow on them as free floating macrophytes (e.g. duck weed and water hyacinth),
submerged macrophytes, free floating leaved macrophytes and floating mat macrophytes.
FWS systems are similar to natural wetlands, with shallow flow of wastewater over
saturated substrate. Whereas, in SSF systems, wastewater flows horizontally or vertically
through the substrate which supports the growth of plants, and based on the flow
direction, SSF constructed wetland is divided further into horizontal flow (HF) and
vertical flow (VF) systems. A combination of various wetland systems was also
introduced for the treatment of wastewater, and this design generally consisted of two
stages of several parallel constructed wetlands in series, such as VF-HF CWs, HF-VF
CWs, HF-FWS, CWs, and FWS-HF, CWs (Vymazal, 2013). In addition, the multiple-
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stage constructed wetlands that were comprised of more than three stages were used
(Kadlec, 2008). In the recent years, enhanced artificial constructed wetlands such as
artificial aerated CWs, baffled flow CWs, Hybrid towers CWs, step feeding CWs and
circular flow corridor CWs have been proposed to enhance the performance of the system
for wastewater treatment (Wu et al., 2014). According to Haberl (1999) design
configurations of constructed wetlands are classified on the basis of the following
parameters, as illustrated in Figure 1.
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Figure 1. Classification and types of constructed wetland systems. Performance evaluation of
constructed wetlands (Haberl, 1999)

Performance evaluation of constructed wetlands

Constructed wetlands are considered as natural treatment processes to stabilize,
sequester, accumulate, degrade, metabolize and mineralize pollutants. They are used for a
wide range of wastewater treatment such as municipal, domestic, agricultural, industrial,
acid mine drainage, petroleum refinery wastes, compost and landfill leachates, and storm
wastewaters (Vymazal, 2005). The treatment system involves macrophytes, substrates
and microorganisms able to improve the water quality for reuse purposes. Macrophytes
and Medias are an active component of horizontal subsurface flow constructed wetland
(Vymazal, 2011). The selection of media type is also very important, because clogging
problems are observed in subsurface flow constructed wetlands and linked hydraulic
retention time and hydraulic conductivity (Lopez-Lopez et al., 2015).

Wastewater treatment is accomplished through the integrated combination of
physical, biological and chemical interactions among biotic and abiotic components of
the ecosystem and macrophytes cultivated in constructed wetlands make one of the
basic components in the treatment process.

They influence plant microorganism’s wastewater interactions by providing microbial
attachment sites, sufficient wastewater residence time, trapping and settlement of
suspended wastewater components as a result of resistance to hydraulic flow, surface area
for pollutant adsorption, uptake and storage in plant tissue and diffusion of oxygen from
aerial parts to the rhizosphere (Kyambadde et al., 2005). Wetlands remove metals using a
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variety of processes such as filtration of solids, sorption onto organic matter, oxidation
and hydrolysis, formation of carbonates, formation of insoluble sulfides, binding to iron
and manganese oxides, reduction to immobile forms by bacterial activity, and uptake by
plants and bacteria. Metal removal rates in both surface flow and subsurface flow
wetlands can be high, but can vary greatly depending upon the influent concentrations and
the mass-loading rate (Vymazal, 2005).

A study conducted in Kenya to assess the effectiveness of CW in treating domestic
wastewater showed that the removal of BOD5, TSS, COD, TN, NH4-N and
Orthophosphate were highly effective with a removal value of 98%, 85%, 96%, 90%,
92%, and 88%, respectively (Nyakango, 1999). This was mainly because this wetland
consists of a combination of an SF system followed by three SSF wetland cells in a
series adjacent to it. A case study conducted in Italy, to assess the treatment
performance of an SSF CW by Pucci et al. (2000) showed high removal efficiencies for
COD (93%), TSS (81%), hygienic parameters (TC 99%, FC 99.7%), but relatively low
for nitrate (55%), total nitrogen (50%) and ammonium (30%), and very low for total
phosphorus (20%). This is mainly due to poor nitrification and denitrification in the
system. There is substantial evidence in the design of CW that a number of cells in
series can consistently produce a higher quality effluent. Because this process
minimizes the short-circuiting effects of any one unit and maximizes the contact area in
the subsequent cell (Gearheart, 2004).

Constructed wetland contaminant removal mechanisms

Nitrogen removal mechanisms in wetland are nitrification in aerobic zone, de-
nitrification in anaerobic zones which release N2 and N2O gases, plant uptake,
sedimentation, decomposition, ammonia volatilization, and accumulation of organic
nitrogen in gravels because of redox potential of hydric sediment conditions (Fig. 2).
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Figure 2. Nitrogen removal processes in wetland (Vymazal and Krépfelova, 2008)

The fate of phosphorus is quite different in wetland soils, since there are no
mechanisms comparable to de-nitrification as phosphorus has no gaseous phase.
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Consequently, plant uptake, sorption, decomposition and long-term storage occur, and
then phosphorus tends to accumulate in wetlands. Precipitation of phosphate minerals
can provide a significant sink for phosphorus in wetlands with large stores or inputs of
iron and aluminum or calcium (Fig. 3) (Vymazal and Kropfelova, 2008).

Figure 3. Phosphorus removal mechanisms (Vymazal and Kropfelova, 2008)

The wetland treatment mechanism is a dynamic process acting wastewater
purification under the cooperation of emergent macrophytes, substrates and attached
microorganisms. In general, in constructed wetlands it is important to study biomass
accumulation and nutrient flux in order to understand the dynamics of nutrients.The
carbon cycle in wetlands has been investigated to understand the linkage between
biomass generation and carbon sequestration (Kayranli et al., 2010). Wastewater
treatment may also serve as a carbon sequestration offset (Rosso and Stenstrom, 2008).
Wetland ecosystems are acting as a net carbon emission and sequestration systems
depending on the time scale and hydrology operational strategies (Whiting et al., 2001),
and as a component of a larger system treating wastewater (Rosso and Stenstrom,
2008). Constructed wetlands are passive natural processes and avoid carbon emission
equivalent of 1.3 Mt C/yr for every 1.0 MGD as compared to conventional high rate
treatment facilities such as activated sludge. There are many mechanisms for the capture
and release of carbon in a wetland (Fig. 4). Pathways for the release of carbon in the
constructed wetland system are slow decomposition, respiration, and physical removal.
Photosynthesis is the process whereby a plant transforms atmospheric carbon in the
form of CO; into the carbon of the plant tissue or biomass. The process of plant
respiration releases some CO> to the atmosphere as a byproduct of cellular growth. In
addition to respiration, plants release carbon as a byproduct of decomposition in the
form of COz and CH4 (Burke, 2011).

Factors affecting the performance of constructed wetlands
Temperature

This is a key environmental factor that determines the activity of nitrifying bacteria
and the de-nitrification potential in treatment wetlands (Langergraber, 2013). Nitrogen
removal by biological means is most efficient at 20-25 °C and temperatures above this
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affect both microbial activity and oxygen diffusion rates in the constructed wetlands. The
microbial nitrification and de-nitrification activities can decrease considerably at water
temperatures below 15 °C or above 30 °C, and most microbial communities for nitrogen
removal function at temperatures greater than 15 °C (Kuschk et al., 2003). Literature
revealed that the activity of de- nitrifying bacteria in constructed wetland sediments is
generally more robust in spring and summer than in autumn and winter and the overall
removal rate of nitrate is higher in the summer than in winter (Oostrom, 1994). De-
nitrification is commonly believed to cease at temperatures below 15 °C, but some studies
have demonstrated de-nitrification activity at 14 °C or lower temperatures. Richardson et
al. (2004) reported that the optimum temperature range for nitrification is 30-40 °C in
soils and the optimal ammonification is carried out at 40-60 °C at the optimal pH between
6.5 and 8.5. At low temperature, nitrification is insufficient to prevent a net increase in
ammonia concentration due to ammonification (Akratos and Tsihrintzis, 2007).
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Figure 4. The carbon cycle (Kayranli, 2010)

HRT

The high purification efficiency of constructed wetlands can be achieved by choosing
suitable growth media. Particle size, surface nature, bulk porosity and pore spaces of the
growth media are important factors in selection of media type for wastewater treatment.
Growth media provide not only physical support for plant growth but also additional
sites for biofilm growth and the adsorption of nutrients, heavy metals and promote the
sedimentation and filtration of pollutants. In general, the inconsistent treatment
efficiency of constructed wetlands depends on the type of feeding mode, the plant types
and type of media used (Abdelhakeem et al., 2016). According to Huang et al. (2000)
explanation, ammonium and total Kjeldhal Nitrogen (TKN) concentrations in treated
effluent decreased diagrammatically with increased wastewater retention time. In most
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wetland systems, efficient nitrogen removal requires longer retention time compared
with organic matter (COD and BOD) removal efficiency. Accordingly, nitrogen
removal efficiency varies greatly with flow conditions and HRT (Taylor et al., 2006).

In subsurface constructed wetlands, media perform the function of rooting material
for macrophytes surface for microbial biofilm growth, screen organic and inorganic
suspended matter, and distribute inflow and collect outflow water (U.S. EPA, 1993).
Keeping the water level below the surface of the bed, this reduces the risk of human
contact with pathogens, and reduces the opportunities for breeding vector organisms
such as mosquitoes. Media can also provide adsorption sites for phosphorus (Kadlec,
2003). According to this researcher, potentially active industrial byproduct substrates
include blast furnace slag, crushed rock, fly ash, and crushed concrete, burnt oil shale,
iron ochre and wood chips. The microorganisms responsible for the degradation of
pollutants are located at the surface of the media and the smaller sized media has a
larger surface area than the coarser media (Vymazal and Kropfelova, 2008).

Well graded media (containing all gravel sizes in the selected range) is better than
poorly graded media as it offers greater pore space and provides good removal of
particulate matter. In general, the substrate alone also provides significant wastewater
treatment, but vegetation further improves treatment efficiency (Abdelhakeem et al.,
2016). Therefore, the high purification efficiency of constructed wetlands can be
achieved by choosing suitable growth media.

Types of plant species

Plants are often grown in gravel beds to stimulate uptake and create suitable conditions
for the oxidation of the substrate, thereby improving the ability of the system to treat the
wastewater and create aesthetic value, exhibit several properties which enhance
wastewater treatment processes and thus, make them an essential component of the
treatment wetland. These properties influence wastewater treatment through physical
effects such as filtration, provision of surface area for the growth and attachment of
microorganisms and regulation of undesirable water temperature as well as surplus algal
growth. Macrophytes are the main biological component of wetlands and their presence
has been hypothesized to play a key role in wastewater remediation (Luckeydoo et al.,
2002). Macrophytes are also play an important role in wastewater treatment through
uptake of nutrients, surface bed stabilization and other mechanisms (Kadlec, 2008).
Wetland plants must survive the potentially toxic effects of the effluent and enhance the
treatment process of wetlands in several ways such as filtering wastes, regulating flow,
providing surface area for microbiological treatment, providing shed and controlling algae
growth, contributing oxygen to the cells, taking up and storing some metals and nutrients
from the wastewater (Kyambadde et al., 2005).

Metabolically, plants take up pollutants; produce organic carbon and oxygen, thereby
improve the water to varying extents. They are not only assimilating pollutants directly
into their tissues, but also act as catalysts for purification reactions by increasing the
environmental diversity in the rhizosphere, promoting a variety of chemical and
biological reactions that enhance purification. Several studies have shown that plants
enhance treatment efficiency by providing a favorable environment for the development
of microbial populations and by oxygenating the system. The roots of macrophytes
provide surface areas for microbial growth and aerobic zones in constructed wetlands.
The root facilitates various physical and biochemical processes caused by the relationship
of plants, microbial communities, soil and contaminants. Wetland systems with
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vegetation typically remove greater amounts of total nitrogen than non-vegetated systems
(Taylor et al., 2006). Nutrient removal by the emergent plants is achieved by two
processes: absorption of the plant itself and microorganism activity around the rhizome
(Cooper and Boon, 1987). In general, the main role of macrophytes in constructed
wetlands is to promote microbial growth with the media surfaces, and to assist the
permeation velocity of the wastewater for pollutant treatment efficiency (Table 1).

Table 1. Pollutant removal processes in surface flow constructed wetland (Tousignant and
Fankhauser, 1999)

Pollutant type Removal process
Particular organic matter is removed by settling and filtration then converted to
Organic material soluble BOD

(COD and BOD) |Soluble organic matter is fixed by biofilms and degraded by attached bacteria in the
biofilm on stems, roots sand particles etc.

Suspended solids Filtration
(TSS) Decomposition by bacteria during long retention time

Nitrification and de-nitrification in biofilm

Nitrogen Plant and microbial uptake
Phosphorus Adsorption (retention in the media)
P Precipitation with Ca, AL or Fe
Pathogens Filtration, adsorption, predation (feeding) by protozoa

Die-off due to long retention times

Precipitation and adsorption
Plant uptake

Heavy metals

Organic Adsorption by biofilm and clay particles
contaminates Decomposition due to long retention time and by bacteria
Other factors

Other important factors are wetland depth, pH, and DO. The nitrification and
denitrification process depend upon water pH, the presence or depletion of dissolved oxygen,
hydraulic loading rate, and the hydrological period of the wetland. At low DO concentration,
nitrification occurs in the aerobic zone but denitrification occurs in the anoxic zone (Kadlec,
2008). The biofilm may improve the denitrification; because of algae provide a desirable
carbon source for denitrifies (Marifielarena and Di Giorgi, 2001). In general, in order to
maintain and improve nitrogen removal and water quality in constructed wetlands, attention
should be given to factors that promote the growth rate of macrophytes and bacteria, such as
planting depth, harvesting time, optimization of temperature, pH, DO and HRT.

Performance efficiency of horizontal sub surface flow constructed wetland
(HSSFCW): a case in other countries

This section presents different macrophytes used for treatment of wastewater in
constructed wetland and their effectiveness in treating wastewater pollutants. The focus of
each case study is according to parameters related to the overall constructed wetland
design, macrophyte species, hydraulic loading rates and the efficiency of pollutant
removal. In order to evaluate the performance efficiency of a CW unit, the percentage of
concentration reduction and mass removal is reported. The wetland effluent is being
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irrigated on vegetation, nutrient levels in the effluent do not need to be as strict as for
direct discharge into a water course (Tousignant and Fankhauser, 1999). These systems
are highly effective at improving water quality have many benefits such as habitat
creation and low-cost operations (Kadlec, 2008). According to Mustafa (2013), the
monitoring of horizontal flow constructed wetland indicates that the general performance
of the system was good and it successfully reduced pollutants even under fluctuating
pollutant loading resulting from power breakdown. The average reduction of BOD
concentration over the treatment periods was 50% with mean effluent concentration of 34
mg/L. Whereas, the average removal efficiency of the treatment system for COD, TSS,
ammonia-nitrogen, orthophosphate and fecal coliform were 44%, 78%, 49%, 52% and
98% with mean effluent concentrations of 68.3 mg/L, 45 mg/L, 9.7 mg/L, 3.7 mg/L and
3.0 x 10% CFU (Colony-forming units)/100 ml respectively.

In general, the monitoring of horizontal flow constructed wetland indicates that it
was good and successful in reducing pollutants from wastewater up to the required
standards even under fluctuating pollutant loading. The outcomes revealed that if
constructed wetlands are properly planned and operated, they can be used as secondary
or tertiary treatment level under local conditions and finally delivers high value water
that can be used for landscape irrigation and also for other helpful uses. The COD
removal efficiency of HSSFCW even at low concentration which might be due to high
degradation rate in the wastewater collection systems and in settling tank before
entering the CWs. In overall, the results obtained in Indonesia, Thailand, and Costa Rica
revealed that, the local macrophytes and local natural substrates can perform
successfully in the treatment of domestic wastewater (Table 2). The organic
contaminants and pathogens can be removed successfully, therefore, the treated water
can be used safely for irrigation, fishery or out-door uses. In addition, the treated water
can replace a part of the fresh water need supplied from the pipe distribution systems
and be potential to protect surface and ground water reduces from the pollutants.
Moreover, the use of macrophyte creates a green space in a single house yard or green
public views for neighborhood (Qomariyah et al., 2017).

Table 2. The effective removal of pollutants in CWs with local macrophytes and natural
substrates (Qomariyah et al., 2017)

el | e | WSS | ooy | mos
BOD=98.55%
= 0,
17 I)—(|%S7F)((: \6\_/7 m) C. papyrus Sand & gravel Indonesia 58,0828:8‘;2;2
Detergent=99.86%
BOD=94-99.9%
COD=42-83%
(ZHXSff(ClV:/n) Canna & Helicona Gravel Thailand TSS=88%-96%
TN=4 -37%
TP=6 — 35%
BOD=94-99.9%
(14 ;'?SZFSXVG m) Coix lacrymajodi | Crushed rock Costa Rica COD=91.7-97.9%
FC=99.99%
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The performance efficiency of subsurface flow constructed wetland in Italy done by
Pucci et al. (2000) indicates that it has high removal efficiency for COD (93%), TSS
(81%) and total coliform (99%), but relatively less removal for nitrates (55%), total
nitrogen (50%), ammonium (30%) and total phosphorus (20%). This is mainly due to
poor nitrification and denitrification in the treatment system. A study done in Kenya
also revealed that the effectiveness of the constructed wetland in treating domestic
wastewater and indicated a removal efficiency of 98%, 85%, 96%, 90%, 92% and 88%
for BOD5, TSS, COD, TN, NHs-N and POs respectively (Nyakango, 1999). This
achievement was due to the wetland design which consists of a combination of a surface
flow system followed by three subsurface flow wetlands in a series adjacent to it.

The removal efficiency of constructed wetlands varies with hydraulic retention time,
hydraulic loading, wetland design, temperature, substrate and vegetation. Although
considerable number of reports has contributed to our understanding of the physical,
chemical and biological processes that facilitate the removal process, inconsistence
results suggest that further studies are required to optimize the system functioning. For
example, many scholars show that, a wetland scheme with vegetation has advanced
efficiency of removal than that without plants (Bwire et al., 2011) although others did
not notice any significant change between planted and unplanted systems (Baldizon et
al., 2002). Similarly, the percentages of nutrient (nitrates/nitrites and phosphates)
removal obtained in the planted constructed wetland cell were higher than the averaged
percentages of nutrient removal rates in the unplanted cell.

Thus, the average nitrate/nitrite percentage removal was 58.1% for planted cells
and 21.6% for unplanted cell while the phosphate percentage removal averaged 40.1%
for planted cells and 5.2% for unplanted cell (Mairi et al., 2012). Bacteria may be
reduced by sedimentation, chemical reactions, natural die-off and predation by
zooplankton, nematodes, lytic bacteria and attacks by bacteriophages (Denny, 1997).
The role of plants related to the treatment of wastewater is the physical effects brought
about by the presence of the plants. The macrophytes alleviate the surface of the beds,
offer good condition for physical filtration and deliver enormous surface area for
attached microbial growth (Brix and Schierup, 1989). Furthermore, macrophytes
reduce the velocity of wastewater into the wetland system and also supply oxygen at
the root zone which is used by aerobic microbes, thereby enhancing purificati