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Chapter 2

Constructed Wetlands: An Emerging
Green Technology for the Treatment
of Industrial Wastewaters

M. Dinesh Kumar, S. Gopikumar, Do Khac Uan, S. Adishkumar,
and J. Rajesh Banu

Abstract Constructed wetland treatment methods have been evolved as a consis-
tent treatment technology treating domestic, industrial and agricultural wastewaters.
Special attention has been focused on landfill leachate and storm water runoff.
Natural wetlands in general remove pollution, but in CWs the conditions are prop-
erly monitored, as a result the efficiency in pollution removal is drastic. Removal of
the organics and suspended impurities improves the treatment efficiency. Introducing
special media for the absorption of nitrogen and phosphorous is focused for removal,
which are available in abundant and observed to be the major pollutant. The cost for
operation and maintenance of CWs are lower as it requires very less power con-
sumption compared with conventional treatment systems. In addition the design is
framed in such a way that it is involved in maintaining the environment during
floods and provides habitat for wildlife through dual or multipurpose ecosystems.
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2.1 Introduction

Insufficient availability of fresh water and poor sanitation are the major problems
outbursting in the urbanized world and is observed to be continuing so far; there-
fore, a proper technology should be adopted. According to WHO and UNICEF
report 2017, worldwide 3 out of 10 people are in need of access to fresh drinking
water, and every 6 out of 10 are deficient of secure sanitation The increase in water
demand is currently being managed by groundwater utility, which is easily available
in all geographical areas, though it has been technologically overexploited in all the
developing countries (Jiang 2009). Administration of wastewater has been moni-
tored by constructing wastewater treatment plants, but most of the developing coun-
tries are giving less priority in treating wastewater (Konnerup et al. 2011; Bharagava
et al. 2017; Chowdhary et al. 2017). The outcome of this strategy leads to disposal
of untreated wastewater in open streams and lakes (Senzia et al. 2003).

Constructed wetland is considered as potential ecofriendly technology to over-
come several environmental issues. This will enhance the wastewater treatment in
an innovative, sustainable and cost-effective emerging solution for the environmen-
tal protection and restoration (Vymazal 201 1a). Natural wetlands have been referred
as earth kidneys because they provide the function such as filtering pollutants and
nutrients from water that flows through them. Natural wetlands are not to manage
wastewater. However, their potential for treating pollutants makes significance in
the area of wastewater treatment system. An engineered constructed system imitates
the natural wetland functions. This system of treatment unit is intended to progress
such as filtration, adsorption, biodegradation, phytoremediation, photo remediation
and bioaccumulation with the help of vegetation, soil and microbes for treating
wastewater (Chowdhary et al. 2017; Yadav et al. 2017; Mishra et al. 2018).

Conventional system is in regular practice for the treatment of wastewater, but
constructed wetlands—the engineered, multidimensional treatment modules which
include the unit operation and process—are also observed to be the substitute. The
accomplishment is accompanied due to frequent increase in circulation of water,
great prospective in water, nutrient reuse, less utilization of energy, less mainte-
nance and effective removal of pollutants (Kadlec and Wallace 2008; Vymazal
2011a; Mishra et al. 2019). The application of this technology in the field of phar-
maceutical and personal care products receives wide appreciation by removing the
organic and solids contaminant along with toxin metals, nutrients and pathogens
(Gikas et al. 2013; Zhang et al. 2014; Yadav et al. 2016a).

The success rate in adopting this technology is due to design and operational
variables; its application receives wide appreciation in the field of domestic sewage
treatment (Mburu et al. 2013a, b), hospital wastewater (Shrestha et al. 2001), indus-
trial wastewater (Maine et al. 2007; Yadav et al. 2019), agricultural wastewater (He
et al. 20006), agricultural runoff (Yang et al. 2008), lake/river water (Li et al. 2009),
sludge effluent (Ahmed et al. 2008; Kumari et al. 2016), oil produced wastewater (Ji
et al. 2007), storm water runoff (Avila et al. 2013), sugar factory wastewater
(Bojcevska and Tonderski 2007; Bharagava and Chandra 2010), laboratory
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wastewater (Meutia 2001) and landfill leachate (Nahlik and Mitsch 2006). Phenol
removal was the first research work carried out in 1950s in Germany on CWs treat-
ing wastewater (Seidel 1961). Meanwhile in the last two or three decades, industrial
and agricultural wastewater along with storm water runoff is treated in CWs
(Vymazal 2011a).

CW treatment efficiency proves that warm tropical and subtropical climates are
essential for treating wastewater (Kivaisi 2001), this is due to exposed sunlight, and
have higher microbial action that benefits plant growth round the year, which
decrease the time necessary for microbial biodegradation (Zhang et al. 2012). To
achieve successful wastewater treatment with CWs, the designs are based on engi-
neered systems that make the most of the usual progression connecting the lowland
plant life, earth that is in connection with microbiological throng (Vymazal 2014).
Development of treatment capability and to highlight the exact characteristics of
wetland ecosystems, the man-made modern treatment wetlands are designed
(Kadlec and Wallace 2008). In addition to wetland treatment methods, the advanced
constructed wetland treatment is capable of covering a wide variety of priorities that
focus on improving the biodiversity and environmental conditions associated with
recovering river water quality, accompanying wildlife usage and irrigation of agri-
cultural lands. In connection with treatment terminology, some confusing names
have been mentioned such as bio filters, sand filters and green filters.

The CWs are extensive technologies that evolved with time and applications of
the hour without the contribution of energy and are the cost-effective and eco-
friendly expertise, which supports in removal of pollutants naturally from the waste-
water. CWs have some advantages compared to other treatment systems, such as
less expensive, natural process, simple construction, less operation and mainte-
nance, stability and cost-effectiveness.

2.2 Current Scenario About Constructed Wetland Treating
Industrial Wastewater

This technology deals with minimum energy consumption, using reuse/recyclable
materials with renewable sources, without the utilization of chemicals. The effect of
a good technology lies in the viability of economical factors protecting the environ-
ment with a good acceptance by the community. In treating industrial wastewater,
sustainable treatment system associate with the economic growth, environmental
and ecosystem protection and public health. CW system can bring the best sustain-
able treatment to the industries. CWs are known as low-cost and environment
friendly engineered system that use vegetation, soil material and microorganism to
treat municipal and industrial wastewaters (Nikolaou and Stefanakis 2018). Current
studies have focused on exploiting this type of treatment, as it is a better treatment
system financially compared with conventional wastewater treatment system.
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Normally, the conventional treatments such as activated sludge treatment, trick-
ling filter and anaerobic digestion require more cost investments for their infrastruc-
tures. Stefanakis et al. (2014) discussed that the current system of CW gives an
efficient method in treating domestic and industrial wastewaters resulting in good
effluent quality. These treatments mainly depend on the action of wetland vegeta-
tion, microbes and supporting materials. Processes such as adsorption, infiltration
and biological degradation are the treatment processes that takes place through veg-
etation in wetlands (Vymazal 2005). CW is a phytoremediation process that
improves the treatment of industrial wastewater (Riggio et al. 2018; Saxena et al.
2019). Phytoremediation is a plant-based significant treatment process in CW to
remove pollutants such as organic or inorganic materials and nutrients (Herath and
Vithanage 2015; Yadav et al. 2016b). The processes involved in phytoremediation
are phytoextraction, phytodegradation, phytostimulation, phytostabilization, rhizo-
filtration and phytovolatilization (Fig. 2.1).

In phytoextraction, wetland plants absorb the heavy metal through roots from the
substance while in phytodegradation, plants accomplished enzymatic breakdown of
organic to simpler components either alone or with the help of microbes. Plants in
wetland absorb organic materials through roots and release it into atmosphere
through transpiration, known as phytovolatilization. Through phytostabilization,
plants immobilize the pollutants to diminish the exposure in wetlands. Through
phytoremediation, vegetation in CWs enable major mechanisms to remove noxious
waste. Thus, treating industrial wastewater in wetland is more economic and envi-
ronmentally healthy process.

| | Phytovolatilization

' 8 - Pollutants J

Phytodegradation @0 wnion, Pliytoextraction
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Phytostimulation

Phytostabilization

Rizhosphere

Fig. 2.1 Phytoremediation treatment process in constructed wetland
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Stefanakis (2018) reported about a free-flow CW system which treating waste-
water from oilfields make available of good occupancy for all birds. This shows that
CW systems provide a good ecological system by promoting biodiversity. To
improve the treatment efficiency, integrated wetland system was developed. Wu
(2008) discussed about the integrated vertical flow constructed wetland (IVCW)
that merged with an up flow followed by down flow connected in series. Tao et al.
(2010) reported that IVCWs are favourable for anammox process. Saeed et al.
(2012) reported about a horizontal subsurface flow CW (HSSCW) system made up
of different media such as organic pea gravel, cupola slag and organic coco-peat.
Saeed and Sun (2013) used sugar bagasse as supporting media in vertical flow stage
of hybrid CW (HCW) which supports nitrogen removal and organic removal from
textile wastewater. This is due to the greater porosity and organic carbon leaching
action of sugar bagasse. The authors also found out that decolourizing is efficient
when they use sylhet sand as media in horizontal flow stage of same HCW.

Pretreatment of domestic and dairy wastewater in a proportion is carried out in
Imbhoff tank which is further subjected to treatment in a two-stage HSSCW-based
CW system connected in series and observed 94% output removal efficiency
(Mantovi et al. 2003). Single-stage vertical flow-based CW systems followed by
Van Oirschot (2015) deal with the treatment of dairy effluent for the past 16 years
and observed significant removal of phosphorus and nitrogen along with organic
compounds. Low greenhouse gas emissions compared to other conventional meth-
ods while treating the wastewater is an advantage for CW treatment system. In vari-
ous CW types, surface flow CW (SCW) system produce low CO, emissions while
VSSCW produces lowest CH, emissions, while significant N,O emissions were
produced (Mander et al. 2014).

However, HCW systems attain high removal efficiency with low greenhouse gas
emission. MFC is an emerging technology treating the wastewater along with power
production (Jayashree et al. 2014, 2016). It has an advantage of less sludge produc-
tion (Tamilarasan et al. 2018; Kumar et al. 2018). A new approach of integrating
CW incorporating microbial fuel cell (MFC) in treating industrial wastewater was
introduced. Yadav et al. (2012) demonstrated an integrated CW with MFC treating
dye wastewater which results in removal efficiency of 75% with the generation of
power density in the range of 15.73 m Wm™2. Presence of both the anaerobic and
aerobic circumstances in the process will normally develop the in situ CW-MFC
(Yadav et al. 2018). This combined system may offer further electron acceptors that
favours the anaerobic zone in the system and improve more power production. New
operational approaches are needed to enhance the organic removal and other useful
end product such as electricity by treating various industrial wastewaters in
CW system.
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2.3 Constructed Wetland Classifications

Constructed wetlands (CW) are mainly classified into three systems: (a) surface
water flow CW (free water flow) (SCW), (b) subsurface water flow CW (SSCW)
and (c) hybrid CW (HCW). In which, first two classifications mainly depend upon
their hydrological structure, and the third system is a combination of various CW
types. The subsurface water flow also classifies the wetland into two: vertical sub-
surface water flow CW (VSSCW) and horizontal subsurface water flow CW
(HSSCW). Table 2.1 shows the classifications of constructed wetlands.

2.3.1 Surface Water Flow CW (SCW)

SCW are generally a shallow water flow channels or basins with some vegetation
which is planted on soil layer (Vymazal 2014). In SCW, water flows horizontally at
minimum velocity, forming a water column depth up to 80 cm. This type of CWs is
exposed to atmosphere and partially to the sunlight. The wastewater flows through
wetland and comes into contact with the vegetation and efficiently removes the pol-
lutants through various physicochemical or biological processes (Wang et al. 2017).
Due to the atmospheric diffusion, the upper surface of the wetlands acts as aerobic
zones, while the anoxic and anaerobic zones are present nearby the residues. But in
high-loading SCW, the anoxic zone is present near the water surface. This type of
CWs is used as an advanced wastewater treatment followed by secondary or tertiary
treatment. Nitrogen is most effectively removed in SCW by nitrification/denitrifica-
tion process. Figure 2.2 indicates the schematic representation of surface flow con-
structed wetland (SCW).

In SCW, nitrifying microbes in aerobic region oxidize NH;, and then in anoxic
zone, NO; is converted to free nitrogen by denitrifying microbes. In SCW, phospho-
rous is removed by sorption and precipitation. SCW consists of an arrangement of
compartments with water regulator which regulate the flow in CW. Typha species
and Phragmites australis are the wetland species commonly vegetated in SCW at
the water depth of 20—40 cm. Chen (2011) reported that above 70% removal effi-
ciency for total suspended solids (TSS), chemical oxygen demand (COD) and bio-
chemical oxygen demand (BOD) can be achieved in SCW. The author also reported
that removal efficiency of 40-50% for nitrogen (N) and 40-90% phosphorous (P)
can be achieved in SCW.

2.3.2 Subsurface Flow CW (SSCW)

Subsurface flow CW (SSCW) is a sort of CW, with saturated or unsaturated vegeta-
tion which grow on the gravel. In these CWs, wastewater flows vertically or hori-
zontally by which the pollutants comes into contact with microbes that live around
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Fig. 2.2 Surface flow constructed wetland (SCW)

the rhizosphere zone (Saeed and Sun 2012). Saeed and Sun (2017) explained about
the pollutant removal mechanism of the SSCW as follows: filtration and settling,
precipitation and chemical conversion, adsorption on surface of media, plants
uptake, organic matter removal by microbes and conversion of nutrients. While
removing contaminant, microbial reaction in SSCW is greater than SCW. In SSCW,
water flows below the media, and depending on the flow pattern in SSCW, it can be
categorized into two groups: (a) vertical subsurface water flow CW (VSSCW) and
(b) horizontal flow subsurface water flow CW (HSSCW).

2.3.2.1 Horizontal Subsurface Flow CW (HSSCW)

In horizontal subsurface flow CW (HSSCW), the wastewater enters into the gravel
media of CW horizontally and gets treated. Due to subsurface flow, the water is fed
into CW below 5 cm from the top layer and not exposed to air. The wastewater
reaches into aerobic, anoxic and anaerobic zones. Aerobic zones near the roots drip
the oxygen into wastewater (Vymazal 2014). Plant roots release the oxygen which
increases the dissolved oxygen (DO) in the upper zone of HSSCW. Lower zone
remains as anaerobic region due to poor supply of oxygen. Temperature influences
the vegetation activity, while DO content in winter is low but high in summer condi-
tions (Huang et al. 2013). Mburu et al. (2013a, b) reported that horizontal flow
decreases the DO level because of high oxygen intake during the degradation.
Though nutrient removal is low, HSSCW has been proved very operative in the
removal of solids and organics at high rate. Stefanakis (2018) proposed some modi-
fications to advance the efficiency of HSSCW through effluent recirculating, by
rising water level or providing step feed and gravity filters. Generally, HSSCW is
applied for the treatment of effluents from the industries such as dairy, swine, mine
and olive mills. Figure 2.3 represents the horizontal subsurface flow constructed
wetland (HSSCW).
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Fig. 2.3 Horizontal subsurface flow constructed wetland (HSSCW)
2.3.2.2 Vertical Subsurface Flow CW (VSSCW)

VSSCW consists of a flatbed topped with gravel and macrophytes planted on the
surface of the bed. Wastewater fed into the CW on the top layer and spreads over the
other layers of CW. Then wastewater percolates down to reach the outlet through
the gravel media due to the gravitational force. In this mode of operation, wastewa-
ter moves vertically and shoots out the confined air and pulling the fresh air from the
atmosphere into the bed, as a result better aeration is enhanced. In VSSCW, the bed
depth varies from 0.45 to 1.20 m and has a slope of 1-2%, which is used to collect
the treated water (Stefanakis et al. 2014). For better oxygen transfer in CW, the
gravel media is totally drained and permits fresh air to occupy over the media.
Oxygen from atmosphere contributes more in bed oxygenation compared to oxygen
transferred from the plants. In VSSCW, macrophytes are used to maintain the
hydraulic conductivity of the CW. Pempkowiak et al. (2015) reported that VSSCW
systems has some advantages such as ability to transport oxygen and significantly
smaller than HSSCW systems. Schematic representation of vertical subsurface flow
constructed wetland (VSSCW) is shown in Fig. 2.4.

2.3.3 Hybrid Constructed Wetlands (HCW)

For effective wastewater treatment, CWs are combined and form as hybrid CWs.
Mostly, HCW consists of the arrangement of VSSCW and HSSCW. Commonly
used types of HCW are made up of (a) VSSCW and HSSCW systems in series and
(b) HSSCW combined with VSSCW system (Stefanakis et al. 2014). In VSSCW-
HSSCW combined system, VSSCW unit placed in first, to remove the suspended
solids and organic matter and to provide nitrification. In combination with HSSCW-
VSSCW, HSSCW is provided first to remove organic matter and then to achieve
denitrification. Then it is followed by VSSCW to enhance the organic removal also
to provide good conditions for nitrification. Nguyen et al. (2018) reported that HCW
is an efficient treatment method to remove all the pollutants.
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Fig. 2.4 Vertical subsurface flow constructed wetland (VSSCW)

2.3.4 Advanced CWs

Other than the main classification of CW, advanced CWs are used to improve
organic removal and nutrient removal from various types of wastewater. To achieve
efficient removal treatment, improved CWs with artificial aeration, flow with baffle,
feed in step mode and flow in circular have been proposed (Wu et al. 2014). Multi-
stage CWs comprises more than three stages CWs. For example, Saeed et al. (2012)
performed a HCW system that consists of VSSCW, followed by HSSCW and
VSSCW. They achieved good removal efficiency of organic materials such as nitrate
and phosphorous across the whole hybrid system. Hybrid system of integrated verti-
cal flow CW was introduced to improve the treatment efficiency (Wu 2008). A novel
design of HSSCW comprises vertical baffles placed beside the width of CW (Tee
et al. 2012). In this design, wastewater is feed into CW as it flows up and down
mode and it reaches the outlet. This design type allows wastewater goes in aerobic,
anoxic and anaerobic conditions in sequences which allow it to have more contact
with rhizosphere. In CW, the recirculation of treated wastewater within the system
improves the total nitrogen removal (Stefanakis and Tsihrintzis 2009). This recircu-
lation takes place in well-designed special wetlands, known as circular flow corridor
CW (Peng et al. 2012). This wetland avoids the negative influence of particles and
colloids on wetland, an advantage of other conventional CWs.

2.4 Factors Influencing the Treatment of Industrial
Wastewaters by CW

2.4.1 Organic Loading

Effluents from industries such as food processing, dairy industry and distillery
contain biodegradable substances and solids. Food processing industry wastes con-
tain oil and grease substances with organic matters as carbohydrates. Due to the
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presence of high organic content in industrial effluents, CWs are mostly designed
for secondary or tertiary treatment after conventional primary treatments through
activated sludge (Calheiros et al. 2014). High organic loading in CWs may affect
the treatment efficiency and also the wetland vegetation (Wu et al. 2015). Organic
loading also influences the growth of vegetations in CW. Plants near the outlet
show better growth than inlet of CW. This is because decreased organic loading in
wastewater moving towards the outlet might decrease stress on vegetation growth
(Worku et al. 2018).

2.4.2 Clogging

Clogging is a factor which influences the CW performance while treating industrial
effluents. Clogging mainly depends on the substrate need to be treated and hydrau-
lic characteristics of CW. Knowles et al. (2011) reported that clogging happens
because of the gathering of solids on the surface, low porosity, poor hydraulic con-
ductivity, biofilm formation, precipitates of chemicals and vegetation. In CW,
microbial substances are detached from each other and develop into biofilm on the
surface of the gravel. The biofilm occupies the pores of gravels and slowly develops
into block. Due to the continuous growth of biofilm, it forms into layer which clogs
the system and fails the wetland system. Indeed, the amount or degree of clogging
is influenced by the accumulation of solids, while the clogging is influenced by the
hydraulic behaviour of the CW.

High clogging may occur at the inlet of CW, because the wastewater enters
through the inlet where the solids filtered and retained. At this zone solids over-
loaded, form clogs and affects the infiltration rate (Pedescoll et al. 2013). Clogging
reduces the oxygen infiltration in the growth media which may reduce the efficiency
of CW and significantly shortening the life span of CW (Nivala et al. 2012).
Clogging reduces the longevity of CW into 8 years (Nivala et al. 2012) and 13 years
(Vymazal 2018), but generally CW has the longevity of more than 20 years. Varga
et al. (2013) reported that pretreatment is needed to avoid clogging and for the long-
term operation of CW with better performance. Herrera-Melidn et al. (2015)
reported that pretreatment is needed to reduce the concentration of solids before
treating the high strength WW in CW. The author also discussed that COD also in
minimum level to reduce the development of biofilm.

243 pH

In CW, pH influences the microbial processes. As a result of various pollutants in
industrial wastewaters, it may either acidic or alkaline. Saeced and Sun (2012)
reported that ammonification process in CW takes place when pH is 6.5-8.5.
Normally in wastewater heterotrophic production rates are high in neutral pH than
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in acidic pH. Hadad et al. (2018) reported that free floating species in CW adversely
affected if pH goes lower than 3 or beyond 9. The authors also reported that
T. domingensis is a suitable species in treating industrial effluents with high value
pH. The most favourable pH range for treatment of wastewater in CW by macro-
phytes is 6-9. Worku et al. (2018) also discussed that pH was slightly increased
from 6.4 at inlet to 8.1 at outlet while treating brewery industry wastewater. This is
due to consuming organic acids by microbes in bioremediation process.

2.4.4 Temperature

Temperature effects the microbial growth and metabolic rates in CW. Normally in
CW, greater biological activities and growth rates occur at high temperature while
low temperature limits the biological activities and leads to organic accumulation
(Meng et al. 2014). The author reported that temperature 28-36 °C is optimum for
nitrification activity in CW. Temperature above 15 °C is suitable for ammonia oxi-
dizing bacteria in which the bacteria grows faster than nitrite oxidizing; however,
the nitrite oxidizing bacteria can be removed at 25 °C. In CW, 15-38 °C is the most
favourable temperature range for the wetland plants.

2.5 Pollutant Removal and Operation and Maintenance
for CW Treating Industrial Wastewater

CWs are used to remove the pollutants such as organic and inorganic substances,
suspended and dissolved solids, pathogens, metals and nutrients from various indus-
trial wastewaters. CW performance may be affected by wetland structure, hydraulic
loading, wastewater type, type of vegetation, pollutant concentration and climatic
condition (Trang et al. 2010). In particular, pollutant removal in CW mainly depends
upon the organic loading, type of wastewater flow and type of vegetation on
CW. More hydraulic retention time is required in CW to remove the pollutants effi-
ciently (Kadlec and Wallace 2008). It is necessary to maintain the level of water for
the proper development of vegetation growth. Maintaining an optimum loading for
flow of substrate and desired vegetation is needed to get good efficient treatment
results in CW, otherwise results may lead to system failure. Plantation in CWs plays
predominant role in removing pollutants; the key factors identified are conversion of
nutrients, converting to low loaded systems by uptaking nutrients, storing of oxygen
in root and releasing of organic carbon (Vymazal 2011b). Table 2.2 shows the per-
formance of pilot scale CW treating various industrial wastewater.

CW plants take a main part in pollutant removal by direct intake, by promoting
the particle settling and by providing the substrate to microorganisms that break
down pollutants. Adsorption, volatilization, degradation, extraction, filtration and
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Fig. 2.5 Pollutant removal mechanisms in constructed wetland

sedimentation are the pollutant removal mechanisms take place in CW which is
shown in Fig. 2.5. Although nitrogen is removed by various processes like adsorp-
tion, volatilization and nitrogen fixation, nitrification and denitrification play a
major role in maximum removal of nitrogen in CW compared to other treatment
process.

Accumulation of organic matter and development in nutrient removal are pro-
moted due to growth of plants in CWs studied by Tanner (2001) and observed a
significant removal of nitrogen treating wastewater (Lv et al. 2013; Chen et al.
2014). HSSF-based CWs treating domestic wastewater was studied by Carballeira
et al. (2016) and observed a removal of 91% additional nitrogen, when plotting a
graph with the rate of nitrogen removed against the production of biomass. As per
plantation and its corresponding reports, it was experimented to be effective in total
nitrogen removal, and it ranges from 0.5 to 40.0% (Saeed and Sun 2012). Plants
grown above the ground showed sedimentation burial and denitrification which
leads to nitrogen removal in CWs with significant improvements (Chen et al. 2014).
The increase in nutrient removal shows decline in performance in monitoring the
nutrient removal in subsequent year (Zheng et al. 2015). With the help of sedimenta-
tion, adsorption, precipitation and dissolution, the microbes in plantation separate
phosphorous. Other compounds like phenol are also removed simultaneously.
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It was evident that by considering the physicochemical properties, 70% removal
was achieved in FCW. Wu et al. (2017) discussed that VSSCW enhances nitrification
process by utilizing excess oxygen produced in aeration. Followed by SCW should
have a good purpose for ammonia volatilization. Rani et al. (2011) reported about
performance of HSSCW treating pulp and paper industry along with the plant spe-
cies like Typha angustifolia and Canna indica. The authors also reported that there
is a sequential relationship between hydraulic retention time (HRT) and the effi-
ciency of removal. The removal efficiency in low HRT is high as compared to the
high HRT. It is possibly due to less supply of nutrients to the microbes at high
HRT. Instead, low HRT may lead to the washout of biofilm. Also, the removal effi-
ciency is slightly lower in winter compared to summer. This is because of
temperature-dependent microbial activities in CW which are better in summer,
because high evapo-transpiration in summer reduces the discharge rate compared
with other seasons.

Weerakoon et al. (2013) reported that hydraulic loading rate (HLR) influences
the pollutant removal, and it is an important parameter for efficient treatment in
HSSCW. The authors constructed a lab-scale HSSCW planted with T. angustifolia
species which resulted in an efficient removal of pollutants under varying HLR up
to 25 cm/day. Appropriate contact of wastewater with the roots of plantation removes
the dissolved particles by various microbial communities (Chen et al. 2016). Saeed
et al. (2012) performed a HCW system consisting of VSSCW, followed by HSSCW
and a VSSCW. The authors used different types of media such as organic coco peat,
cupola slag and pea gravel and planted Phragmites australis species in HCW. They
achieved the removal efficiency of 86% in NH;-N, 50% in NO;—N, 98% in bio-
chemical oxygen demand (BOD), 98% in chemical oxygen demand (COD) and
87% in PO,. Worku et al. (2018) reported the phytoremediation role played by
planted species for organic removal in CWs. The authors planted 7. latifolia and
P. purpureum in HSSCW for treating brewery industry wastewater, and the removal
efficiency of 81% COD and 87% BOD were obtained.

2.6 Economical Consideration of CW for Treating Industrial
Wastewater

For the treatment of industrial wastewater through CWs, the investment costs are
categorized based on lands, site utility, construction design, earthwork, liners, pav-
ing the filtration unit, plantation and equipment dealing with hydraulic monitoring
structure, fencing cost and for roads (Wallace and Knight 2006). The proportions of
cost for various countries are summarized, and the data available from Vymazal and
Kropfelova (2008) for the United States and the Czech Republic are observed to be
in the range of 7-27% followed by Portugal and Spain. The excavation costs ranges
between 27 and 53%, liner plantation cost (2—-12%), the unit plumbing cost (6—12%),
monitoring of structures ranges from (3.1-5.7%) and the mixed costs (1.8—12%).
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From economical aspects, the total investment for the CW erection in India was
observed to be 29 USD for a square metre (Billore et al. 1999) and evident to be 33
USD per square metre in Costa Rica (Dallas et al. 2004) and proved to be the high-
est in Belgium with 257 EUR per square metre (Rousseau et al. 2004).

The initial investment cost for subsurface flow CWs is as equal to conventional
treatment systems, but the CWs with FWS are comparatively lower due to limited
usage of media in rooting of bottom beds. The operation and maintenance costs for
CWs are very low compared with concrete and steel technologies. The focus areas
monitored were under pretreatment maintenance, less pumping energy, fulfilment in
scrutinizing the maintenance work of screens, grit chambers and Imhoff tank and
comfort in vegetation harvesting (Kadlec and Wallace 2008). Conservative waste-
water treatment plant and activated sludge processes are the effective treatment
methods followed in urban areas with economic operation cost. But CWs are afford-
able for small communities with clear improvement in various aspects such as con-
struction, treatment, maintenance of pumps, vegetation, pest control and less
utilization of power. It is observed that only one third of the construction cost occurs
in constructing CWs compared to WWTP (Liu et al. 2008).

Comparative study on the economic aspects of CW system and activated sludge
process confirm that initial investment cost for CW was relatively half of ASP
(Wang et al. 2006). An experimental model CW incorporated with 200 m= day~' of
unit was constructed along Dao River (Beijing, China), and it was estimated that the
construction cost was equal to one fifth of that of the existing WWTP (Chen et al.
2008). Land requirement plays a predominant place in deciding the economy of
CWs; it is land intensive and normally requires more space (Brissaud 2007); there-
fore, the expansion in application is progressed to place where land prices are
affordable. It is one of the reasonable and cost-effective among all processes, both
in case of land availability and in due course with less land requirement. In general
it has been constructed only in densely populated areas. In Southern China, an inno-
vative crossbreed CW scheme was constructed with a combination of vertical-
baffled flow and HSSF, and this scheme treated domestic wastewater (Vymazal
2011a). The advantage associated with this scheme is that it occupied less land than
conventional treatment.

Dallas et al. (2004) constructed a pilot plant treating grey water in Costa Rica,
with specialization in cost-effective and energy consumption unit. A comparative
study on constructed wetland and a sequential batch reactor (SBR) was performed
based on the economic and environmental cost analysis from an industrial wastewa-
ter treatment unit by Di Muro et al. (2014). It was observed that the storm water is
also routed through the system and the financial result points towards implementing
CWs are between the savings meanwhile implementing SBR leads to excessive
wastage of multiple of capital amount. The life cycle assessment (LCA) study
insists on less energy usage and substance uptake that lead to low eutrophication.
Though CWs have some advantages, some limitations need to be considered such
as requirement of large area, design criteria for different types of wastewater need
to treat and climatic conditions.
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2.7 Future Consideration

The water quality standards for wastewater treatments are stricter in coming days,
where CWs still need to improve research and development in the area of design
and operation. CW implementations are observed to be the reliable treatment tech-
nology treating various industrial wastewaters. The sustainability of this treatment
system is highly depended on advances in design, which naturally influence the
contaminant removal efficiencies and successful operation. In treating high-strength
wastewater, the CW performance is observed to be linear and drastic advancement,
which is due to framing optimized hydraulic design, method of operation, maintain-
ing proper organic loading and correct selection of substrates and plants. Selection
of plants for cultivation in the CWs seems to play a vital role in removing pollutant;
hence, proper care must be taken in selecting good species of macrophytes. In gen-
eral, these species are responsible for eliminating heavy metals and pharmaceuticals
through large biomass production, acceptability of high-pollutant loadings with suf-
ficient oxygen and carbon compounds. With toting up non-conventional methods
such as wastes from agricultural and industrial by products, with high sorption
capacity, needs to be developed and involved in pollutant removal process.

In optimizing the industrial wastewater treatment performance, the parameters
such as environment, hydraulic loading and operating conditions play predominant
role in forming pathway and mechanism equivalent in pollutant removal. Sustainable
technologies such as introduction of diffused aeration, adding external carbon, load-
ing reactor in rthythm, choosing various plant species, amplification of microorgan-
ism, choosing variety of substrate, introducing hybrid and baffled flow CWs may be
applied for the development and enhancement of CWs treating industrial wastewa-
ter. Attention towards selection of suitable plant species which absorbs nutrients and
pollutants should be focused because at the time of its death and decay, an appropri-
ate harvest strategies, reclamation and recycling of resources should be disclosed.
CWs treating industrial wastewater offer potential for nitrogen removal through
anammox and CANON processes.

The process performance and efficiency of this treatment depend on the condi-
tion of growth of anammox bacteria and the construction design favouring the rep-
lication. In addition the optimized microbial species favouring nitrogen-removing
gene should be studied using biogenetics and gene modification. Study on pretreat-
ment methods, planting on new vegetation, introducing different porous media and
change in operational strategy are the research areas where future investigation is to
focus on for potential innovative applications associated with CWs.

2.8 Summary and Conclusion

For the last five decades, constructed wetland treatment methods have been evolved
as a consistent treatment technology treating domestic, industrial and agricultural
wastewaters. Special attention has been focused on landfill leachate and storm water
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runoff. Natural wetlands in general remove pollution, but in CWs the conditions are
properly monitored; as a result, the efficiency in pollution removal is drastic.
Removing the organics and suspended impurities improves the treatment efficiency
also; it is enhanced by adding various types of CWs in combination mode.
Introducing special media for the absorption of nitrogen and phosphorous is focused
for removal, which are available abundantly and observed to be the major pollutant.
The cost for operation and maintenance of CWs are lower as it requires very less
power consumption compared with conventional treatment systems. In addition the
design is framed in such a way that it is involved in maintaining the environment
during floods and provides habitat for wildlife through dual or multipurpose
ecosystems.

This chapter illustrates the types of CWs and its operational factors like selection
of plant species, specific substrate and level of water to be maintained, rate of load-
ing and hydraulic retention time. They are the key stones to achieve an efficient
treatment performance. In the application of CWs, attention should be taken to
implement the plant species and specific substrates under real-life condition opti-
mizing the environmental and operational factors in implementing new advanced
technologies and maintaining the strategies. The CWs are made to work in all forms
of environmental conditions. The organic contents ranging in the form of SS, COD
and BOD are proportionally removed based on the application of CWs considering
the appropriate design criteria and provided loading rates. CWs are monitored to be
the admired alternative technologies rather than conventional type wastewater treat-
ment, and the results treating various industrial effluents almost project the same
operational trouble and their margins.
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