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Chapter 14
Harnessing Microbial Potential

for Wastewater Treatment in Constructed
Wetlands

Manoj Kaushal, Suhas P. Wani, and Mukund D. Patil

Abstract Microbial community constitute a major component of constructed wet-
lands (CWs), playing a major role in these systems capacities for treating wastewa-
ter. Constructed wetland system has a hydraulic regime, although the volume of
inflow in the wetland is never the same as the outflow. Wetland are either of Free
Water Surface (FWS) or Subsurface Flow (SF). Nitrogen, the most important com-
ponent in constructed wetlands undergoes transformation by various processes con-
verting N into one to another form and by plant uptake. For instance, nitrification is
more impactful for ammonia reduction and its removal relies on the configuration
of the wetland and the dissolved oxygen (DO). The chapter discusses the types of
wetlands and their physical, chemical and biological processes in the removal of
various contaminants. It also gives an overview of different microbial processes and
their mechanisms involved during the treatment of wastewater inside constructed
wetland systems.

Keywords Waste water treatment - Constructed wetlands - Biological transforma-
tion - Nutrient removal

14.1 Introduction

“Constructed wetlands are engineered ecosystems that have been made to optimize
the natural processes such as wetland flora, media, and associated microbial com-
munity for rejuvenating wastewater (Vymazal 2007)”. So wetlands created for
treating effluents like domestic (rural or urban), industrial wastewater, stormwater
runoff are termed as constructed wetlands (CW). These engineered systems are
natural alternative that acts as biofilters and use natural functions of vegetation,
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microorganisms and media to treat different water streams. Wastewater purification
can be governed by a number of factors including phytoremediation, adsorption or
nitrification, filtration by gravel and gravitational sedimentation. Dominant factor
among all is biological filtration through biofilm formation by aerobic or facultative
bacteria.

14.2 Constructed Wetlands

Constructed Wetlands are designed primarily for wastewater treatment with the aim
to maximise pollutant storage and transformation. Components of wetland include
water, media (gravel, sand), plants and microbes. Plants selected for use in CWs
must have following characteristics:

» Adaptation to local climatic conditions;

* Adaptation to pollutants and waterlogged conditions;

* Ecological acceptability;

* Contaminant removal capacity, either through direct or indirect mechanisms.
* Ability to establish, spread and growth

The constructed wetlands are of following types:

* Horizontal surface flow systems;
* Horizontal subsurface flow systems;
e Vertical flow systems with upstream or downstream and undefined loading.

CWs functions are highly under the control of microorganisms (bacteria, fungi,
algae, yeasts, protozoa) and their metabolism (Wetzel 1993). Wastewater treatment
within CWs occurs as it passes through the wetland media (gravel/sand) and the
plant rhizosphere. Major microbial process involved in wastewater treatment is
transformation (which may be aerobic or anaerobic) of organic and inorganic sub-
stances into insoluble substances and alteration of redox potential of media. In gen-
eral, microbes adapt to alternations with characteristics of the media and the water
reached to them, but when environmental conditions are unsuitable, they remain
dormant for years (Hilton 1993). However, toxic substances, such as pesticides and
heavy metals may affect microbial community of a constructed wetland.

Metabolic activity of microorganisms in the root zone gets affected by the supply
of oxygen. Rhizosphere, the most active reaction zone of constructed wetlands is
responsible for physicochemical and biological processes induced plant-microbe
interactions as well as with the soil and pollutants. In general, marsh plants give
efficient results for wastewater treatment as they possess specific characteristics of
growth physiology and able to survive even under extreme rhizosphere conditions
such as acidic or alkaline pH, toxicity, salinity, etc. Many physical, chemical and
biological mechanisms play important role in the treatment of wastewater.
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14.2.1 Sedimentation

Sedimentation plays lead role in removal of contaminants and biological degradation
pathways. Plant and leaf litter in the marsh slows down the water flow and allow
sediments in the wastewater to be deposited into the bed of the marsh. While pre-
dominates are the anaerobic processes in subsurface flow systems, surface flow sys-
tems usually prevail with aerobic processes. Pollutant/contaminants accumulation is
a prolonged process for phosphorus sink that only possible in a FWS system.
Retention rates due to these accretion goes up to 75 g m=2 year.”! (Vymazal 2007).
Sedimentation plays lead role in the reduction of some microbes within the wetland
(Gray 2004). Protozoan cysts and helminth eggs can automatically settle through
gravity flow in a free-flowing surface water constructed wetland. Bacteria and viruses
will not be removed unless they adhere to larger particles. Only some of viruses are
known adhere to particles in stabilized ponds that get attached and observed to be too
small to settle down on the surface of media (Characklis et al. 2005; Symonds et al.
2014). Thus, removal of pathogens can be directly correlated with particle removal
in constructed wetlands (Chouinard et al. 2014; Wu et al. 2016).

14.2.2 Adsorption

Pollutants in the wastewater adhere to plant material and media colloids because of
attractive forces, allowing them to settle to the base of the wetland. The movement
of inorganic P from the soil to mineral surfaces and thereafter its accumulation at
the media surface is known as adsorption. High presence of Al, Fe and Ca levels in
media can be directly related with P adsorption.

14.2.3 Precipitation

Insoluble substances (heavy metals) can become insoluble settle onto media and
plant material. Formation of phosphate ions with metallic cations, resulting in
amorphous solids when both are at peak level in terms of their concentrations is
regarded as precipitation reaction.

14.2.4 Nutrient Uptake

Plants growing in CWs use pollutants for growth due to abundance of nutrient avail-
ability in the wastewater. Ammonia and nitrate are utilized in the process of plant
uptake or assimilation, which are regarded as spring process in temperate zones. In
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this process, wetland plants behave for long cycle of aboveground biomass like
Typha spp. or Phragmites australis. Presence of nutrients and growth rate of plant
tissues tapped the potential rate of uptake of nutrients by the plants. Likely, it
impacts plant tissue in terms of nutrient storage and their concentrations and finally
with accumulation of biomass which is maximum for standing vegetation.

14.2.5 Decomposition and Volatilisation

Various elements such as nitrogen and sulphur existing in gaseous form are released
to the atmosphere which is important pathway for their removal in CWs. Water
mass distinct the soluble organic matter, by the process of sorption to solid surfaces
inside the constructed wetlands or through volatilization for volatile organic com-
pounds (VOC) (US EPA 2000).

This chapter will dwell on the mechanisms of important processes carried out by
microorganisms in the root zone of constructed wetlands which helps in removal of
contaminants from wastewater.

14.3 Role of Microbes in Constructed Wetlands

A diverse array of microbial communities performs and impact the removal effi-
ciency of contaminants in constructed wetlands. Also, microbial communities are
mostly responsible for the improvement in water quality from effluents of con-
structed wetlands (Ibekwe et al. 2003; Dong and Reddy 2010; Long et al. 2016).
Archaeal, bacterial, and fungal OTUs are always greater in the influent than in the
effluent of the any constructed wetland (Ibekwe et al. 2017). Rhizosphere is the
region where complex reactions take place due to close interaction between roots
and the wetland media. Rhizosphere is also identified as zone of diverse substances
as root exudates contains sugars, minerals, vitamins, polysaccharides, organic acids,
phenol and other organic compounds (Miersch et al. 2001). Bacteria, fungi, algae
and protozoa are the most common microorganisms responsible for the proper func-
tioning of CWs. Rhizosphere with root exudates stimulates the microbial communi-
ties for the degradation of organic pollutants. Rhizodeposition products perform the
mobilizing of nutrients. Organic acid excretion increased during nutrient limiting
conditions which enhancing iron and phosphate solubility, thus the plant’s nutrient
supply is boosted (Hoffland et al. 1992). Also, microorganisms use organic com-
pounds as substrates (sugars and amino acids) and excreted vitamins stimulate
microbial growth which is termed as rhizosphere effect. Microbial cells adheres to
each other and to wetland surface to form biofilms. They are frequently embedded
within a self-produced matrix of extracellular polymeric substance (EPS). However,
wetland media is the main supporting material for the formation of microbial film
and hence, responsible for removal of contaminants. In addition to contaminant/
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pathogen removal, there are other four major microbial reactions (fermentation,
nitrification, denitrification and phosphorus removal) mainly responsible for the
performance of constructed wetlands (Mitchell 1996). Nitrogen removal in con-
structed wetlands has been documented to be the result of the activities of microbial
communities, which impacts Anammox (Oehl et al. 2004) and nitrification-
denitrification (Kroger et al. 2012) pathways. In addition, microbial activities also
effect P removal partially through mineralization (Truu et al. 2005) and
immobilization.

14.3.1 Fermentation

With respect to climate change, constructed wetlands are also a major area of con-
cern and need to focussed as they are the major significant producer of atmospheric
methane. Designated by diverse microbial communities and water-logged surface
constructed wetlands are emerged and acclimatized to continuous water presence.
Oxygen poor environments favours methanogenesis and microbial communities liv-
ing in moist and hot environments consume oxygen at much faster rate than it dif-
fuses from air. Thus, wetlands are the most ideal candidates for fermentation
processes with anoxic environments enabling easier decomposition of organic car-
bon and production of high energy compounds (e.g., alcohol, volatile fatty acids,
methane). In a process of methanogenesis, microorganisms produce methane by
fermenting acetate into methane and carbon dioxide.

H3C _ COOH Halobaclerium,Ferroglobus" CH4 + C02 (14 1 )

Depending on the wetland type, in another process archaea oxidize hydrogen
with carbon dioxide to produce methane and water.

4H2 +C02 Pyrolobus, Pyrococcus, Methanosarcinales N CH4 + 2H20 (142)

14.4 Microbial Mediated Transformations in CWs

Microbial communities in wetland cells are the main cause for perturbation, con-
centration of dissolved organic matter, and stress related to chemical compounds
(Wassel and Mills 1983; Hirayama et al. 2005; Bodtker et al. 2008; Nelson 2009).
It has also been shown that, shifts in the bacterial communities structure can be
related with alteration in many physico-chemical soil properties such as texture and
availability of nitrogen (Frey et al. 2004; Lauber et al. 2008). Moreover, inside the
constructed wetland, diverse microbial communities are the significant drivers
greatly impacting the final quality of wetland effluents (Calheiros et al. 2009).
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Biogeochemical cycling of nitrogen involves both biotic and abiotic transforma-
tion resulting in a wide variety of inorganic and organic nitrogen compounds. Most
of the forms of the nitrogen are necessary for the existence of life as the nitrogen
forms the structural constituent of cell. Nitrogen transformation in wetlands are
necessary for functioning of wetland ecosystem and the transformation are enabled
by a diverse group of micro-organisms. The important processes that leads to the
transformation of nitrogen are ammonification, volatilization, nitrification, denitri-
fication, nitrogen fixation, assimilation, Ammonia absorption and ANAMMOX
(Vymazal 2007) occurring in the constructed wetlands.

14.4.1 Ammonification

Ammonification is a catabolic process involving biological conversion of organic
nitrogen compounds like amino acids into ammonia. This is essentially a multi-step
energy releasing biochemical process. The energy so released is utilised by the
microbes involved in the transformations. The rate of ammonification is a function
of pH, temperature, C/N ratio and soil physical conditions. However, the optimum
temperature (40-60 °C) and pH (6.5-8.5) are reported for ammonification process.
The important mechanism for the reduction of nitrogen content from constructed
wetlands is by the ANAMMOX process. When anaerobic ammonium oxidized,
ammonium and nitrite are converted to dinitrogen gas (Kuenen 2008). The
ANAMMOX reaction is as follows:

NH,” +NO, —N, +2H,0 (14.3)

Partial-nitrification in constructed wetlands with Anammox having huge depor-
tation efficacy of total nitrogen has been investigated over conventional methods
(Dong and Sun 2007), thus explaining microbial role in altering wastewater quality
in engineered wetlands. It has been reported that Anammox utilize carbon dioxide
as source of carbon to yield biomass and electron acceptor (nitrite) for oxidation of
ammonium, and electron donor for the discharge of carbon dioxide (Kuenen 2008).

Ammonia formation from organic compounds during organic matter degradation
is called ammonification, creating energy for growth, and then the ammonia is
directly incorporated into cell biomass (Vymazal 2005). Various factors including
temperature, pH, available nutrients, C/N ratio, such as texture and structure influ-
encing ammonification rates (Han and Lee 2005; Gustavsson and Engwall 2012)
and the values fluctuates between 0.004 and 0.53 g N/m?. d (Reddy et al. 2001;
Scholz and Lee 2005). After formation, ammonium can also be absorbed by plants
with their complex root systems (Forbes et al. 2010). The process occurs both under
aerobic as well as anoxic conditions, but has been moderately slow with anaerobic
conditions (Mitsch and Gosselink 2007). Ammonium (NH,*) gets absorbed by
plants with root and root hairs after the formation and immobilized in the sediments
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by ion exchange, volatilized as gas, anoxically changed back to organic matter by
different microbial community (Bacillus, Clostridium, Proteus, Pseudomonas, and
Streptomyces) called ammonifying bacteria. Then, process of deamination takes
place which results in the removal of the amino groups and producing ammonia
(NH3;). In most soils, the ammonia dissolves in water and get converted into ammo-
nium ions (NH,*).

14.4.2 Nitrification

Nitrification refers to the biological oxidation of ammonium to nitrate. Nitrification
takes place in the occurrence of dissolved oxygen (DO), when microbes change
ammonium to nitrate nitrogen, with an intermediate (nitrite) in the reaction sequence
(Oopkaupetal. 2016). Soil organisms like Nistrospira, Nitrosomonas, Nitrosococcus,
Nitrovibrio, Nitrosolobus are found to oxidize ammonia to nitrite and in the process
generate energy for its growth (Oehl et al. 2004; Ipsilantis and Sylvia 2007). These
organisms are chemolithotrophic aerobes. Subsequently, the facultative chemolitro-
trophic bacteria (Nitrobacter) oxidize nitrite to nitrate. Two step nitrification pro-
cess is as follows:

NH," +1.50, »NO, +2H" +H,0 (14.4)
NO, +0.50, »NO, (14.5)
NH," +20, > NO_ +2H" +H,0 (14.6)

Nitrification process is influenced by both physico-chemical and environmental
factors which includes temperature, pH, alkalinity, inorganic carbon source, mois-
ture, microbial population, and ammonium-N and dissolved oxygen concentrations
of (Vymazal 2007; Sundberg et al. 2007). Nitrate is either converted to biomass
after subsequently absorbed by plants or microbes or be decreased through denitri-
fication (Truu et al. 2005). Both the rhizosphere and biofilms (aerobic process) are
the major spots of biofilms. Nitrogen removal by nitrification mediated by microor-
ganisms in the presence of dissolved oxygen is a two-step process. Ammonium is
converted to nitrite and nitrate nitrogen by microbial community either in the water
columns or within the biofilms. The chemoautotrophic bacteria that accomplish the
process are called nitrifying bacteria. The process occurs in the presence of oxygen
in water column by suspended microbes and air within any aerobic biofilms. The
water column or sediments pore water still remains with nitrate as it is not immobi-
lized by wetland media which can further be utilized by plants or microbial cell
factories in assimilatory nitrate reduction using them to produce additional plant
biomass.
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14.4.3 Denitrification

Denitrification occurs after nitrification as nitrate is one of the prerequisites for it. In
denitrification nitrate get reduced in anoxic conditions to a gaseous dinitrogen.
Denitrification is overruled by bacteria in the absence of oxygen with a terminal
electron acceptor (nitrate) and electron donor in the form of organic carbon (Button
et al. 2015). Nitrate is converted into N, through intermediates nitrite, nitric oxide
and nitrous oxide (Weber et al. 2011; Nolvak et al. 2013; Button et al. 2016).
Biochemical conversion from nitrate to gaseous dinitrogen is as follows:

2NO, —2NO, —»2NO—>N,0—>N, (14.7)

Also, the absence of O,, redox potential, temperature, pH, presence of denitrifi-
ers, nitrate concentration impacts the denitrification rates (Vymazal 2007; Wang
et al. 2012; Herbst et al. 2016). Denitrification reaction occurs mostly in the sedi-
ments of constructed wetlands and in the periphyton and phytoplankton films of
water column where available carbon is very high and dissolved oxygen is very low.
Denitrification or dissimilatory nitrate reduction again carried out by denitrifying
bacteria under these anoxic conditions with the products (N, and N,O gases) that
will readily exit in the CWs.

Plant root exudates are act as potential sources of biodegradable organic carbon
for the constructed wetland plants after they get decomposed. Further, microorgan-
isms (bacteria and fungi) coagulate colloidal material, remove soluble and stabilize
OM, and convert it into various gases and new cell tissue (Mitsch and Gosselink
1986). Dissimilatory nitrate reduction then supplies N, for fixation by bacteria and
for uptake by plants in the vicinity of roots of sediments (where system is nitrogen-
lacking) with the remain as N, in the water column.

14.4.4 Nitrogen Fixation

Atmospheric nitrogen is assimilated into organic compounds, especially by certain
microorganisms (diazotrophs) that contain the enzyme nitrogenase. Diazotrophs are
a diverse group of prokaryotes that includes cyanobacteria, green sulfur bacteria,
and diazotrophs Azotobacteraceae, rhizobia and Frankia. Either aerobic or anaero-
bic bacteria and blue-green algae carried out nitrogen fixation in the overlying water
in free water surface zones, sediment, oxidized rhizosphere, and on the surfaces of
plants i.e. on the leaf and stems (Reddy and Graetz 1988).
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14.5 Phosphates

Phosphorus is an important nutrient of CWs ecosystem which can have secondary
effects by influencing eutrophication process that leads to algal blooms and other
problems related to quality of water in constructed wetlands. Phosphorus in engi-
neered wetlands occurs as phosphates in organic and inorganic compounds.
Phosphorus elimination from water in CWs occurs takes place through plant use
(assimilation/uptake) and microbes; aluminium, iron oxides and hydroxides adsorp-
tion; aluminum, iron, and calcium phosphates complexation; and removal of phos-
phorus adsorbed with sand/media sediments or organic matter (Richardson 1985;
Johnston 1991; Walbridge and Struthers 1993). Also, until the transformation into a
soluble inorganic form, dissolved organic phosphate remains unavailable to plants.
Again, suspended microbes and biofilms in sediments are responsible for these
transformations in the water column (Kaushal et al. 2016). Microbial removal
(uptake by biofilm) of phosphorus from CWs is very fast and highly effective; how-
ever, following cell death, the phosphorus is discharged again. Polyphosphate-
accumulating organisms are Acinetobacter spp., Lampropedia spp., Microlunatus
phosphovorus and Tetrasphaera spp. Phosphate accumulating organisms (PAO)
take up volatile fatty acids (VFAs), convert them to Polyhydroxybutyrate (PHB) and
store as soluble organics. PAO break energy-rich Poly-P bonds to produce energy
needed to produce PHB and thus Ortho-P is released into sediments. Accretion pro-
cesses are also responsible for the loss of phosphate within the sediments.

14.6 Heavy Metals

CWs receiving industrial wastewater are high in heavy metal content which can be
removed by the plant material uptake, adsorption and precipitation through micro-
bial behaviour. Fe (II) is oxidized to Fe (II) in surface flow CW by abiotic process
and microbial oxidation; precipitation of other elements are also occur such as arse-
nic (Kaushal et al. 2017). Under anoxic conditions, by microbial dissimilatory sul-
fate reduction some of the heavy metals are immobilized to form H,S.

14.7 Conclusion

Constructed wetlands are low-rate biological treatment systems to for the treatment
of variety of wastewaters including rural, urban, industrial and agricultural. CWs
are less sophisticated in operation and maintenance. Although such treatment tech-
nologies tend to be land intensive, they are often more effective in removing patho-
gens and continuous to work with proper maintenance. Also in any CW, microbial
processes are particularly needed in the conversion of nitrogen into different
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biologically appropriate forms, which are made available for plant metabolism.
Microbes are also responsible for phosphorus uptake by plants which converts
insoluble into soluble forms that again become available for the plants. In addition,
microbes decompose the organic compounds, and release carbon dioxide in the
oxygenic zones of CW and a variety of gases (CO,, H,S, and CH,) in anoxic zones.
Microbial activity may be concentrated at solid surfaces provided by plants, bio-
mass, and sediments. Microbial activities vary through seasonal influences, with the
least during winters.
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