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Abstract
Water is an essential resource that is required to sustain life. Its availability has to be adequate,
safe and easily accessible. Current trends in climate change and rise in human population has
compromised water adequacy, availability and safety. Wastewater managers around the world
have the responsibility to ensure that the effluent that is eventually released into the
environment does not degrade the quality of the recipient water bodies. Attaining
sustainability in wastewater management is top in the of Sustainable Development Goals’
Agenda. All in all, the realization of a more sustainable wastewater management will
require a highly holistic and balanced approach in evaluating a particular management
strategy's overall sustainability. Promoting the use of safe, affordable and adequately
available wastewater treatment techniques is a step towards wastewater management for
sustainability. This review paper therefore discusses some of the currently known and
emerging wastewater management techniques that are considered essential in attaining
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sustainability in water resource management.
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1. Introduction
Water is an essential resource that is required to sustain life, it has to be availed in an
adequate, safe and easily accessible manner. Wastewater managers around the world have the
responsibility to ensure that the effluent that is eventually released into the environment does
not degrade the quality of the recipient water bodies. (Mendes and Domingues 2015; Venesa
et al., 2015). The increasing identification of different kinds of contaminants in wastewater
has been one of the key challenges to environmental integrity and sustainability worldwide
(Schwarzenbach, 2006). Indeed, increase in human population coupled with climate change
phenomena have consequently lead to rise in pressures applied to wastewater handling
facilities (Rop et al 2016), and as a consequence, the existing freshwater resources are
increasingly becoming polluted and unavailable. In fact, the crucial issues regarding the
quality of water is the presence of several environmental contaminants, including endocrine
disrupters compounds, pharmaceuticals and personal care products and other pathogenic
organisms and dangerous substances, all of which have been identified in most waste water
handling facilities. The concern with all these contaminants is the uncertainty surrounding
their adverse effects (Venesa et al., 2015). Therefore, wastewater managers should employ an
holistic and comprehensive risk assessment techniques and risk management approach in
dealing with water pollution issues to ensure the safety and sustainability of all aquatic
systems (WHO, 2011 a, b; Harikishore and Lee, 2012).
2. Sustainability in Wastewater Management
There are different tools that can be adopted in wastewater sustainability assessment. These
assessment tools may be based on energy flow, economic analysis as well as life cycle
assessment. Even though most assessment only takes into account one tool at a time, but due
to complexity in the nature of pollutants in wastewater, the use of a balanced set of indicators
that provides a holistic assessment is required. (Metcalf and Eddy, 2003). However, the choice
of a particular set of indicators may vary from community to community based on geography,
culture, and population served. Most studies have highlighted several lists of indicators that are
required in assessing sustainability of wastewater management and wastewater treatment
technologies (Balkema, 1998; Balkema et al., 2002). Most wastewater sustainability studies
are comprehensive and have included multi-disciplinary set of indicators. However, majority
of them have only focused on evaluating one treatment technology without comparing different
treatment technologies and are one dimensional in terms of evaluating sustainability as they
only evaluate environmental stressors. Other studies that measure economic and environmental
issues associated with wastewater treatment have not fully embraced societal issues. In this
regard, they have not holistically captured the overall sustainability that should be inclusive of
a balance of economic, environmental and social considerations (Hwang and Hanaki, 2000;
Tsagarakis et al., 2002; Dixon et al., 2003). For end to end sustainability in wastewater
management, selection of a particular wastewater treatment technology should not be primarily
based on technical insight, but should also integrate the human and environmental activities
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that surround it (Muga and Mihelcic, 2007).
Wastewater treatment should not be focused on one contaminant, since there is no
“one-size-fits-all”. There must be a balance competing factors that in-cooperate adequate
disinfection to protect public health, minimizing disinfection by-product (DBP) formation,
minimizing greenhouse gas (GHG) footprint and also reducing neighbourhood impacts (Paul
and Swaim, 2016). It also requires a well-defined decision process that includes a clear
problem definition, transparent and inclusive sustainability assessment methodology as well as
clear and measurable criteria to assess sustainability (triple bottom line) (Curl et al., 2010; Paul
and Swaim, 2016). A non-sustainable wastewater management strategy may have impacts that
will extend beyond its immediate operational vicinity and even into future generations. In this
regard, traditional sustainability indicators for wastewater systems that have only emphasized
environmental stressors at the neglect of societal should be made to in-cooperate current and
intergenerational balanced impacts. Additionally, the design of wastewater management
systems that are better integrated into larger community needs could be considered. For
instance, the reuse of treated wastewater and management of solid residuals could be better
integrated with local agriculture practices which would re-distribute and return nutrients back
to the surrounding environment, instead of concentrating nutrient fluxes in one receiving
water body. Ideally the use of onsite-treatment systems like septic tanks, constructed wetlands
as well as composting latrines all have potential in embracing sustainability as most of them
rely on non-energy and chemical intensive processes that return nutrients to the surrounding
environment. All in all, the realization of more sustainable wastewater management will
require a highly balanced approach in evaluating a particular management strategy's overall
sustainability to a more sustainable development (Muga and Mihelcic, 2007; Curl et al., 2010;
Paul and Swaim, 2016).
3. Wastewater Management Principles
Wastewater treatment and management is the overall process that involves the improvement of
the quality of wastewater between points of production and points of discharge (Fig. 1). This
process is aimed at improving the physical, biological and chemical properties of wastewater
to eliminate both the known and emerging contaminants from the water eventually available
for release into the environment (De et al., 2012; Bruce et al., 2015). Biological treatment has
gained much ground over other methods since it has become an important and integral part of
any wastewater treatment plant that treats wastewater from different sources having soluble
organic impurities or a mix of different wastewater sources (Shrestha, 2005; Gonzales et al.,
2016). The obvious economic advantage of this new dimension of wastewater treatment over
other treatment processes has cemented its place in any integrated wastewater treatment plant.
Biological treatment using aerobic activated sludge process has been in practice for well over
a century and is undergoing more and more modification and improvements (WHO, 2004).
Rise in pressure to meet more stringent discharge standards by different agencies has led to
implementation of a variety of advanced biological treatment processes in recent years
(Vymazal, 2011).
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Figure 1. Integrated wastewater management system
The option adapted in wastewater treatment system has to be closely related to the standards
and/or expectations set for the effluent quality standards (WHO, 2011; World Water
Assessment Programme (WWAP), 2012). Wastewater treatment processes are always
designed to achieve improvements in the quality of the wastewater (Shrestha, 2005; Okoh et
al., 2010). The various treatment processes can be undertaken to improve the quality of water.
This can reduce suspended solids (physical particles that can clog rivers or channels as they
settle under gravity), biodegradable organics (e.g. BOD) which can serve as “food” for
microorganisms in the receiving body (Al-Mohammed et al., 2013; Ikhajiagbe et al., 2014;
Rop et al., 2014). Microorganisms combine this matter with oxygen from the water to yield
the energy they need to thrive and multiply; unfortunately, this oxygen is also needed by fish
and other organisms in the river (Berehanu et al., 2015). Heavy organic pollution can lead to
“dead zones” where no fish can be found; sudden releases of heavy organic loads that can
cause sudden fishkills (Cuvin-Aralar et al., 2001; Stephanie et al., 2013). It can also promote
Pathogenic bacteria and other disease causing organisms, the situation is most dangerous
where the receiving water is used for drinking, or as source of fish (Donde et al., 2014; 2015).
High occurrence of nutrients, including nitrates and phosphates can lead to high
concentrations of unwanted algae, which can themselves become heavy loads of
biodegradable organic pollutants. Treatment processes may also neutralize or remove
industrial wastes and toxic chemicals and this form of treatment should ideally take place at
the industrial plant itself, before discharge of their effluent in municipal sewers or water
courses (USEPA, 2003; Ling-ling et al 2009; Bruce et al., 2015).
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Wastewater treatment can either be achieved anaerobically or aerobically (Wafler, 2008; Jeon
et al., 2014; Sanjeev et al., 2014). Aerobic treatment processes produce more microorganisms
and inorganic end-products (principally CO2, NH3, and H2O) (Okoh et al., 2010; De et al.,
2012; Bruce et al., 2015) (Fig. 2). On the other hand, the anaerobic treatment processes do
assimilate organic impurities to produce methane and carbon dioxide gas and biomass (Tilley,
2014; Zhu et al., 2014) (Fig 3).

Figure 2. Principle of Aerobic wastewater treatment

Figure 3. Principle of Anaerobic wastewater treatment
4. Wastewater Treatment Techniques
Treatment of wastewater can be undertaken in three stages: primary, secondary, and tertiary
(or advanced). Primary or mechanical stage is designed to remove gross, suspended and
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floating solids from raw sewage that is direct from the source. It includes screening to trap
solid objects and sedimentation by gravity to remove suspended solids that come from the
catchment (Mannie and Bower 2014). Secondary stage is designed to remove the dissolved
organic matter that escapes primary treatment. This stage comprises of microbes consuming
the organic matter as food, and converting it to carbon dioxide, water, and energy for their
own growth and reproduction (Tilley, 2014; Benammar et al., 2015; Dharmender et al., 2016).
Generally, high-rate biological processes are normally characterized by relatively small
reactor volumes and high concentrations of microorganisms compared with low rate
processes (Mang and Li, 2010; Jeon et al., 2014; Sanjeev et al., 2014). Secondary treatment
may involve activated sludge, this is a process that involve the dispersed-growth reactor
which is an aeration tank or basin containing a suspension of the wastewater and
microorganisms, the mixed liquor. The contents of the aeration tank are mixed vigorously by
aeration devices which also supply oxygen to the biological suspension (Tilley, 2014; Irene et
al., 2016).
Conventional Activated Sludge Process (CASP) System is the most common and oldest
bio-treatment process used to treat municipal and industrial wastewater (Madoni 1994; Cordi
et al., 2012; Mang and Li, 2010; Arun, 2011; Cordi et al., 2012). The process may also
employ trickling filters, which are basins or tower filled with support media such as stones,
plastic shapes, or wooden slats where wastewater is applied intermittently, or sometimes
continuously, over the media (Wilson et al., 2015). As the waste flows, microorganisms
become attached to the media and form a biological layer or fixed film. Organic matter in the
wastewater then diffuses into the film, where it is metabolized. Oxygen is normally supplied
to the film by the natural flow of air either up or down through the media, depending on the
relative temperatures of the wastewater and ambient air. Forced air can also be supplied by
blowers but this is rarely necessary. The thickness of the biofilm increases as new organisms
grow. Periodically, portions of the film 'slough off the media. The sloughed material is
separated from the liquid in a secondary clarifier and discharged to sludge processing.
Clarified liquid from the secondary clarifier is the secondary effluent and a portion is often
recycled to the biofilter to improve hydraulic distribution of the wastewater over the filter
(Wafler, 2008; Wilson et al., 2015). There may also be rotating biological contractors which
are fixed-film reactors similar to biofilters in that organisms are attached to support media.
These support media are slowly rotating discs that are partially submerged in flowing
wastewater in the reactor (Galvaân et al., 2000; Tawfik et al., 2006; Cortez et al., 2008;
Manoj et al., 2015).
5. Advancement in Wastewater Treatment for Environmental Sustainability
To increase the efficiency of wastewater treatment, an additional stage has always been
incorporated. The tertiary wastewater treatment stage can remove more than 99 percent of all
the impurities from sewage, producing an effluent of almost drinking-water quality status
(Vymazal, 2009; Francisca et al., 2016). An application of a typical tertiary treatment process
is the modification of a conventional secondary treatment plant to remove additional nutrients
such as phosphorus and nitrogen. The current trend of tertiary treatment is working towards
reducing the use of chemicals by promoting natural processes in waste removal. (Vymazal,
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2009; De la Cruz et al., 2013). Effluent from primary clarifiers flows to the biological reactor,
which is physically divided into five zones by baffles and weirs (Arun, 2011; De la Cruz et al.,
2013). In sequence these zones are; anaerobic fermentation zone (characterized by very low
dissolved oxygen levels and the absence of nitrates, anoxic zone (low dissolved oxygen levels
but nitrates present), aerobic zone (aerated), secondary anoxic zone and final aeration zone.
The function of the first zone is to condition the group of bacteria responsible for phosphorus
removal by stressing them under low oxidation-reduction conditions, which results in a
release of phosphorus equilibrium in the cells of the bacteria. On subsequent exposure to an
adequate supply of oxygen and phosphorus in the aerated zones, these cells rapidly
accumulate phosphorus considerably in excess of their normal metabolic requirements.
Phosphorus is removed from the system with the waste activated sludge (Pickford, 1987; De
la Cruz et al., 2013).
Tertiary wastewater treatment has been modified overtime to include both overland and
macrophyte treatment of wastewater (natural wetlands). Overland treatment of wastewater
involves overland flow treatment in which effluent is distributed over gently sloping
grassland on fairly impermeable soils allows the wastewater to move evenly down the slope
to collecting ditches at the bottom edge of the area and water-tolerant grasses are an essential
component of the system (USEPA, 1995; De et al., 2012; Bruce et al., 2015; Rafiee et al.,
2016). The application rate for wastewaters will depend principally on the type of soil, the
quality of wastewater effluent and the physical and biochemical activity in the near-surface
environment. Rational design procedures, based on the kinetics of BOD removal, is under
modification for overland flow systems (Middlebrooks et al. 1982; Yaman et al., 2006).
Under this technology, the cover crop is an important component of the system since it
prevents soil erosion, provides nutrient uptake and serves as a fixed-film medium for
biological treatment. Crops best suited to overland flow treatment are grasses with a long
growing season, high moisture tolerance and extensive root formation. Reed canary grass has
a very high nutrient uptake capacity and yields a good quality hay, other suitable grasses may
include rye grass and tall fescue (Kadlec et al., 2007). Suspended and colloidal organic
materials in the wastewater are removed by sedimentation and filtration through surface grass
and organic layers. Removal of total nitrogen and ammonia is inversely related to application
rate, slope length and soil temperature. Phosphorus and trace elements removal is by sorption
on soil clay colloids and precipitation as insoluble complexes of calcium, iron and aluminium
(Suzanne et al 2015). Overland flow systems also remove pathogens from sewage effluent at
levels comparable with conventional secondary treatment systems, without chlorination. A
monitoring programme should always be incorporated into the design of overland flow
projects both for wastewater and effluent quality and for application rates (Suzanne et al 2015;
Olilo et al., 2016).
6. Macrophyte Treatment of Wastewater (Wetlands)
Maturation ponds which incorporate floating, submerged or emergent aquatic plant species
are termed macrophyte ponds and these have been used in recent years for upgrading
effluents from stabilization ponds. Macrophytes take up large amounts of inorganic nutrients
(especially N and P) and heavy metals (such as Cd, Cu, Hg and Zn) as a consequence of the
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growth requirements and decrease the concentration of algal cells through light shading by
the leaf canopy and, possibly, adherence to gelatinous biomass which grows on the roots
(Shah et al., 2015). A set up of floating macrophyte systems utilizing water hyacinth and
receiving primary sewage effluent in Florida achieved secondary treatment effluent quality
with a 6day hydraulic retention time, water depth of 60 cm and hydraulic loading 1860 m3/ha.
Additionally, similar results had also been observed for artificial wetlands using emergent
macrophytes (Kadlec et al., 2007; Jensen and Gujarathi, 2015; Shah et al., 2015).
i.

Floating Aquatic Macrophyte Systems

Floating macrophyte species, with their large root systems, are very efficient at nutrient
stripping. Although several genera have been used in pilot schemes, including Salvinia,
Spirodella, Lemna and Eichhornia, Eichhornia crassipes (water hyacinth) has been studied in
much greater detail (Sounders et al., 2007; Vymaza, 2011; Outa et al., 2014; Peixotoet al., 2016.
In tropical regions, water hyacinth doubles in mass about every 6 days and a macrophyte pond
can produce more than 250 kg/ha (dry weight). Nitrogen and phosphorus reductions of up to
80% and 50% have been achieved. In Tamil Nadu, India, studies have indicated that the
Ceratophyllum demersum, a submerged macrophyte, is very efficient at removing ammonia
(97%) and phosphorus (96%) from raw sewage and also removes 95% of the BOD5. It has a
lower growth rate than Eichornia crassipes, which allows less frequent harvesting (Outa et al.,
2014; Peixoto et al., 2016).
In such macrophyte pond systems, apart from any physical removal processes which might
occur (especially sedimentation) the aquatic vascular plants serve as living substrates for
microbial activity, which removes BOD and nitrogen, and achieves reductions in phosphorus,
heavy metals and some organics through plant uptake (Sounders et al., 2012). The basic
function of the macrophytes in the latter mechanism is to assimilate, concentrate and store
contaminants on a short-term basis. Subsequent harvest of the plant biomass results in
permanent removal of stored containments from the pond treatment system. Potential growth
rates of selected aquatic macrophytes cultured in nutrient water Kadlec. The nutrient
assimilation capacity of aquatic macrophytes is directly related to growth rate, standing crop
and tissue composition. The potential rate of pollutant storage by an aquatic plant is limited by
the growth rate and standing crop of biomass per unit area. Water hyacinth, for example, was
found to reach a higher standing crop level (Sounders et al., 2012; Outa et al., 2014; Shah et al.,
2015).
Fly and mosquito breeding is a problem in floating macrophyte ponds but this can be partially
alleviated by introducing larvae-eating aquatic biota such as fish species into the ponds (Berg
et al., 2010). A study revealed that pathogen die-off is poor in macrophyte ponds as a result of
light shading and the lower dissolved oxygen and pH as compared to algal maturation ponds
(Stephan et al., 2015). In their favor, macrophyte ponds can serve a useful purpose in stripping
pond effluents of nutrients and algae and at the same time produce a harvestable biomass.
Floating macrophytes are fairly easily collected by floating harvesters. The harvested plants
can serve as animal feed, green manure in agriculture, can be composted aerobically to produce
a fertilizer and soil conditioner, or can be converted into biogas in an anaerobic digester, in
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which case the residual sludge can then be applied as a fertilizer and soil conditioner (UN
Economic and Social Commission for Asia and the Pacific 1981; Jensen and gujarathi, 2015).
ii. Emergent Macrophyte Treatment Systems
In recent years, natural and artificial wetlands and marshes have been adopted in the treatment
of raw sewage and partially-treated effluents (Jensen and Gujarathi, 2015; Shah et al., 2015).
Natural wetlands are usually unmanaged, whereas artificial systems are specially designed to
maximize performance by providing the optimum conditions for emergent macrophyte growth
(Vymaza, 2011). The key features of such macrophyte bed treatment systems are;
a) Rhizomes of the macrophytes grow vertically and horizontally in the soil or gravel
bed, opening up 'hydraulic pathways' (Borkar and Mahatme 2015).
b) Wastewater BOD and nitrogen are removed by bacterial activity; aerobic treatment
takes place in the rhizosphere, with anoxic and anaerobic treatment taking place in the
surrounding soil (Ana et al., 2014).
c) Oxygen passes from the atmosphere to the rhizosphere via the leaves and stems of the
reeds through the hollow rhizomes and out through the roots (Ana et al., 2014;
Glaister et al., 2014.
d) Suspended solids in the sewage are aerobically composted in the above-ground layer
of vegetation formed from dead leaves and stems (Ana et al., 2014; Payne et al.,
2014).
e) Nutrients and heavy metals are removed by plant uptake (Glaister et al., 2014; Payne et
al 2014).
f) The growth rate and pollutant assimilative capacity of emergent macrophytes are
limited by the culture system, wastewater loading rate, plant density, climate and
management factors (Borkar and Mahatme 2015).
g) Pathogenic microorganisms are reduced through sieving and deposition that increases
their die-off chances (Jenny et al., 2013; Chandrasena et al., 2014)
Studies have shown high tissue N concentrations in plants cultured in nutrient enriched
(wastewater) systems (Borkar et al., 2015). However, because emergent macrophytes have
more supportive tissue than floating macrophytes, they might have greater potential for storing
the nutrients over a longer period. Consequently, frequent harvesting might not be so necessary
to achieve maximum nutrient removal although harvesting above-ground biomass once a year
may improve overall nutrient removal efficiency (Shrestha, 2005; Payne et al., 2014).
iii. Constructed wetlands
Constructed wetland is a designed and man-made complex of saturated substrates, emergent
and sub-mergent vegetation, animal life, and water that simulates natural wetlands for water
purification (Figure 4), they are increasingly being used worldwide to reduce pollutant loads
from different sources. (Wong et al. 1999; Ana et al., 2014; Namratha et al., 2016). Wetlands
provide a number of functions and values with the constructed ones providing water quality
improvement which is very significant in the control of water borne diseases (Davison et al,
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2005; Borkar et al., 2015). The technology of wastewater treatment by means of
constructed wetlands was started in Germany and involved horizontal flow system which
feed in the wastewater at the inlet and flows slowly through the porous medium under the
surface of the bed in a more or less horizontal path until it reaches the outlet zone where it is
collected before leaving via level control arrangement at the outlet (Vymazal, 2009; Ana et al.,
2014; Namratha et al., 2016). During this passage, the wastewater will come into contact with
a network of aerobic, anoxic and anaerobic zones. The aerobic zones occur around roots and
rhizomes that leak oxygen into the substrate. Major design parameters, removal mechanisms
and treatment performance have been reviewed by Vymazal and Kropfelova (2008) or Kadlec
and Wallace (2008). Various types of constructed wetlands may be combined in order to
achieve higher treatment effect. These systems are called “hybrid constructed wetlands”
(Vymazal, 2005; Haghshenas et al., 2016). For example, Horizontal Flow constructed
wetlands suffer from the lack of oxygen in filtration beds and, therefore, nitrification is very
low. In order to enhance ammonia removal, Horizontal Flow Constructed Wetlands are
commonly combined with Vertical Flow constructed wetlands in a staged manner. Vertical
Flow systems have a much greater oxygen transport capacity and, therefore, provide much
better conditions for nitrification. However, very limited or no denitrification occurs in
Vertical Flow systems. Therefore, the optimum combination of various types of constructed
wetlands always depends on the target pollutants (Vymazal, 2009; Weerakoon et al., 2016).

Figure 4. Design of wastewater treatment constructed wetland
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iv. Nutrient film technique
The nutrient film technique (NFT) is a modification of the hydroponic plant growth system in
which plants are grown directly on an impermeable surface to which a thin film of wastewater
is continuously applied (Figure 5), the root production on the impermeable surface is high and
the large surface area traps and accumulates matter (Leonard and Leonard, 2006; Castillo et al.,
2016). Plant top-growth provides nutrient uptake, shade for protection against algal growth and
water removal in the form of transpiration, while the large mass of self-generating root systems
and accumulated material serve as living filters (Danaher et al., 2013; Castillo et al., 2016). The
system provides roughing or preliminary treatment by plant species with large root systems
capable of surviving and growing in a grossly polluted condition. Large sludge accumulations,
anaerobic conditions and trace metal precipitation and entrapment characterize this mechanism
and a large portion of wastewater BOD and suspended solids would thereby be removed. In
addition, nutrient conversion and recovery occurs due to high biomass production and
wastewater polishing is attained during nutrient-limited plant production (Leonard and
Leonard, 2006; Danaher et al., 2013; Castillo et al., 2016).

Figure 5. Nutrient film technique variation of integrated wastewater
treatment-hydroponic plant production systems
7. Conclusion
To achieve sustainability in wastewater management, new concepts need to be developed in
view of the fact that the previously known biological wastewater treatment systems are
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sometimes not suitable to holistically solve all the problems associated with known and
emerging pollutants. Simple, more cost-effective and sustainability compliant treatment
technologies should be preferred as a first step. New wastewater treatment concepts should
meet the requirements of adapted wastewater treatment solutions. Biological wastewater
treatment step should be added to the mechanical treatment system and hybridized pathways
be incorporated to increase the purification efficiencies (Philip et al., 2010). As a way
forward, due to continued rise in human population that also results to increase in the amount
of waste being generated, therefore, the above discussed technologies still need further
improvement and modification to ensure that the quality of water is protected and that current
and future human health is not compromised.
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