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It is noteworthy that ammoniacal nitrogen contamination in wastewater has reportedly posed a great threat to the environment.
Although there are several conventional technologies being employed to remediate ammoniacal nitrogen contamination in
wastewater, they are not sustainable and cost-effective. Along this line, the present study aims to highlight the significance of green
chemistry characteristics of phytoremediation in nitrogen for wastewater treatment. Notably, ammoniacal nitrogen can be found in
many types of sources and it brings harmful effects to the environment. Hence, the present study also reviews the phytoremediation
of nitrogen and describes its green chemistry characteristics. Additionally, the different types of wastewater contaminants and
their effects on phytoremediation and the phytoremediation consideration in wastewater treatment application and sustainable
waste management of harvested aquatic macrophytes were reviewed. Finally, the present study explicates the future perspectives of
phytoremediation. Based on the reviews, it can be concluded that green chemistry characteristics of phytoremediation in nitrogen
have proved that it is sustainable and cost-effective in relation to other existing ammoniacal nitrogen remediation technologies.
Therefore, it can be deduced that a cheaper and more environmental friendly ammoniacal nitrogen technology can be achieved
with the utilization of phytoremediation in wastewater treatment.

1. Introduction

Ammoniacal nitrogen is one of the wastewater contaminants,
which can be found in many types of wastewater. Excessive
ammoniacal nitrogen in water body may lead to eutroph-
ication, which induces the growth and decay of excessive
plant and algal, and caused degradation of the water quality
[1]. Notably, algal blooms may limit light penetration. On
the other hand, eutrophication promotes anoxia in the water
body, which leads to unpleasant and injurious gases, and
endangers fish and invertebrates [1]. To date, there are several
current methods being employed for the removal of ammo-
niacal nitrogen in wastewater. Ammoniacal nitrogen may be
removed bymeans of conventional air stripping tower, which
can only remove around 60% to 90% ammoniacal nitrogen.
However, it should be noted that this process requires the use
of chemicals for pH value control, therefore imposing higher

treatment cost and lime-related operating and maintenance
problems. Apart from the conventional air stripping tower,
ammoniacal nitrogen can also be removed with break-point
chlorination. This process is able to remove 90% to 100% of
ammoniacal nitrogen, but it generates high chlorine residual
and can be detrimental to the aquatic life. In addition, it
requires careful control of the pH value in order to prevent
the formation of nitrogen trichloride gas.

To date, phytoremediation is regarded as one of the
most economically viable, sustainable, and affordable tech-
nologies. This is due to the fact that plants-based systems
and microbiological processes were utilized in phytoreme-
diation to reduce pollutants in nature [2]. It is an in situ
remediation technology, which is ecologically friendly and
solar dependent clean-up technology [2]. It is noteworthy
that phytoremediation is a green chemistry process which
offers a sustainable alternative and cost-effective technology
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in relation to conventional ammoniacal nitrogen clean-up
technology for industrial tertiary wastewater treatment. Con-
sequently, the present study aims to highlight the significance
of green chemistry characteristics and the sustainability of
phytoremediation in nitrogen remediation for wastewater
treatment.

2. Ammoniacal Nitrogen: Sources and Effect in
the Environment

Ammonia is colourless gas and exhibits a pungent smell at
ambient temperature and pressure. It is the main constituent
of domestic wastewater concentrations. It is very soluble in
water and exists in equilibrium between ionized ammonia
(NH3) and ionized ammonia (NH4+) species in water [3]. A
number of studies indicated that the total ammonia toxicity
is caused by the effect of unionized NH

3
[3]. Total ammonia

is usually referred to as the summation of ammonia and
ammonium concentrations [4]. The ammonium ions is an
important element, which is needed in plants for growth.
Notably, ammonia enters the environment by means of the
municipal, agricultural, industrial, and also natural activities
[5]. Also, ammonia enters the environment from natural
sources due to the degradation of organic waste matter,
gas exchange with atmosphere, animal waste, and nitrogen
fixation [6]. There are two types of sources on how ammonia
enters the environment, namely, point and nonpoint sources.
Point sources of ammonia derive from the emissions and
effluent from various types of industrial plants. On the other
hand, the nonpoint sources of ammonia are fromagricultural,
residential, municipal, and atmospheric releases [6].

The presence of ammoniacal nitrogen in water leads to
environmental problems, such as eutrophication of surface
water, changes in ecosystems, and acidifications [43]. In
aquatic eutrophication, the ammoniacal nitrogen works as
a source of nitrogen, which is needed for the production of
nitrates. The high concentration of nitrates and ammonia
in water body may result in a toxic environment and may
cause oxygen deficiency environments resulting from the
nitrification process. Severe eutrophication may lead to a
hypoxic condition, which is a dead zone where no aquatic life
can survive [43].

3. Phytoremediation of Ammoniacal Nitrogen

The plant utilization of nitrogen involves few steps including
the uptake, assimilation, and translocation [44]. Plants take
up mainly three forms of nitrogen, namely, nitrate ions, urea,
and ammonium ions. Once ammonia is present in the plant
cell, it is incorporated into proteins and other organic com-
binations through a biochemical reaction. However, only the
ammonium ion is assimilated into the organic molecules in
the plant tissues bymeans of enzymatic process [44]. Ammo-
nium and nitrate ions are the principal sources of nitrogen
for plant growth and are necessary in larger amount than
the other mineral nutrients. In comparison to nitrate, ammo-
nium is absorbed by the plants more quickly [45]. This is due
to the lower energy requirement for the uptake and assimi-
lation of ammonium ions in relation to the nitrate ions [46].

It should be noted that the ammonium ions can be directly
absorbed by the roots of the plants or as a result of nitrate
ion reduction, it is further assimilated into the amide amino
group of glutamine by the glutamine synthetase and sub-
sequently, into glutamic acid by the glutamate synthase.
These two enzymes resulted in the assimilation of most of
the ammonium ions [44]. Notably, the ammonium ions are
toxic and not permitted to be stored in plants. Hence, the
ammonium ions are either oxidized nitrates ions, assimilated
to produce amino acids, or converted to amides [47].

When the plants take up ammonium ions, they release
one hydrogen ion in the medium solutions. Over time, the
uptake of ammoniacal nitrogen may increase the hydrogen
ions concentration, hence decreasing the growing medium
pH value. However, an increase of ammonium uptake in
plants and storagemay result in cell damage and further leads
to cell death [48]. The ammonium ions are taken up by the
plants from the root uptake. The nitrogen uptake by the root
system depends on the nitrogen demand of the entire plant
and is dependent on the nitrogen requirement for growth.
Nitrogen starvation of plants for several days may lead to the
increased capacity for ammonium uptake [48].

4. Green Chemistry Characteristics
of Phytoremediation

Green chemistry is defined as the chemical products and
processes that lessen or prevent the production of hazardous
substances. The application of green chemistry does not only
bring benefits to the environment, but also lead to innovation
and enhanced economy [49]. In phytoremediation, only
plants were needed for the remediation process. It should
be noted that phytoremediation of ammoniacal nitrogen
process possessed green chemistry characteristics, such as no
chemical usage, energy efficient, and safer reaction condition
in relation to the conventional ammoniacal remediation
technology.

4.1. No Chemical Usage. In comparison to conventional
ammoniacal nitrogen remediation technology, the phytore-
mediation process requires no chemical usage.The chemicals
required for the conventional ammoniacal remediation tech-
nology may add up additional operational cost. This cost is
considered as a loss as it does not add up to the company’s
profit. Notably, no chemical is needed for phytoremediation
process. The plants naturally take up ammonium ions from
the wastewater to support its growth. Besides that, the plants
used in phytoremediation are renewable feedstock that aids
in the reduction on climate change by the fixation of carbon
dioxide [50]. The existing ammoniacal nitrogen remediation
technology and phytoremediationwith the chemical required
for each process are presented in Table 1.

Ferraz et al. (2013) employed lime and powdered calcium
hydroxide to increase the pH value to 11 of the leachate for
ammonia stripping, in which the ammonia stripping tower
reduces at 88% of the initial TAN concentration in the pH
value of 11 leachate [7]. However, the formation of calcium
carbonate scale resulted in the reduction of ammonia strip-
ping performance [51]. Viotti and Gavasci (2014) revealed
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Table 1: Chemical used for different types of ammoniacal nitrogen remediation technology.

Technology Type of chemical Reference
Air stripping Lime & powdered Ca(OH)

2
[7]

Ion exchange Saturated lime solution, NaCl and sodium hydroxide, cliniptilolite [8]
Breakpoint chlorination Chlorine gas & lime [9]
Electrodialysis Electrolyte (sodium sulphate, potassium chloride) [10]
Phytoremediation No chemical is needed [11]

Table 2: Comparison on the energy consumption of the existing ammoniacal remediation and phytoremediation.

Technology Energy usage Reference
Ammonia stripping 450MJ/m3 per leachate treated [12]
Breakpoint chlorination 17.4 million kwh/yr (electricity cost) [13]
Biological nitrification 6.31 million kWh/yr (electricity cost) [13]
Ion exchange 126–194MJ per NH

4
-N treated [8]

Phytoremediation Harvest energy from sunlight [14]

that progressive scaling reduces the ammonia removal effi-
ciency by 18% of the ammonia stripper [51]. It is noteworthy
that ion exchange for the removal of ammoniacal nitrogen
utilized regenerant for the regeneration of the clinoptilolite.
Interestingly, the costs of chemicals, which are required for
regeneration made up a major fraction of the cost of ion
exchange process [8]. As regards the removal ammoniacal
nitrogen using break-point chlorination, chlorine gas and
lime are used. The total costs of the chemicals for break-
point chlorination for 300MGDwith 15mg/L of ammoniacal
nitrogen influent plant are 1.47 cents/1000 L ofwastewater [9].
Mondor et al. (2007) used sodium sulphate and potassium
chloride as the electrolytes for the electrodialysis of swine
manure for ammonia recovery [10]. Notably, phytoremedi-
ation requires no chemical usage during the remediation
process and this can save up the company’s operational cost.
It is easy for aquatic macrophytes to be cultured for stock due
to its fast growth and reproduction.

4.2. Reduction of Energy Consumption. As regards wastew-
ater treatment plant, energy consumption is often associated
with the amount of type and load of the pollutant. On average,
nutrient removal technology has higher energy intensity [52].
Notably, phytoremediation is a solar-driven technology and
hence, only the energy from sunlight is required for the
phytoremediation process. The sunlight energy can be found
in abundance all year round, especially in the countries with
tropical climate. It should be noted that phytoremediation
offers a relatively lower energy usage than the other exist-
ing ammoniacal nitrogen remediation technologies. Table 2
indicates the comparison on the energy consumption of the
different types of ammoniacal nitrogen technology.

4.3. Inherently Safer Process. In comparison to some con-
ventional ammoniacal nitrogen clean-up technologies, phy-
toremediation has safer reactions and lower risks. Phytore-
mediation provides an alternative to remediate ammoniacal
nitrogen by means of using eco-friendly biomass rather than

chemicals, which caused potential risks such as health haz-
ards, chemical reaction hazards, fire and explosion hazards,
and environmental hazards. Table 3 indicates the potential
risk arising from the utilization of conventional ammoniacal
nitrogen clean-up technology.

Many risk assessment studies have reported accidents
involving ammonia with many subjects [53]. Campos et
al. (2013) in their study of the evaluation of pH value,
alkalinity, and temperature during the air stripping process
for ammonia removal from landfill leachate bubbled the
ammonia gas generated from ammonia stripping in acid for
neutralizations [15]. Besides that, break-point chlorination
may result in the generation of nitrogen trichloride, which
is an explosive gas. Okado et al. (2014) reported in their study
of analysis of an explosion accident of nitrogen trichloride
in waste liquid containing ammonium ion and platinum
black that the explosion of the liquid waste was due to the
generation of nitrogen chloride [16]. Notably, there were no
potential risks associated with phytoremediation, biological
nitrification, and ion exchange process.

5. Wastewater Contaminants and Effects to
Phytoremediation Performance

It is worth highlighting that the success of phytoremediation
application for the industrial tertiary wastewater treatment,
especially for nitrogen removal, is highly dependent on the
characteristics of tertiary wastewater effluent. The industrial
wastewater is comprised of a wide range of contaminants,
which may cause toxicity to the aquatic macrophytes. Toxic
contaminants that are present in the wastewater may inhibit
the growth of the plants, which may affect the performance
of the aquatic macrophytes in remediating the wastewater.
According to Clarke and Baldwin (2002), different tolerance
on ammonia concentrations was exhibited with different
types of aquatic macrophytes and they concluded that the
effectiveness of phytoremediation can be improved by choos-
ing the aquatic macrophytes which have high tolerance
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Table 3: Different types of existing ammoniacal nitrogen remediation technology with different potential hazard.

Technology Potential hazard References
Ammonia stripping Generation of corrosive by-product (ammonia) [15]
Breakpoint chlorination Generation explosive by-product (nitrogen trichloride) [16]
Biological nitrification Not reported —
Ion exchange Not reported —
Phytoremediation No generation of harmful by-product [17]

of ammonia level in the wastewater [54]. Besides that,
the tolerance of aquatic macrophytes on different types of
contaminants present on the wastewater may also affect the
ammoniacal nitrogen removal efficiency. According to Lu et
al. (2004), reduced growth can be observed on the plants
under heavy metal stress [18]. Apart from that, exposure
to heavy metals in wastewater may also inhibit plant’s
growth [55]. It is worth noting that the level of tolerance
in different types of aquatic macrophytes with different
ammoniacal nitrogen concentrations and other common
wastewater contaminants were studied by several researchers.
Table 4 displays some research carried out on tolerances of
several aquatic macrophytes used for phytoremediation with
different types of contaminants.

As shown in Table 4, different types of aquatic macro-
phytes have different tolerancewith different types of wastew-
ater contaminants. Eichhornia crassipes appears to be one
of the most promising aquatic plants for tertiary industrial
wastewater treatment due to its high tolerance with wide
range of wastewater contaminants. Notably, it has high
tolerance to most of the heavy metals and higher tolerance
to higher ammoniacal nitrogen concentrations.

6. Phytoremediation Wastewater Treatment
Application Consideration

The important parameters of phytoremediation must be
considered to ensure the efficiency of the phytoremediation
process. Among the important parameters are aquaticmacro-
phytes species, salinity, temperature, and pH.

6.1. AquaticMacrophytes Species. Todate, a number of studies
have been carried out on ammoniacal nitrogen uptake with
different type of macrophyte species for wastewater treat-
ment. In determining the suitability of macrophyte species
to be utilized for phytoremediation, the rate of ammonium
uptake by plants and the assimilation of these nutrients into
the plant biomass are of utmost importance. The generated
plant biomass may be utilized as an indicator to estimate the
nutrient uptake capacity of the plants [56]. Table 4 indicates
the list of macrophytes used by different researchers for
the phytoremediation of ammoniacal nitrogen. However, the
suitability of the aquatic macrophytes for different types of
wastewater depends on the aquatic macrophytes tolerance on
different types of contaminants in the wastewater as shown in
Table 4.

6.2. Salinity. The effect of salinity stress on aquatic macro-
phytes may greatly affect the growth and reproduction of

aquatic plants. Different types of aquatic macrophytes species
have different tolerance range. According to Haller et al.
(1974), the tolerance of aquatic macrophytes towards salinity
may affect their performance in water treatment due to the
reduction of transpiration and total dry weight with higher
level of salinity and death [57]. According to Haller et al.
(1974), large-leaved floating species is the most vulnerable to
salinity, whereas submerged species may tolerate high level
of salinity in comparison to large-leaved ones, and small-
leaved species is the least vulnerable [57]. According to a
study carried out by Lu (2009), salinity has a significant
effect on plants dry biomass [58]. This is due to the fact
that more new individuals of small size plant may not
compensate for the biomass reduction due to the inhibited
vegetative growth at high salinity level [58]. Notably, this
high salinity level inhibits aquatic macrophytes water uptake
by reducing the osmotic potential of the water. Haller et al.
(1994) observed that Pistia stratiotes and Eichhornia crassipes
may be significantly affected by lower salinities, which are
around 10% and 13.32%, respectively [57]. Moreover, Lu
(2009) observed that the Pistia stratiotes dry matter yield was
reduced by approximately 30% in the 1766𝜇S cm−1 [58]. On
the other hand, Pascale et al. (1997) observed that biomass
production is inhibited at higher salinity [59].

6.3. Temperature. The performance of aquatic macrophytes
in phytoremediation varies with temperature [60]. This is
due to the fact that the phytoremediation performance of
plants is dependent on the plants’ growth. Temperature is
one of the most crucial ecological factors, which influence
the productivity of a particular macrophyte species. Most
of aquatic macrophytes are able to grow well between
the temperatures of 20∘C and 30∘C and inhibited growth
at the temperature of 10∘C and below [61]. Shah et al.
(2013) studied the performance of three aquaticmacrophytes,
which include Eichhornia crassipes, Lemna minor, and Pistia
stratiotes regarding BOD5 removal. It was found that the
optimum temperature for the three aquatic macrophytes’
growth ranges between 15∘C and 38∘C [60]. Nevertheless,
different species of aquatic macrophytes may be used for
cooler weather conditions. Reddy and Tucker (1985) stated
that Centella asiatica can be successfully grown during cooler
months and may be used to replace Eichhornia crassipes-
based nitrogen wastewater treatment system [62].

6.4. pH. Wastewater pH value may influence the perfor-
mance of aquatic macrophytes in remediating the ammonia-
cal nitrogen. Shah et al. (2014) reported that a pH value of 6–9
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Table 4: Different types of contaminants with different aquatic macrophytes species.

Type of
contaminants Aquatic macrophytes Tolerance

Mg/L Comments References

Cadmium

Eichhornia crassipes
<20

Reduction of relative growth in
cadmium > 2mg/L concentrations. [18]

Survived 21 days in the high
concentrations of cadmium (5mg/L,
10mg/L, 15mg/L, and 20mg/L) with
toxicity in the form of chlorosis, gross
necrosis, and wilting of older leaves.

[19]

<0.11
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.11mg/L.

[20]

Lemna minor <0.56
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.56mg/L.

Ipomea aquatica <22.7

Survived 15 days in zinc concentration
of 0.23mg/L, 2.27mg/L, 4.09mg/L,
7.26mg/L, 12.71mg/L, and 22.7mg⋅L

with blackening of roots.

[21]

Pistia stratiotes <10.5 Survived 14 days of experiment with
yellowing, chlorosis at 10.5mg/L. [22]

Cyanide Eichhornia crassipes <10

At 5mg/L of CN, the transpiration
slightly reduced with no morphological
changes and plants exposed to 10mg/L
of CN survived with 50% desiccation of

their leaves.

[23]

Zinc

Elodea canadensis <0.33
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.33mg/L.

[20]Leptodictyum riparium <6.54
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations of 6.54mg/L.

Lemna minor <6.54
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 6.54mg/L.

Eichhorna crassipes <12

Growth rate reduced in 2–5 ppm of
selenium and becomes negative at

higher concentrations between 8mg/L
and 12mg/L.

[24]

Selenium
Eichhornia crassipes <24 Growth slightly decreased at higher

concentration between 16 and 24mg/L.
[25]

Pistia stratiotes <40 Yellowing of leaves at 40mg/L of
selenium at day 4.

Copper

Leptodictyum riparium <0.64
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.64mg/L.

[20]

Lemna minor <0.32
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.32mg/L.

Elodea canadensis <0.51
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 0.51mg/L.

Lemna minor <1.04
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 1.04mg/L.

Eichhorna crassipes <25
Survived 7 days of experiment with

signs of copper toxicity such as leaf and
petiole chlorosis.

[26]
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Table 4: Continued.

Type of
contaminants Aquatic macrophytes Tolerance

Mg/L Comments References

Lead

Leptodictyum riparium <2.07
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 2.07mg/L.

[27]

Elodea canadensis <1.04
Survived 7 days of test period with 50%

of inhibition of growth rate at
concentrations 1.04mg/L.

Eichhornia crassipes <1000
Survived 7 days of treatment test at

1000mg/L with inhibited plant growth
by 50%.

[28]

Pistia stratiotes <414
After 8 days, plant destruction was
observed, leaves and roots falling at

414mg/L.
[22]

COD

Eichhornia crassipes <1530
Survived 7 days in the 1530mg/L of
COD of textile effluent with slightly

brown leaves.
[29]

Pistia stratiotes <1931

At 1931mg/L of COD of parboiled rice
mill wastewater, the color of the plant
changed to brown by the second day

and wilted on the 5th day.

[27]

BOD

Eichhornia crassipes <2121
At 2121mg/L of BOD of tapioca
wastewater, Eichhornia crassipes
survived until day 8 by 20%.

[30]

Pistia stratiotes <1089

At 1089mg/L of COD of parboiled rice
mill wastewater, the color of the plant
changed to brown by the second day

and wilted on the 5th day.

[27]

Ammoniacal
nitrogen

Eichhornia crassipes <56.4

Survived 4 weeks of test period with
wilting, loss of plant turgidity, weakness
of petioles, and browning and reduction

in lead number in raw sewage.

[31]

Eichhornia crassipes <136
Survived 4 weeks of test period in the
ammoniacal nitrogen concentrations of

136mg/L in dairy manure.
[32]

Hydrocotyle umbellata <136

Wilt on the 7th day of the test period
with crisping and browning at 136mg/L
of ammoniacal nitrogen concentrations

of dairy manure.

[32]

Lemna minor <7.2 50% growth inhibition at unionized
ammonia concentrations of 7.2mg/L. [33]

Pistia stratiotes <136

Wilt on the 7th day of the test period
with crisping and browning at 136mg/L
of ammoniacal nitrogen concentrations

of dairy manure.

[32]

is the most favourable for the treatment of wastewater using
aquatic macrophytes [60]. El-Gendy et al. (2004) in their
study use Eichhornia crassipes, Pistia stratiotes, and Lemna
minor to remediate municipal wastewater and reported that
the optimal growth for Eichhornia crassipes is 7 [63]. How-
ever, it can withstand pH values ranging from 4 to 10 [63].

7. Harvesting Aquatic Macrophytes

It should be noted that the major issue with regard to
phytoremediation is the large amount of biomass generated

from this process. The most effective ammoniacal nitrogen
removal deals with the harvested aquatic at the end of each
vegetation cycle. Failure to harvest the aquatic macrophytes
at its harvesting period may lead to the release of the stored
ammoniacal nitrogen back into the wastewater.

7.1. AquaticMacrophytes Biomass Yield. Aquaticmacrophytes
generated a large amount of biomass under nutrient-rich
conditions [64]. To anticipate the amount of waste that will be
generated, the amount of biomass-generated data is crucial.
Also, this preliminary data is important in selecting the most
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Table 5: Biomass yield for different types of aquatic macrophytes.

Aquatic macrophytes Maximum annual biomass yield (t dry wtm2 yr−1) References
Eichhornia crassipes 0.0106 [34]
Pistia stratiotes 0.0072 [34]
Hydrocotyle umbellata 0.0041 [34]
Phragmites communis 0.0010 [35]
Lemna minor 0.0008 [36]
Salvinia rotundifolia 0.0030 [37]

Table 6: Leaf lifespan of different types of aquatic macrophytes.

Aquatic macrophytes Maximum leaf life span (days) References
Eichhornia crassipes 35 [38]
Nymphaea tetragona Georgi 31 [39]
Trapa natans 30 [40]
Hydrocharis dubia L. 18 [41]
Lemna minor 31 [42]
Spirodela polyrhiza 12 [42]
Wolffia borealis 12 [42]

appropriate waste management technique for phytoremedi-
ation. Notably, different types of aquatic macrophytes have
different biomass yield as exhibited in Table 5.

Based on Table 5, Eichhornia crassipes has the highest
maximum annual biomass yield at 0.0106 t dry wt m2 yr−1
and Lemna minor has the lowest maximum annual biomass
yield at 0.0008 t dry wt m2 yr−1. It is worth noting that the
success of wastewater treatment systems by means of using
aquatic macrophytes is also determined by its growth rate.
According to Greenway (2002), at low to medium nutrient
concentrations, the biomass generation is proportional to
nutrient supply [56].

7.2. Harvesting Period. It is worth highlighting that regular
aquatic macrophytes harvesting is crucial in order to prevent
the release of stored ammoniacal nitrogen back into the
wastewater. Hence, a well-planned harvesting schedule is of
utmost importance in order to ensure an efficient ammonia-
cal nitrogen removal. Table 6 displays the leaf lifespan of the
different types of aquatic macrophytes.

Some of the leaf lifespan of aquatic macrophytes is
affected by the dissolved inorganic nitrogen concentrations.
Tsuchiya and Iwakuma (1993) discerned that the nutrient
level may affect the leaf lifespan ofHydrocharis dubia L. [40].
The results of their study showed that the leaf lifespan is
relatively longer in lower concentration of nutrients [40].
Tsuchiya (1989) revealed that the leaf lifespan of Trapa
natans is shortened at higher nutrient concentrations (i.e., at
30mgN/L) [41]. Notably, Chabot and Hicks (1982) echoed
that leaf lifespan is related to nutrient availability [65]. Eich-
horna crassipes has the longest leaf lifespan, which is 35 days.
Both Spirodela polyrhiza andWolffia borealis have the lowest
leaf lifespan, which is 12 days. It should be noted that the
shorter the leaf lifespan of the aquaticmacrophyte is, themore
frequent it is to harvest the aquatic macrophytes. However,
the leaf lifespan of aquatic macrophytes also depends on

the characteristics of the wastewater, which is very sensitive
heavy metal exposure (shown in Table 4).

8. Sustainable Management of Harvested
Aquatic Macrophytes

Seadon (2010) posits that a sustainable waste management
integrates feedback loops and avoid wastes from disposal
[66]. Aquatic macrophytes is an organic matter, which can
be broken down and can be converted into value-added
products.

8.1. Biogas. Biogas is an environmentally clean fuel, which
is generated from the anaerobic digestion of organic waste
[67]. To generate biogas, aquatic macrophytes may be used
due to its high carbon to nitrogen ratio and high content
of fermentable matter [68]. Aquatic macrophytes, such as
Eichhornia crassipes, Trapa natans, Typha latifolia, Salvinia
molesta, Lemna minor, and Pistia stratiotes, can generate
high biogas yield and be decomposed easily ([69–73]).
Ngoju et al. (2015) stated that Eichhornia crassipes can be a
potential feedstock for biogas generation. Also, they found
that the biogas generated from Eichhornia crassipes feedstock
comprised 49–53% of methane, 30–34% of carbon dioxide,
5-6% nitrogen, and relatively small amount of hydrogen
sulphide [74]. On the other hand, factors affecting biogas
yield from the aquatic macrophytes biomass include particle
size, volatile solid content, plant composition (i.e., nitrogen,
carbon, and phosphorus), trace nutrients, and inoculum vol-
ume [74]. According toKathusi (2016), biogas generated from
harvested aquatic macrophytes has the potential to be an
effective strategy in reducing environmental problems with
regard to top climate change, phytoremediation, eutrophi-
cation, acidification, and water pollution [75]. Besides that,
Kathusi (2016) also concluded that biogas production from
harvested aquatic macrophytes is commercially potential
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and sustainable [76]. Verma et al. (2007) discerned that the
biogas generated from an Eichhornia crassipes and Trapa
natans grown in brass and electroplating industry effluent
was relatively higher due to the presence of various pollutants
acting as a micronutrients for the aquatic macrophytes.
They found that aquatic macrophytes grown in polluted
wastewater increase the economic success of the energy
generation from waste [77].

8.2. Vermicompost. Theproduct ofmicrobial degeneration of
organic waste by using earthworms is known as vermicom-
post. Vermicompost is found to be rich with nutrients [78].
Bernal and Hernandez (2016) revealed that vermicompost
from Eichhornia crassipes can be used as organic fertilizer
or soil enhancer as it is rich in nutrients [79]. Furthermore,
vermicompost from Eichhornia crassipes can be economical;
it can be used to produce vermicompost in bulk by means
of using the “high-rate method” and subjecting the vermi-
composting in reactors with higher amount of earthworm
than suggested hitherto [78]. Kostecka and Kaniuczak (2008)
found that Lemna minor vermicompost is odourless with a
good granular structure [80]. An efficient vermicomposting
of Salvinia molesta with “high-rate” vermicompost technol-
ogy using Eudrilus eugeniae developed by Gajalakshmi et
al. (2014) may be employed for vermicomposting as it is
faster and economical [78]. Mishra et al. (2016) discovered
that phytoremediated aquatic macrophytes biomass into
vermicompost is effective and environmentally friendly for
sustainable agriculture [81]. Among the aquatic macrophytes
used byMishra et al. (2016) areAzollamicrophylla, Pistia stra-
tiotes, Salvinia cucullata, and Salviniamolesta [81]. According
to Tereshchenko and Akimova (2014), the employment of
Eichhornia crassipes in vermicomposting helps improve the
biometric parameters in a 14-day experiment, even the trial
with water hyacinth biomass grown in wastewater contami-
nated with heavy metals [82]. Moreover, they suggested that
vermicompost from heavy metal laden Eichhornia crassipes
may be used as soil for urban landscaping and rehabilitation
of technologically disturbed sites [82].Hence, vermicompost-
ing can be a sustainable tool for sustainable management of
the harvested aquatic macrophytes.

8.3. Papermaking. It is noteworthy that aquatic macrophytes
are suitable with the aqueous characteristics of paper pulp
due to their high moisture content [83]. Bidin et al. (2015)
reported that aquatic macrophytes, namely, Scirpus grossus,
Cyperus rotundus, and Typha angustifolia can be used in
papermaking due to their fiber characteristics, chemical
composition, and physical properties [84]. Goswami and
Saikia (1994) concluded that Eichhornia crassipes pulp can
be an ideal raw material for greaseproof paper production,
when it is mixed with bamboo pulp [85]. Moreover, Thomas
and Room (1986) reported that Salvinia molesta is suitable
for the papermaking [86]. Nevertheless, the researchers deem
that more research is needed with regard to the industrial
application in order to ensure the sustainability of this
process.

Aquatic

macrophytes
utilization

Bioenergy

Papermaking

Vermicompost

Biochar

Figure 1: Summarization of the potential utilization of harvested
aquatic macrophytes for industrial application.

8.4. Biochar. Biochar is comprised of carbon-rich material
generated from organic waste [87]. Miranda et al. (2014)
investigated the potential of the harvested biomass of L. punc-
tata, Elodea, and Marsilea from Selenium-rich wastewater
as a feedstock for the production of biochar by means of
using pyrolysis technology [88].They found that the pyrolysis
product of Lemna minor can be converted into gasoline and
diesel [88]. Apart from that, Masto et al. (2013) reported
that biochar from Eichhornia crassipes can be utilized as soil
quality amendment [89]. By converting harvested aquatic
macrophytes biomass grown in wastewater contaminated
with heavy metals by pyrolysis, the accumulated heavy metal
can be enclosed safely in the solid fraction of the char.
The summarizations of sustainable waste management of
the harvested aquatic macrophytes can be summarized in
Figure 1.

9. Future Perspective

As regards the conventional ammoniacal nitrogen clean-up
technology, phytoremediation offers a sustainable option for
tertiary industrial wastewater treatment. Hence, a greater
need for improving its efficiency for industrial application is
of utmost importance due to the fact that it is environmentally
friendly and cost-effective. However, phytoremediation is
both time and space consuming because large surface area
is required in order to retain the wastewater. Consequently,
studies focusing on the development of phytoremediation
reactor, whichmay reduce the surface area for larger volumes
of wastewater and its longer retention time, are deemed
necessary. Apart from that, it should be noted that phytore-
mediation standalone system is a less efficient and time-
consuming process. Thus, the researchers deem that hybrid
system of phytoremediation has the potential to increase the
efficiency of phytoremediation. Putra et al. (2015) in their
study of “Removal of Lead and Copper from Contaminated
Water Using EAPR System and Uptake by Water Lettuce
(Pistia Stratiotes L.)” reported that the overall metal uptake
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in plant system was higher under EAPR system compared to
phytoremediation process [90]. Putra et al. (2015) concluded
that the preliminary outcome of the experiment showed
promising results in creating an inexpensive, eco-friendly
hybrid system of electroassisted and phytoremediation sys-
tem for the remediation of lead and copper contaminated
wastewater [90]. Hence, more research and innovation on the
different types of phytoremediation hybrid system in improv-
ing the efficiency and reliability of this green remediation
technology for different types of wastewater contaminants are
needed.

10. Conclusion

Based on the findings of the present study, it can be
concluded that phytoremediation of nitrogen by means
of using aquatic macrophytes possessed green chemistry
characteristics. Moreover, it has been proven that the green
chemistry characteristics of phytoremediation is sustainable
and cost-effective in relation to other existing ammoniacal
nitrogen remediation technology. Apart from that, Eichhor-
nia crassipes appeared to be one of the most promising
aquatic macrophytes for wastewater treatment due to its
high tolerance with wide range of wastewater contaminants.
Nevertheless, several parameters are deemed necessary to be
taken into consideration in order to ensure the efficiency
of the phytoremediation of ammoniacal nitrogen. Besides
that, appropriate method for the removal of the harvested
macrophytes must also be considered to ensure the sus-
tainability of the phytoremediation process. Converting the
harvested aquatic macrophytes into biogas and vermicom-
post can be a promising technique for a sustainable waste
management for the phytoremediation process as proved by
several researchers. However,more research is still needed for
the conversion of the aquatic macrophytes into papermaking
material and biochar. Notably, the hybrid system of phytore-
mediation for wastewater treatment may be a popular trend
in the near future due to its cost effectiveness and increased
efficiency in remediating wastewater.
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