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ctiveness of monoculture and
polyculture phytoremediation systems in fish farm
wastewater†

Yin Sim Ng and Derek Juinn Chieh Chan *

Phytoremediation offers a sustainable solution to aquaculture pollution, but studies with critical evaluations

of the treatment performances of macrophyte systems are limited. This study intended to evaluate the roles

and treatment profiles of Spirodela polyrhiza (L.) Schleid. and Lemna sp. systems in terms of ammonia,

nitrate, nitrite, phosphate (NH3–N, NO3
�–N, NO2

�–N, PO4
3�), chemical oxygen demand (COD),

turbidity, and total suspended solids (TSS) on fish farm wastewater and to elucidate the rationale behind

the removal of the pollutants and the changes in a raceway pond rig. The nitrogen and phosphorus

removal in the Spirodela polyrhiza monoculture system outperformed the other configured systems. An

81% reduction in ammonia (to 3.90 mg of NH3-N/L), and sharp declines of up to 75%, 88%, and 71% in

TSS, turbidity, and COD levels were recorded within two days, while significant decreases in nitrate,

nitrite, and phosphate levels were observed. This indicated that the system could inhibit nitrate and

nitrite spikes in waters (nitrification) via reducing the available ammonia and limiting subsequent nitrite

and nitrate conversion, while reducing TSS in algal-bloom wastewater via shading. High biomass

productivity and superior protein content were observed in the macrophyte systems (S. polyrhiza +

Lemna sp. polyculture system), with up to 112% and 12% increases, respectively. This study demonstrated

that the S. polyrhiza monoculture system is effective at treating fish farm wastewater, lowering the levels

of relevant inorganic and organic pollutants, and it could be used as a biofilter for natural waters,

preserving the existing ecology.
1. Introduction

Most commercial sh raising is done in an intensive manner,1

with relatively high sh stocking and feeding rates, to ensure
a high yield of sh and the growth of the sh to marketable size.2

Nevertheless, this increases the waste load of the water, leading to
effluents with greater pollution potential.2 Water from sh
husbandry tends to be saturated with wastes. Uneaten feed and
sh faeces are the main sources of suspended solids, with each
making up approximately 30% in an intensive aquaculture unit.3

Of the feed ingested by the sh, 20 to 30%of the nitrogen and 25 to
35% of the phosphorus in the feed is assimilated, while the
remaining nutrients are released as waste into the water.4 In
addition, the inefficient application of pond fertilisation can result
in excessive nutrients in the water, uncontrolled algal blooms and
increased suspended solids in the pond effluent.2 Subsequently,
the decomposition of organic solids and dead algae can induce
anoxic conditions in the water, which are detrimental to the shes
and aquatic life within.
i Sains Malaysia, 14300 Nibong Tebal,

m.my

(ESI) available: Additional tables and

the Royal Society of Chemistry
Frequent water exchange is therefore required to prevent sh
kills and maintain sh health in the ponds, as water exchange
removes toxic sh metabolites, excess algae and other wastes
and simultaneously introduces oxygen into the aquaculture
unit.4 The effluent from the water exchange must then be
adequately treated to reduce its adverse effects towards the
environment and downstream users. Inland aquaculture
mainly utilises treatment technologies from conventional
wastewater treatment,5 and thus huge energy requirements,
sludge generation, and regular maintenance are unavoidable.6

Moreover, the adsorbents/coagulants used for treatment may
not be suitable due to harmful residues, high cost and reduced
treatment capacity.7 The available biological treatment systems
are only designed to achieve secondary treatment standards,
and the nitrogen and phosphorus levels aer treatment are not
low enough to be discharged into water.8,9 Therefore, further
units are needed to treat nutrient-rich wastewater.8 Advanced
nutrient removal technologies incur hey costs, signicant
carbon footprints and high energy demand.10 On the other
hand, phytoremediation represents a good option in the treat-
ment of sh farm wastewater due to its relatively high nutrient
removal performance, affordable implementation (less equip-
ment11 and only a simple containment system are needed),
minimal maintenance costs (solar-powered)12 and low energy
RSC Adv., 2021, 11, 13853–13866 | 13853
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requirements. The removal of nitrogen and phosphorus
pollutants from the wastewater by the macrophytes can range
from 35–98% and 45–99%, respectively, in a non-axenic phy-
toremediation system, including in wastewater contaminated
with antibiotics, which represents a recent hot topic in waste-
water study.13–16 The nutrient-richness and low toxicity of sh
farm wastewater to the plants would make the growth of
macrophytes and phytoremediation possible. In addition to
nutrient removal, the macrophytes could simultaneously
remediate other pollutants in the wastewater, such as antibi-
otics, heavy metals, pesticides and hormones.11 A phytor-
emediation system can be established without large capital
outlays. It is cheaper than conventional treatment methods that
rely on electricity, pumping, aeration or the addition of chem-
icals, which usually require large concrete/steel vessels. Since it
utilises naturally occurring plants/macrophytes for remediation
and is powered by sunlight, phytoremediation is sustainable
and less harmful, can reduce the carbon footprint of conven-
tional treatment systems, and does not require farmers to
sacrice much of their revenue to operate the treatment system.
In addition, it is aesthetically pleasing and could provide
ecological landscapes for rehabilitated areas.11 The harvested
macrophytes could also potentially be used for agricultural
applications such as fertiliser, compost, mulching, weed
control, supplementary food for sh and poultry17,18 or bio-
fuels19 and become an extra source of income for the farmers.

Bashyal20 studied macrophyte systems in monoculture and
polyculture congurations for treating effluents; the polyculture
system could induce a synergistic effect on wastewater treat-
ment, but not many related studies were conducted. Pretreated
wastewater is normally used for phytoremediation studies, but
experiments using raw wastewater are limited.21,22 Additionally,
data regarding phytoremediation (macrophyte) systems with
a complete array of pollutant treatment proles for sh farm
wastewater and an assessment of the degree of macrophyte
performance in treatment, accompanied by thorough analysis
and detailed inference of the nitrogen, phosphate, and sus-
pended solids removal, oxygen demand, and water clarity
changes, as well as subsequent correlations between the tested
water quality proles are very much limited. Therefore, this
research aims to address these concerns.

In this study, two of the best performing macrophytes,
namely Spirodela polyrhiza (L.) Schleid. and Lemna sp., from the
previous study of Ng and Chan23 were congured into mono-
culture and polyculture systems to evaluate their respective
roles and treatment performances and proles in treating raw
sh farm wastewater in a raceway pond rig. The ammonia
(NH3–N), nitrate (NO3

�–N), nitrite (NO2
�–N), phosphate

(PO4
3�), total suspended solids (TSS), turbidity and chemical

oxygen demand (COD) removal from the wastewater were
determined throughout the study. The changes in the biomass,
total carbohydrate and protein contents of the congured
systems were assessed at the end of the study. The rationale
behind the changes in the water quality parameters in this study
was explained based on the obtained proles. This data will
reveal the fate, transformation and removal of nitrogen, phos-
phate and suspended solids from the sh farm wastewater by
13854 | RSC Adv., 2021, 11, 13853–13866
the macrophyte systems as well as indicate the causes/entities
that contribute to the removal. It also provides information
on the rate and degree of pollutant removal that can be achieved
using the congured systems, their ability to achieve the
discharge limit, and the parameters that could be further tuned
and optimised in the macrophyte system to ensure high
performance treatment of the studied pollutants. The best
macrophyte system for sh farm wastewater can be determined
and chosen for further study, experimentation or scale-up
before going into nal implementation and practice.

2. Materials and methods
2.1. Source of sh farm wastewater

The sh farm wastewater was collected from freshwater catsh
farming ponds in Tanjong Piandang, Perak, Malaysia. The farm
covers an area of approximately 3 ha with 19 ponds (approxi-
mately 11 450 m2). The wastewater was taken from four
different ponds in which schools of catsh were observed, and
water exchange was not carried out at the moment of collection;
instead, the wastewater was pooled together before use to limit
the water quality variation due to the age of the sh, amount of
uneaten feed remaining, amount of sh excretion and faeces
and the water exchange rate of the respective ponds. The quality
of the sh farm wastewater is shown in ESI Table S1.† The
wastewater had a relatively high ammonia level (22.61 �
0.95 mg L�1), but low nitrate and nitrite levels. Its initial TSS,
turbidity and COD values were high as well at 126 � 10 mg L�1,
151.15 � 17.41 mg L�1 and 185 � 19 mg L�1, respectively, while
the phosphate level was determined to be 3.26 � 0.40 mg L�1.
The recorded pH of the wastewater was 7.58 � 0.06.

2.2. Plant stock establishment

The macrophytes, namely, Lemna sp. and S. polyrhiza, were
collected locally from water pathways at a rural area near Kerian
District, Perak, Malaysia. The aseptic cultures were established
according to the procedure described by Ng and Chan23 and
maintained in liquid Hoagland no. 2 medium with 15 g L�1

sucrose. All cultures were then incubated at 29 � 1 �C under
uorescent light (1500 lux) with a 16 h light:8 h dark photope-
riod for 14 days.

2.3. Experimental set up of the raceway pond rig system

This study was carried out in a bench-scale raceway pond rig
system adapted from Ng and Chan24 with dimensions of 50 cm
� 25 cm � 9 cm inside the laboratory under a controlled envi-
ronment (Fig. 1(a)). 12 L of sh farm wastewater was used for
the setup. A submerged pump was used to circulate the waste-
water in the raceway pond rig system, which was equipped with
a RMA-34-SSV owmeter (Dwyer Instruments, USA), at a ow
rate of 50 mL min�1. The rig was covered with light-absorbing
material to prevent the excessive growth of algae. Four iden-
tical rigs were set up, each with different treatment conditions:
one as the control (without macrophytes), one for the Spirodela
polyrhiza monoculture system, another for the Lemna sp.
monoculture system, and one for the polyculture system (S.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The setup of the raceway pond rig system in the laboratory. (b) The S. polyrhizamonoculture system. (c) The Lemna sp. monoculture
system. (d) The S. polyrhiza + Lemna sp. polyculture system.
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polyrhiza + Lemna sp.), as shown in Fig. 1(b)–(d). Each treatment
run was carried out with 72 g (fresh weight) of macrophytes
distributed evenly over the wastewater surface in the raceway
pond. For the polyculture system, 36 g of S. polyrhiza and 36 g of
Lemna sp. were loaded onto the wastewater surface of the
raceway pond, with each species occupying half of the total
surface area of the pond, separated by a mesh (Fig. 1(d)).

The phytoremediation study was carried out at 29 � 1 �C
under uorescent tubes (1500 lux) with a 16 h light:8 h dark
photoperiod for 14 days. A water sample (150 mL) was collected
at the outlet of the pond rig every two days starting on day
0 until the end of the experiment. The water samples were
analysed for ammonia (NH3–N), nitrate (NO3

�–N), nitrite
(NO2

�–N), phosphate (PO4
3�), chemical oxygen demand (COD),

turbidity and total suspended solids (TSS) to determine the
water quality of the sh farm wastewater during the phytor-
emediation period. Duplication was done for the experiments.
On day 14, the macrophytes from each treatment (except for the
control) were harvested and blotted to determine their fresh
weight. The biomasses were then subjected to biochemical
analysis to evaluate their carbohydrate and protein contents.

2.4. Analytical analysis

2.4.1. Determination of ammonia, nitrate, and nitrite. The
ammonia was determined by the salicylate method (Lovibond
method 66) using VARIO Am tube test reagents (VARIO
Ammonia Salicylate F5, VARIO Ammonia Cyanurate F5 powder
© 2021 The Author(s). Published by the Royal Society of Chemistry
packs and VARIO Am Diluent Reagent High Range reaction
tube), with a LOVIBOND Maxidirect MD600 photometer (Tin-
tometer GmbH, Germany). The nitrate was determined by the
cadmium reduction method (HACH method 8039) using
NitraVer® 5 Nitrate Reagent Powder Pillows with a HACH
DR2800 spectrophotometer (Hach Company, USA). The nitrite
was determined by the diazotization method (Lovibond method
272) using VARIO Nitri3 F10 powder packs with a LOVIBOND
Maxidirect MD600 photometer (Tintometer GmbH, Germany).

2.4.2. Determination of phosphate. The phosphate was
determined by the ascorbic acid method (HACH method 8048)
using PhosVer® 3 Phosphate Reagent Powder Pillows with
a HACH DR2800 spectrophotometer (Hach Company, USA) in
accordance with USEPA method 365.2 and Standard Method
4500-P-E for wastewater.

2.4.3. COD determination. The CODwas determined by the
dichromate/H2SO4 method (Lovibond method 131) using COD
VARIO tube test reagent with a LOVIBOND Maxidirect MD600
photometer (Tintometer GmbH, Germany). This method
complies with APHA, Standard Methods for the Examination of
Water and Wastewater.

2.4.4. Determination of turbidity. The water samples were
well-mixed by vigorous shaking in a centrifuge tube. A clean
cuvette was lled to the level mark with the water sample. The
cuvette was wiped with a lint-free tissue before being inserted into
the measurement cell to measure its turbidity value. The turbidity
value was determined using a HANNA HI98703 microprocessor
RSC Adv., 2021, 11, 13853–13866 | 13855
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turbidity meter (Hanna Instruments, Romania) with a range of 0–
1000 NTU. The measurement conforms to USEPA Method 180.1
for wastewater and Standard Method 2130B for drinking water.

2.4.5. Determination of TSS. Well-mixed water samples
were prepared by vigorous shaking in a centrifuge tube. 30 mL
samples were ltered through a 47 mm diameter weighed
Whatman™ glass microber lter of Grade GF/C (1.2 mm) in
a ltration apparatus with a mini air pump, and the retained
residues were dried in an oven at 105 �C for 1 hour. The drying
process was repeated until a constant weight was obtained. The
increase in the weight of the lter represents the total sus-
pended solids. This test was performed based on APHA 2540D.

2.4.6 Determination of the fresh and dry weights of the
macrophytes. The fresh weight of the macrophytes was obtained
by carefully blotting the plantlet biomass with absorbent paper
before weighing. The dry weight of the macrophytes was obtained
aer drying in an oven at 60 �Cuntil a constantmass was achieved.

2.4.7 Determination of total carbohydrate and total protein
levels. The dried macrophyte biomass was blended into a ne
powder before undergoing acid hydrolysis extraction as detailed
by Hoebler et al.25 0.1 g of the ne powder sample was mixed
with 1.25 mL of 72% (w/w) sulphuric acid in vial and kept at
30 �C for 30 minutes for primary hydrolysis. The mixture was
then diluted with 13.5 mL of water and kept in a boiling water
bath at 100 �C for 1 hour. Aer cooling and the addition of
3.1 mL NaOH 32% (w/v), the solution was centrifuged at 3500g
for 15 minutes to obtain the supernatant.

The carbohydrate was determined through the colorimetric
method described by Dubois et al.26 using sucrose as the stan-
dard. First, 0.1 mL of the supernatant was transferred into a test
tube with a micropipette. Distilled water was added to make up
a 2 mL solution. 1 mL of 5% phenol was added to the solution,
followed by 5 mL of concentrated sulphuric acid (95%). The test
tube was allowed to stand for 10 minutes at room temperature
before being placed in a water bath for 15 minutes at 30 �C. The
absorbance of the solution was read at 490 nm with a Shimadzu
UVmini-1240 spectrophotometer, Japan. The amount of carbo-
hydrate present was determined by reference to a sucrose
standard curve constructed through a series of dilutions.

The protein was determined through the test tube procedure of
the bicinchoninic acid (BCA) method outlined in the Thermo Sci-
entic™ Pierce™ BCA Protein Assay Kit instructions with bovine
serum albumin (BSA) being used as the standard. First, 0.1 mL of
the supernatant was transferred into a test tube with amicropipette.
2 mL of BCA working reagent was added to the tube andmixed well
with the solution. The test tube was covered and incubated in
a water bath at 37 �C for 30 minutes. The tube was cooled to room
temperature before the absorbance of the solution was read at
562 nm with a Shimadzu UVmini-1240 spectrophotometer, Japan.
The amount of protein present was determined by reference to
a BSA standard curve constructed through a series of dilutions. All
the data points for the absorbance were carried out in triplicate.
2.5. Statistical analysis

The mean value and standard error were calculated for all the
analysed parameters. Error bars representing the standard
13856 | RSC Adv., 2021, 11, 13853–13866
errors have been added to all plotted graphs. The water quality
assay data of the control and treatment systems obtained over
the 14 days of the experiment were subjected to one-way ANOVA
with Fisher's LSD test to assess signicant differences in the
treated levels among the systems. The statistical signicance of
the changes in the biomass and biochemical content before and
aer the experiment for the macrophyte systems was evaluated
by paired t-test. The statistical tests were performed using
Minitab® version 16.2.1.

3. Results and discussion
3.1. Nitrogen removal

Fig. 2 shows the concentrations of the various forms of nitrogen
in the sh farm wastewater as a function of the number of days
of phytoremediation for the control (no macrophytes) system, S.
polyrhiza monoculture system, Lemna sp. monoculture system
and S. polyrhiza + Lemna sp. polyculture system. The ammonia
(NH3–N) concentration prole was observed to decrease with
time; however, the nitrate (NO3

�–N) and nitrite (NO2
�–N) levels

gradually rose before dropping again. The S. polyrhiza mono-
culture system demonstrated the most statistically signicant
ammonia removal among its peer systems (Fig. 2(a) and ESI
Table S2(a)†); the ammonia dropped sharply to 3.90 �
0.90 mg L�1 at day 2 with 81% removal efficiency. The ammonia
concentration eventually dropped to 1.15 � 1.15 mg L�1 (94%
ammonia removal) on day 6. The S. polyrhiza + Lemna sp. pol-
yculture system showed a similar reduction trend to the S.
polyrhiza monoculture system, except that the rate of decrease
was not as substantial. The polyculture system sharply reduced
the ammonia concentration to 6.70 � 3.70 mg L�1 on day 2
before averaging at 1.25 � 0.12 mg L�1 from day 8 onwards.
Additionally, the Lemna sp. monoculture system and control
system exhibited steady ammonia decrease, with the Lemna sp.
system showing a slightly higher reduction in ammonia.

Both the nitrate and nitrite in the all the tested systems
showed a similar trend, whereby there was a gradual increase in
their concentration for the rst 10 days, the maximum was
achieved on either day 8 or day 10, and the concentration then
decreased until the end of the study. The control treatment
attained a peak nitrate concentration of 20.90 mg L�1 at day 10,
which dropped sharply to approximately 7.66 mg L�1 at the last
day of the experiment. The Lemna sp. monoculture system and
S. polyrhiza + Lemna sp. polyculture system had proles that
were almost the same as that of the control system, which
suggested that the aforementioned macrophyte systems were
not efficient in taking up the nitrate. The nitrate level in the S.
polyrhiza monoculture system was exceptionally and signi-
cantly lower than those of the control system and the other two
macrophyte systems throughout the experiment (Fig. 2(b) and
ESI Table S2(b)†). The highest nitrate presence in the S. poly-
rhiza system was determined to be 7.05 � 1.05 mg L�1 on day 8.

The nitrite concentrations for each of the systems were
typically lower than their respective nitrate levels. The S. poly-
rhiza + Lemna sp. polyculture system exhibited a very similar
prole to the control system, but had a lower nitrite maximum
of 6.00 mg L�1. The Lemna sp. monoculture system differed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Concentrations of various forms of nitrogen: (a) ammonia (NH3–N), (b) nitrate (NO3
�–N), and (c) nitrite (NO2

�–N) versus the days of
treatment for the control (no macrophyte) system, S. polyrhiza monoculture system, Lemna sp. monoculture system, and S. polyrhiza + Lemna
sp. polyculture system in fish farm wastewater.
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from the control system only in the rate of nitrite decline; the
decrease began at day 8 and continued in a signicant and
steady manner until the end of the run, and the recorded level
was 1.20 � 1.20 mg L�1 on the last day. The nitrite concentra-
tion in the S. polyrhiza monoculture system was still compara-
tively and signicantly lower than those of the rest of the
systems (Fig. 2(c) and ESI Table S2(c)†). The nitrite peak was
observed at 4.00 � 0.40 mg L�1 at day 8.

The ammonia, nitrate and nitrite proles shown in the
systems were interconnected to one another. They were asso-
ciated with the nitrication process within the sh farm
wastewater, while the removal performances of ammonia,
nitrate and nitrite from the different systems were closely
related to the macrophyte species employed in plant uptake.
Under sterile conditions, without plants, the ammonia and
nitrate levels in wastewater will remain constant since there are
no organisms to initiate the removal of the mentioned nitrogen
species.23 However, in a real-world scenario, indigenous
microorganisms, e.g., ammonia-oxidizing bacteria (AOB),
ammonia-oxidizing archaea (AOA) and nitrite-oxidizing bacteria
(NOB), are present in the wastewater and responsible for
carrying out nitrication.27 These nitriers can be found
everywhere, and are found in abundant numbers in wastewater
in which the ammonia level is high and the decomposition of
© 2021 The Author(s). Published by the Royal Society of Chemistry
organic nitrogen is extensive.28 The steady decline of ammonia
in the control system was attributed to AOB and AOA oxidizing
the available reduced nitrogen, ammonia, in the sh farm
wastewater to nitrite. The ability of the macrophytes to take up
ammonia enhanced the ammonia removal in the S. polyrhiza
monoculture system, Lemna sp. monoculture system and S.
polyrhiza + Lemna sp. polyculture system. For instance, at day 2,
the removal of ammonia via plant uptake in the S. polyrhiza
monoculture system enabled its ammonia concentration to be
73% lower than that of the control system (14.50 mg L�1). The
ammonia removal performance of the macrophyte species in
this study (Fig. 2(a)) was also found to correspond to the
performance in the axenic case study.23 The higher ammonia
uptake capability of S. polyrhiza compared to that of Lemna sp.
allowed the S. polyrhizamonoculture system to demonstrate the
highest ammonia removal in the sh farm wastewater, followed
by the S. polyrhiza + Lemna sp. polyculture system and lastly the
Lemna sp. monoculture system. In addition, the S. polyrhiza
monoculture system was the only system capable of meeting the
most stringent ammonia discharge limit (standard A for
discharge into an enclosed water body) of 5 mg L�1 (ref. 29)
within 2 days and in maintaining the ammonia level below this
very low limit at all times. The ammonia level achieved by the S.
polyrhizamonoculture system throughout the study was also far
RSC Adv., 2021, 11, 13853–13866 | 13857
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lower than the acceptable limit of 10 mg L�1 for industrial
effluent release.29

However, under normal circumstances, nitrication
increases the nitrite and nitrate concentrations in the waste-
water;27 this was also observed in our study (Fig. 2(b) and (c)), in
which the effect was most prominent in the macrophyte-free
control system. The nitrication process was evident in our
experiment such that when the ammonia level decreased, both
the nitrite and nitrate levels increased. As soon as the ammonia
in the wastewater was depleted, the nitrite and nitrate levels
reached their peak. In general, the pH of the wastewater did not
change much in any of the systems throughout the experiment,
and ranged within 7.40 to 7.90, as shown in ESI Fig. S1.† The
favorable conditions in terms of pH and temperature, as well as
sufficient oxygen, supported nitrication. The pH levels and
temperatures of the systems were observed to be within the
optimum range for nitrication, i.e., pH 7.5–8.6 and 25–35 �C,
respectively.30 With ample light illumination, the macrophyte
systems produced oxygen through photosynthesis, and the
oxygen would dissolve into the water column. This dissolved
oxygen increased the rate of nitrication, causing the nitrate
and nitrite maxima in themacrophyte systems to occur two days
earlier than in the control system. Although the nitrication
gave rise to the accumulation of nitrate and nitrite in the sh
farm wastewater in the control system, the macrophyte systems,
especially the S. polyrhiza monoculture system, were capable of
suppressing the consequences of nitrication and effectively
reduced the nitrate and nitrite levels in the wastewater, as
presented in Fig. 2(b) and (c). The S. polyrhiza monoculture
system took up a tremendous amount of ammonia (nitrication
feedstock) from the wastewater (Fig. 2(a)), leading to a smaller
amount of ammonia being available for conversion into nitrite
and nitrate. The amount of nitrate and nitrite formed (nitri-
cation products) were also reduced substantially (Fig. 2(b) and
(c)). In addition, the nitrate and nitrite uptake capabilities of S.
polyrhiza23 also assisted in removing the nitrication products,
nitrite and nitrate, from the wastewater. Therefore, the nitrite
and nitrate levels in the S. polyrhiza monoculture system were
much lower. This strategy and concept for controlling nitri-
cation have been reported in crops management, as evidenced
in the works of Norton and Ouyang31 as well as Norton and
Stark,32 although it is relatively new in phytoremediation. Some
plants have also been shown to excrete root exudates capable of
the inhibiting nitrication processes.31,33 Furthermore, the
nitrate level in the S. polyrhiza system was always lower than the
most stringent local limit29 as well as the permitted limit for
drinking water,34–36 which are both set as 10 mg L�1 nitrate-N.
The peak concentration was also approximately 30% lower
than this limit, and most of the time, the concentration was
much lower than the peak value. Additionally, the peak nitrate
concentration in the S. polyrhiza system was found to be 66%
lower than that in the control system. This high nitrate removal
was due to the high nitrate assimilation of S. polyrhiza. S. pol-
yrhiza had the highest nitrate uptake among the macrophytes,
as revealed by Ng and Chan.23 The low nitrate level in this
system was also partly associated with the high ammonia
uptake, of S. polyrhiza, as mentioned earlier. The ammonia level
13858 | RSC Adv., 2021, 11, 13853–13866
in the wastewater aer the uptake was considerably low, so less
ammonia was available for conversion into nitrate or nitrite
through nitrication. These are the reasons that the S. polyrhiza
system managed to keep the nitrate so low during the experi-
ment compared to the other systems. The high nitrite reduction
observed was also due to similar reasons. The S. polyrhiza
monoculture system can take up a substantial amount of
nitrite, since nitrite is an inorganic nitrogen that is utilized by
plants for growth and cellular metabolism.37 In our previous
study,38 microbial biolms formed in the rig with macrophytes
aer few days, but the modication made to the current rig, i.e.,
covering the sides with a light-impermeable material, was
found to inhibit the biolm formation, which suggested that
they were photosynthetic biolm. The microbes attached to the
plant surfaces may have an inuence on the nitrogen conver-
sion, but it is believed to be negligible as the control system still
exhibited signicant nitrication even in the absence of
macrophytes. The changes in levels of nitrogen in the macro-
phyte system were mainly due to plant uptake and the nitriers
present in the wastewater in the rig. Possible approaches that
could be utilized to enhance the ammonia, nitrate and nitrite
treatment performance in the wastewater include increasing
the density of the macrophytes on the wastewater, screening
and selecting strains within the species S. polyrhiza that have
higher removal of these nitrogen species (ammonia, nitrate or/
and nitrite) than the current strain, and employing appropriate
macrophyte species based on the wastewater characteristics.
Macrophytes with superior ammonia, nitrate and nitrite uptake
are highly sought, aer as they would be useful for dealing with
wastewater or water experiencing a dynamic nitrogen
transformation/cycle, constantly being contaminated with
different nitrogen pollutants, and having high biodegradable
organic nitrogen waste levels. This trait makes the macrophyte
system more ready and robust to withstand the circumstances
that may arise. The high and rapid ammonia uptake trait of
macrophytes should be further explored, optimized and utilized
to treat wastewater that has elevated ammonia levels and is
potentially undergoing nitrication, since it removes ammonia
and inhibits increases in nitrite and nitrate in a single
approach.

The decreases in the nitrate and nitrite proles aer reach-
ing their peak values in these systems, which occurred from
around day 8 to day 14 of the experiment, were believed to be
due to denitrication. This is a microbial process in which
nitrate is reduced and ultimately converted to nitrogen gas (N2)
through a series of nitrogen oxide intermediates (including
nitrite). High nitrate levels in wastewater enhance denitrica-
tion and induce larger, more robust populations of denitrifying
bacteria.39 Coupled with the optimum pH of 6–8 and adequate
organic carbon40 from the sh farm wastewater and macro-
phytes, this made the denitrication process possible.
3.2. Phosphate removal

The removal of phosphate from the sh farm wastewater by the
three macrophyte systems over the 14 days of the study is
illustrated in Fig. 3. In general, the macrophyte and control
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phosphate (PO4
3�) removal using the S. polyrhizamonoculture

system, Lemna sp. monoculture system, and S. polyrhiza + Lemna sp.
polyculture system in fish farm wastewater during the 14 days of the
experiment.
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systems showed a decrease in phosphate at the beginning of
experiment, but an increase in phosphate was shown in the
control system in the latter part of the experiment. The lowest
concentration of phosphate for the control group was 0.82 mL L�1

at day 6, but the concentration rose to 1.64 mg L�1 at day 14. The
phosphate removal within the macrophyte systems, namely, the S.
polyrhiza monoculture system, Lemna sp. monoculture system,
and S. polyrhiza + Lemna sp. polyculture system, was similar for all
three systems, which achieved average phosphate concentrations
of 0.54� 0.08 mg L�1, 0.69� 0.09 mg L�1 and 0.59� 0.03 mg L�1

fromday 4 until the end of the experiment. Among themacrophyte
systems, the phosphate levels in the S. polyrhiza monoculture
system were found to be signicantly lower than those in the
control system (ESI Table S2(d)†).

S. polyrhiza and Lemna sp. were shown to have the highest
phosphate removal from the medium by Ng and Chan.23 This
high phosphate absorption ability allowed the macrophyte
systems to remove phosphate rapidly from the sh farm
wastewater in the rst four days and to exhibit higher phos-
phate removal than the control system. The phosphate that was
taken up was subsequently incorporated into their biomass.
The healthy growth of the macrophytes in the sh farm waste-
water, accompanied by the high phosphate uptake, permitted
the systems to retain the phosphate in the biomass, thereby
maintaining a low phosphate concentration until the end of the
experiment. The phosphate-P levels attained by the S. polyrhiza
monoculture system were 0.16 � 0.00 mg L�1 and 0.13 �
0.04 mg L�1 at day 4 and day 12 respectively, both of which were
very much lower than the statutory limit of 5 mg L�1.29 These
levels were found to be 96.7% and 97.5% lower than the limit.
For the control system, the gradual decrease in phosphate in the
rst four days was attributed to the presence of algae in the sh
farm wastewater. The algae was capable of reducing the phos-
phate in the water column, as presented in the works of Grif-
ths41 and Delgadillo-Mirquez et al.42 As the experiment
proceeded, it was found that the greenish colour of the sh farm
© 2021 The Author(s). Published by the Royal Society of Chemistry
wastewater caused by the presence of algae faded. This implied
that the algae population was dying, which in turn inhibited its
phosphate uptake from the wastewater. Consequently, the
phosphate level in the control system remained constant from
day 4 to day 10. However, decomposition and mineralization
took place aer the death of the algae; hence, soluble phosphate
was released into the wastewater, as observed from day 10 to day
14 in the control system. In spite of this, the macrophyte system
managed to take up the dissolved phosphate released from the
decomposition of the algae biomass, as well as other organic
substances within the wastewater, thus keeping the phosphate
at a very low concentration throughout the experiment.

The monoculture and polyculture congurations of S. poly-
rhiza + Lemna sp. had a signicant effect on ammonia, nitrate,
nitrite, and phosphate removal (Fig. 2 and 3 and ESI Table
S2(a)–(d)†). These data showed that the macrophytes were
effective in soluble nutrient removal and the proposed cong-
uration could affect their removal. The S. polyrhiza + Lemna sp.
polyculture system did not produce any synergistic effect on
nutrient removal, but the removal followed the proportional
density of the macrophyte species. Thus, it had lower nutrient
removal than the S. polyrhiza monoculture system, but higher
removal than the Lemna sp. monoculture system, especially in the
case of the ammonia and nitrite proles since S. polyrhiza has
higher nutrient removal than Lemna sp. In addition, the results
also show that the macrophyte density does have an inuence on
the removal of the contaminants. Higher macrophyte density (or
macrophyte weight) in the system would lead to a higher removal
rate of contaminants, which could further decrease the level of
contaminants in the wastewater, according to an in-depth study.43
3.3. Total suspended solids, turbidity, and COD proles in
the wastewater

Fig. 4 illustrates the total suspended solids (TSS), turbidity and
COD proles of the sh farm wastewater treated by the S. pol-
yrhiza monoculture system, Lemna sp. monoculture system and
S. polyrhiza + Lemna sp. polyculture system throughout the 14
day experimental period. From Fig. 4(a)–(c), it was found that
the TSS, turbidity and COD in the systems had similar trends in
which a signicant drop occurred in the rst two days, followed
by either a further slight decline or a constant level until the end
of this study. The macrophyte systems a showed relatively
higher decrease in these three parameters (TSS, turbidity and
COD) than the control system, which was most obvious in the
TSS prole. However, it was statistically signicant only for the
TSS prole, and not for the turbidity or COD proles (ESI Table
S2(e)–(g)†), suggesting that the macrophyte systems were not
the main contributor towards the removal of turbidity and COD,
and that other modes of removal, such as the sedimentation of
organic particulates, played a role. The TSS in the macrophyte
systems generally fell sharply in the rst two days to values
ranging from 39 � 11 mg L�1 to 51 � 9 mg L�1 with a removal
efficiency of up to 75%. Subsequently, small gradual decreases
in the TSS took place until the study ended. During this period,
the TSS level could drop to 24 � 9 mg L�1 on day 6 and as low as
13 � 5 mg L�1 on day 14, representing 84% and 92% removal,
RSC Adv., 2021, 11, 13853–13866 | 13859
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Fig. 4 (a) Total suspended solids (TSS), (b) turbidity, and (c) COD profiles of fish farm wastewater treated using the S. polyrhiza monoculture
system, Lemna sp. monoculture system, and S. polyrhiza + Lemna sp. polyculture system throughout the study.
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respectively (both were achieved by the S. polyrhizamonoculture
system). In the control system, the decrease in the TSS was
smaller, with 82 mg L�1 of TSS on day 2. Generally, the TSS
declined gradually over the rst six days, and during this period
the control system only managed to achieve a TSS removal
between 44% and 66%. Soon aer that, it maintained a TSS level
of approximately 48 � 2 mg L�1 until the end of experiment.

In the case of turbidity, the difference between the macro-
phyte and control systems was less obvious; even so, the decline
in the macrophyte system was still observed to be higher than
that in the control system as demonstrated in Fig. 4(b). The
macrophyte systems reduced the turbidity of the wastewater
drastically from between 179.50 � 7.50 and 186.00 � 10.00 NTU
to 22.95� 10.85 to 23.95� 11.25 NTU in just two days' time. The
turbidity further declined to 6.66 � 1.03 NTU at day 4, 3.96 �
0.04 NTU at day 8 and 2.51 � 0.53 NTU at day 12, in which the
decline from day 4 to day 14 occurred in a slower manner. For
the control system, the turbidity dropped to 27.00 � 12.80 NTU
on day 2 and 11.63 � 4.88 NTU on day 4. The system then
exhibited a slow decline in turbidity until the end of the study.

The decline of COD in the macrophyte systems was appar-
ently higher than that in the control system, as presented in
Fig. 4(c). Similarly, the macrophyte systems were able to
decrease the COD sharply to 57 � 2 mg L�1 with up to 71%
removal (S. polyrhiza + Lemna sp. polyculture system) at day 2.
13860 | RSC Adv., 2021, 11, 13853–13866
The highest COD removal efficiency of 87% to a concentration
of 27� 5 mg L�1 (which was the lowest COD level) was achieved
on day 4. The COD in the systems then maintained an average
value of 39 mg L�1 from day 4 to day 14. On the other hand, the
control system only managed to reduce the COD to a level of 73
� 1mg L�1 on day 2 and 55� 8mg L�1 on day 4. The COD in the
system later uctuated around a mean value of 48 mg L�1 until
the end of the study.

The obtained total suspended solids, turbidity and COD
proles showed that these data were correlated with each other.
The similarities in the decrease trends and relatively higher
declines observed in the macrophyte systems compared to the
control system in these three wastewater quality assays evi-
denced their relationship. As a large amount of TSS was
removed from the wastewater in rst two days, the turbidity also
improved greatly, and at the same time the COD plunged to
a very low level. The TSS level remained relatively steady
thereaer, and the turbidity and COD displayed similar trends.
Therefore, the level of TSS had a strong inuence on the
turbidity and COD level. The TSS was deduced to be responsible
for obstructing light from penetrating through the wastewater,
and also to be responsible for causing the high oxygen demand,
since they are organic in nature. Most of the COD in the
wastewater originated from these organic suspended solids,
which were mainly composed of algae. The sh farm wastewater
© 2021 The Author(s). Published by the Royal Society of Chemistry
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used for study was greenish in colour and contained ourishing
algae. The reason that the TSS, turbidity and COD could be
reduced steeply within two days' time was the articial shading,
i.e., the use of non-transparent materials (aluminum foil + black
paper) to cover the sides of the pond rig system, preventing the
light from penetrating into the wastewater. In a preliminary
study,44 it was observed that it took almost 10 to 14 days for the
same system to reduce the TSS to a level that can be achieved in
two days' time in this study. However, the system in the
preliminary study was not protected from light, while in the
current system the side wall and bottom oor of the pond rig, as
well as the surface of the storage tank, were overlaid with non-
transparent materials. These changes to the current system
actually blocked most of the light from entering the wastewater
(from the sides of the pond rig and surrounding the storage
tank). Additionally, part of the light that might enter the water
(from the top of the pond rig) would be absorbed by the black
paper, thereby preventing reection and passage of light within
the water column. As a result, the dark environment in the pond
rig system prevented the algae from carrying out photosynthesis
and caused it to eventually die off and sediment to the bottom
of the pond rig. Sincemost of the organic suspended solids were
algae, when a considerably high number of algae collectively
died and settled out from the water column, the TSS, turbidity
and COD became exceptionally low. Therefore, the non-
transparent pond rig system proved to be a very effective
method to reduce the TSS, turbidity and COD in the sh farm
wastewater used. Yeh et al.45 also showed that articial shading
helped to control and reduce algae in eutrophic wastewater in
an experiment conducted under a plastic basket, and that the
suspended solids are related to the algal density. The relatively
larger decreases in the TSS, turbidity and COD in the macro-
phyte system compared to the control system were due to
several factors. Firstly, the dense mats of macrophytes on the
surface of the wastewater in the raceway pond hindered light
from entering the wastewater, causing more algae to die off,
leading to higher settlement of the suspended algae, i.e., the
TSS, to the bottom of the pond. The presence of the macro-
phytes also inhibited the further growth of algae46 in the water
column. Secondly, the roots and fronds of the macrophytes
were observed to lter and retain some of the suspended solids
as well as algae assemblages. This aided somewhat in the
removal of the TSS, making the wastewater become clearer.
Thirdly, the macrophytes prevented the development of surface
wave formations, causing the ow of wastewater in the raceway
pond to be calm and quiet with reduced velocity and turbu-
lence, thus promoting sedimentation.47,48 Moreover, the
microbes that resided on the surface of the macrophytes, e.g.,
their roots, were capable of utilising the oxygen produced by
photosynthesis of the macrophytes to metabolise organic
carbon in the wastewater and transform it into carbon dioxide
and water. This aerobic process was supported by the oxygen
leaking from the roots of the macrophytes, as well as the oxygen
supplied directly from the atmosphere via diffusion,49 and most
of the soluble organic compounds could be degraded.30

Consequently, more organic suspended solids could settle and
be ltered from the column of wastewater, and the degraded
© 2021 The Author(s). Published by the Royal Society of Chemistry
organic compounds led to much lower TSS, turbidity and COD
readings in the macrophyte systems. Therefore, macrophytes
and articial shading could be applied to sh farm wastewater
or algae-rich wastewater to effectively and rapidly reduce the
suspended solids and oxygen demand and to increase the water
clarity before discharging the wastewater into natural waters.
The surface of the wastewater containment in the macrophyte
system can be darkened and the width of the pond canal can be
reduced to intensify the articial shading effect and subse-
quently decrease the amount of algal suspended solids in the
water column and promote the sedimentation of the solids.

The macrophyte systems were able to meet the TSS discharge
limit of 50 mg L�1 (ref. 29) in just two days' time. The TSS level
in the macrophyte systems (S. polyrhiza monoculture system
and Lemna sp. monoculture system) complied with the Class I
standard of 25mg L�1 (ref. 35) for water supply usage from day 6
onwards, while the S. polyrhiza + Lemna sp. polyculture system
achieved the standard at day 12. All the macrophyte systems
met the limits faster than the control system. In terms of
turbidity, all the macrophyte systems coincidently conformed to
the drinking water standard of 5 NTU34–36 on day 8. The COD
level in the macrophyte systems was below the statutory stan-
dards of 80 mg L�1 (ref. 29) and 120 mg L�1 (ref. 29) for effluent
discharge from day 2 onwards.
3.4. Changes in biomass and biochemical content of the
macrophytes

The change in fresh weight biomass of the three macrophyte
systems, namely, the S. polyrhiza monoculture system, Lemna
sp. monoculture system and S. polyrhiza + Lemna sp. polyculture
system, over the 14 days of the study is depicted in Fig. 5(a).
Generally, the macrophytes in these systems showed positive
growth. All the systems were started with 72.00 � 0.00 g fresh
weight ofmacrophytes, but each had a different nal biomass. The
S. polyrhiza + Lemna sp. polyculture system showed the highest
percentage increase in fresh weight among the systems, with an
increase of 112% to 152.29 � 7.32 g on day 14. The S. polyrhiza
monoculture system ranked second, with a 93% increase in fresh
weight to a value of 138.80 � 0.09 g. The fresh weight increase in
the Lemna sp.monoculture systemwas the lowest at 79% to 128.96
� 1.24 g on the last day of the study. All three systems showed
signicant differences between their initial and nal fresh weights.

In terms of biochemical content, the change in the total
carbohydrate content of the macrophytes in the systems at the
end of the 14 day study is shown in Fig. 5(b). As observed,
a decline in the total carbohydrate content was demonstrated in
all the macrophyte systems. The initial total carbohydrate
content of the macrophytes in the S. polyrhiza monoculture
system was 0.4271 � 0.0089 g g�1 DW, and the nal value was
0.2195 � 0.0251 g g�1 DW. For the Lemna sp. monoculture
system, the total intracellular carbohydrate content of the
macrophytes decreased from 0.3047 � 0.0575 g g�1 DW to
0.2432 � 0.0332 g g�1 DW, whereas the S. polyrhiza + Lemna sp.
polyculture system showed a decrease from 0.3659 � 0.0612 g
g�1 DW to 0.2260 � 0.0116 g g�1 DW. Statistically, only the
carbohydrate decrease in the S. polyrhiza monoculture system
RSC Adv., 2021, 11, 13853–13866 | 13861

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00160d


Fig. 5 The biomass changes in (a) fresh weight as well as the biochemical content changes in the (b) total carbohydrate and (c) total protein
levels of the macrophytes in the S. polyrhiza monoculture system, Lemna sp. monoculture system, and S. polyrhiza + Lemna sp. polyculture
system over the 14 day phytoremediation period. Additional data for the estimated dry weights are included as well in (a). * indicates a significant
difference before and after the run (p < 0.05).
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was found to be signicant, but this was not the case for the
Lemna sp. monoculture system and S. polyrhiza + Lemna sp.
polyculture system.

Fig. 5(c) illustrates the biochemical content change in the
total protein of the macrophytes in the systems over the 14 day
phytoremediation period. Typically, the macrophyte systems
were observed to exhibit an increase in total protein content.
The macrophytes in the S. polyrhiza + Lemna sp. polyculture
system achieved the highest total protein content increase of
12%, whereby the initial protein level of 0.2005 � 0.0047 g g�1

DW rose to 0.2250 � 0.0103 g g�1 DW. The Lemna sp. mono-
culture system macrophytes had the second-highest total
protein content increase of 8%, with the protein content
increasing from 0.2052 � 0.0124 g g�1 DW to 0.2212 � 0.0267 g
g�1 DW. The lowest increase in total protein content of 6% was
found in the S. polyrhiza monoculture system, whose content
increased from 0.1958 � 0.0093 g g�1 DW to 0.2066 � 0.0189 g
g�1 DW. However, the increase in the total protein contents
were not statistically signicant for any of the systems.

The high increase in the fresh weight of the biomass among
the systems indicated that the S. polyrhiza and Lemna sp.
macrophytes grew healthily in the sh farm wastewater and that
the wastewater contained sufficient nutrients to support the
growth and development of the macrophytes.43,50,51 This
increase was also found to be higher than that in a study carried
out in synthetic medium,23 which could suggest that the sh
farm wastewater used has a greater amount of nutrients and
more diversied nutrients originating from the readily available
inorganic nutrients and mineralised nutrients from the organic
wastes, e.g., uneaten feed, dead algae, and sh excretion and
faeces, and other essential plant nutrients that promoted the
13862 | RSC Adv., 2021, 11, 13853–13866
growth of the macrophytes. An additional analysis of the water
content (moisture) of the harvested macrophytes showed that
water constituted about 96% of their biomass. The increase in
dry weight was the highest in the Lemna sp. monoculture
system, followed by the S. polyrhiza + Lemna sp. polyculture
system and nally the S. polyrhiza monoculture system, which
had percentage increases of 203%, 97% and 34%, respectively.
This showed that the macrophytes in all the systems were
constantly xing carbon for their growth. The rate of carbon
xation in Lemna sp. was higher than that of S. polyrhiza in this
particular sh farm wastewater, and the nal dry weight of
Lemna sp. was roughly triple its initial weight. The relatively
high biomass productivity of the three macrophyte systems,
namely, the S. polyrhiza monoculture system, Lemna sp.
monoculture system and S. polyrhiza + Lemna sp. polyculture
system, would permit macrophyte farming, allowing the
resulting biomass to be used to seed subsequent cultivation, for
wastewater treatment purposes, and also as other valuable by-
products, such as fertiliser. The available research on the data
of percentage recovery of nutrients from the macrophyte (or
duckweed) as a means of organic fertilizer and related studies
are limited, which is in agreement with the report.52 Only a few
relevant studies can be found.53–55 The rate of nutrient leaching
by the macrophytes varied depending on the number of days
aer fertilizer application.53–56 The nutrients can be recovered
from the macrophytes once they are fully decomposed.

In the case of biochemical analysis, the decrease in the total
carbohydrate content of the macrophytes in all the systems was
due to the cultivation method of the macrophyte stocks and the
metabolism of the macrophytes during phytoremediation. The
macrophyte stocks used in this study were cultivated by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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micropropagation, in which sucrose is added to the medium as
a carbon source. In an enriched medium, the macrophytes tend
to store the carbon source as starch grains inside their cells.57,58

Therefore, the carbohydrate content in the initial macrophytes
was higher as the supply of sucrose in the medium acted as an
additional organic carbon source.59 Additionally, when the
macrophytes were taken out for phytoremediation, they used up
their starch for growth and producing offspring,58,60 as the
fronds of the macrophytes were seen to duplicate continuously,
generating new biomass. In addition to carrying out cell divi-
sion (plant building and producing biomass), the starch could
also be used for respiration and the production of metabolic
substances (protein, fat, etc.)58 which eventually lowered the
carbohydrate content inside the nal harvestedmacrophytes. In
addition, this carbohydrate could either be converted into more
complex, tougher forms of organic carbon, such as cellulose,58

or be disseminated or assimilated into the biochemical
composition of their offspring and daughter fronds during
multiplication.61

In terms of the total protein content, the differences among
the macrophytes were not very signicant, although the average
content was determined to be higher at the end of the experi-
ment. In spite of this, the small increase in protein content
accompanied by high macrophyte biomass productivity could
provide a huge amount of protein source or feedstock for sh
and poultry food supplements. The elevated protein level in the
macrophytes was a result of the high ability of macrophytes to
take up nitrogen sources from the sh farm wastewater and
convert them into proteins. Both S. polyrhiza and Lemna sp.
macrophytes have high protein content and quality, and a variety
of their amino acids meet the WHO nutrition recommendations.62

Their essential amino acid prole is better than that of most plant
proteins and resembles animal protein more than any other plant
proteins.63 They are rich in leucine, threonine, valine, isoleucine
and phenylalanine64 and are comparable to alfalfa in terms of
lysine and arginine, which are amino acids important in animal
feed.63 Certain amino acids were found to be present in low levels
in plant proteins but plentiful in the protein of duckweed.63

Haustein et al.18 reported that high levels of trace minerals and
pigments, especially b-carotene and xanthophyll, were present in
duckweed. Dried S. polyrhiza macrophytes could be included as up
to 30% of the total diet of Nile tilapia without a signicant effect on
performance as compared to controlmeal without duckweed.65 This
would help to reduce the amount spent on conventional meals,
since sh feed that is rich in protein with high biological value is
costly and usually locally unavailable. Eggs from Leghorn hens that
were fed with 15 and 25% sewage-grown Lemna gibba had a higher
protein content than control eggs and showed a signicant increase
in yolk pigmentation.18 However, the egg production and mean egg
weights of the hens fed with the control diet and those fed with
macrophyte-inclusive meals remained the same.18

4. Conclusions

The S. polyrhiza monoculture system was the most effective
candidate for treating sh farm wastewater among the tested
systems. It required only two days to drop below the 5 ppm
© 2021 The Author(s). Published by the Royal Society of Chemistry
ammonia standard limit (81% ammonia removal to 3.90 mg of
N/L), and the wastewater never exceeded the 10 ppm nitrate-N
limit during the study. Additionally, it had the lowest nitrite
prole and the highest mean phosphate removal of 84% among
the studied systems. This was mainly contributed to by the high
uptake capabilities towards various nitrogen species and
phosphate of the S. polyrhiza macrophyte; the highest removal
rates of NH3–N, NO3

�–N, NO2
�–N, and PO4

3� recorded were
809 mg of NH3–N m�2 per day, 286 mg of NO3

�–N m�2 per day,
116 mg of NO2

�–N m�2 per day, and 131 mg of PO4
3� m�2 per

day, respectively. Most importantly, the exceptionally high and
fast ammonia, nitrate, and nitrite uptake of the system reduced
the toxicity of the pollutants to freshwater animals in terms of
concentration and exposure time. The S. polyrhiza + Lemna sp.
polyculture system exhibited ammonia and nitrite removal
levels that were intermediate between those of the S. polyrhiza
monoculture system and Lemna sp. monoculture system, which
corresponded to the nitrogen removal abilities of S. polyrhiza
and Lemna sp., as well as the plant densities of eachmacrophyte
species in the system.

The S. polyrhiza monoculture system also achieved 92%,
99%, and 97% decreases in the TSS, turbidity, and COD, which
were the highest decreases observed among the congured
systems. The highest COD and TSS removal rates recorded were
6504 mg of O2 m

�2 per day and 4620 mg m�2 per day, respec-
tively. The steep decline of the TSS, turbidity, and COD during
the rst two days was primarily due to the sedimentation of the
algae present in the wastewater. Furthermore, the ltration
capacity of the suspended solids, the prevention of wave
formation by the macrophytes, and the metabolic activities of
the microbes residing on the macrophytes led to relatively lower
TSS, turbidity, and COD readings in the macrophyte systems.
Thus, effluent with dissolved nutrient, TSS, COD, and turbidity
values below the relevant discharge limits was attainable, which
in turn would lower the adverse effects of the effluent on the
receiving water. Moreover, the high biomass productivity and
superior protein levels of the macrophyte systems cultivated in
the sh farm wastewater would allow their subsequent uti-
lisation as a sh feed supplement and in poultry diets.

Other wastewater samples with similar characteristics
(nutrient-rich and containing algal blooms) could also be treated
using this system. It could potentially depurate bodies of water that
are initially or continually polluted with nutrients, suppress surges
or increases in nutrients in bodies of water (ponds/lakes), and
minimise the toxicity of pollutants to eventually preserve and
protect the aquatic life within and assist in ecological restoration.
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