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The enhancement of treatment capacity and the
performance of phytoremediation system by fed

batch and periodic harvestingf

Yin Sim Ng & and Derek Juinn Chieh Chan(®*

Floating macrophyte phytoremediation could be the most relevant solution to the ever-increasing finfish

farm pond effluent worldwide. However, the information of Spirodela polyrhiza monoculture system in

fed batch mode, with periodic harvesting and increased macrophyte density is limited. In this study, the

effect of fed batch and periodic harvesting on the treatment capacity and performance of the S.

polyrhiza monoculture system (with increased the macrophyte density) in fish farm wastewater were

evaluated. Results showed that the system with fed batch and harvesting could treat a greater volume of

wastewater, remove a higher amount of pollutants in terms of ammonia (NHs—N), phosphate (PO,>7),

total suspended solids (TSS) and chemical oxygen demand (COD), while meeting the effluent limits. The

system with S. polyrhiza macrophyte density of 11.67 g fresh weight (FW) per L wastewater was able to
decrease nitrate (NOz~—N) and nitrite (NO,™ —N) to an undetected level. This study suggested that the S.
polyrhiza monoculture system with fed batch, optimal harvesting and frequent sediment removal is

feasible and effective in treating the fish farm wastewater, and produces biomass with superior protein

content for fish feed supplement and poultry diet. The obtained data provided insights into the system
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reliability in wastewater treatment and ways of improvement for the system. The treated wastewater

could achieve exceptional quality with minimal toxicity before discharge to receiving waters, and

DOI: 10.1039/d0ra08088h

rsc.li/rsc-advances pollution and ecological impacts.

1 Introduction

Aquaculture constituted 47% of the world fish production, and
continues to grow faster than other major food production
sectors." Its production depends progressively on inland aqua-
culture (64%), which is dominated by finfish farming (92.5%),
achieving 47.5 million tonnes (year 2016)." The production
increased yearly, with 38.6 and 43.6 million tonnes in 2012 and
2014, respectively.>* Therefore, the continued expansion and
operation of the inland finfish aquaculture site would cause
increased land reclamation, effluent discharge and environ-
mental degradation on the resource base. The fish farm
wastewater is high in dissolved nutrients (nitrogen (N) and
phosphorus (P)) and suspended solids,**® which basically orig-
inated from uneaten feed, fish faeces and excretion.>” Based on
the estimate that water discharge is 5.5 m® kg™' finfish
production from pond culture,®® the wastewater generated from
the inland finfish industry alone reached up to 261.2 billion m?
worldwide in 2016. Provided that ammonia-N, nitrate-N and
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potentially be reused for water flow recharge, aquaculture and irrigation purposes, minimizing the

phosphate levels in fish farm wastewater are 26.5, 15.3 and
6.0 mg L™, respectively,'®" 6.9, 4.0 and 1.6 million tonnes of
ammonia, nitrate and phosphate were released globally into the
environment.

The current practice for the wastewater is either discharge
directly to waterways or go through a settlement/sedimentation
pond before discharge.'® However, the issue of nutrient removal
from the wastewater is still not properly addressed. Phytor-
emediation technology using floating macrophytes is consid-
ered the easiest approach, as treatment can be done directly by
dispersing and cultivating macrophytes on the existing sedi-
mentation ponds. It is not only effective in nutrient removal,
but also potentially used as a means of resource recovery for
producing value-added feedstock for fish and poultry
husbandyry, fertiliser and biofuel. It is the most feasible way for
aquafarmers since no large capital is needed to construct the
facility and treatment equipment, such as pumps, and no high
recurring operation costs are required for maintenance, chem-
icals addition and electricity usage. Phytoremediation is self-
sustaining by relying on sunlight, has minimal energy require-
ment, and is conceived as a low carbon footprint technology.
Floating macrophytes are also easily harvested compared to
microalgae. This is due to their larger size and lower density
compared to water (with two distinct phases). Thus, the
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dewatering process that incurred high operational cost and
energy consumption from microalgae separation'>** can be
omitted. Spirodela polyrhiza is chosen for the study due to its
prominent nutrient uptake from synthetic** and fish farm
wastewater'® observed in previous studies, its environmental
adaptability"® and economically attractive application of duck-
weed biomass."”

To the authors' knowledge, to date, the available research
studies'®"” using Spirodela polyrhiza for the treatment of fish
farm wastewater were conducted in batch system. A treatment
system in batch mode may not be ideal for fish farm pond
aquaculture effluent since the treatment capacity is limited and
cannot cater to intermittent effluent discharge. The effluent
comes from the water exchange of the pond, where a partial
water exchange can be done daily from 0-4.4%,*'** or when the
pond gets near its carrying capacity, about 25%, whereas a full
water exchange is done twice a year. Fed batch could be a more
appropriate approach for the effluent compared to continuous
mode, as the effluent discharge can be irregular, remediation
requires a few days,” and fed batch ensures the effluent is
properly treated and reaches the limit before discharge. Peri-
odic harvesting could become an alternative to increase the
wastewater treatment performance. It not only permanently
removes accumulated nutrients from the system,* but also
maintains the vigorous growth of the macrophyte colony** in
the system as older plants are removed. This leaves healthy,
productive plants,” while the crowding of macrophytes and
self-shading are avoided.* It thereby increases the efficiency of
the nutrient and pollutant uptake from the wastewater. Only
one study was conducted specifically to evaluate the effect of the
harvesting regime on the nutrient recovery, but in swine
wastewater.”® It indicated that harvesting 20% of duckweed
twice a week will have higher total nitrogen (TN) and total
phosphorus (TP) removals.> Harvesting amounts of 10-25%32*">*
and frequency of 1-6 days*™>® were reported. However, the
harvesting amounts and frequency can be varied depending on
the macrophyte species, wastewater type and nutrient level, and
culture conditions, and should be determined via practical
experience.”” The macrophyte density could also affect the
nutrient removal from wastewater. Higher density is expected to
have higher removal, but a relevant study was not found in the
recent research for fish farm wastewater. Therefore, the uti-
lisation of Spirodela polyrhiza in remediating fish farm waste-
water in fed batch, with periodic harvesting scheme and
increased macrophyte density is limited in the literature
context, and this research aims to address these concerns. From
a previous study,' the S. polyrhiza monoculture system has the
best performance among other systems in treating fish farm
wastewater. In this study, fed batch and periodic harvesting
were done to this S. polyrhiza monoculture system (with
increased macrophytes density) to evaluate its treatment
capacity and performance on fish farm wastewater. Ammonia
(NH3-N), nitrate (NOz; -N), nitrite (NO, -N), phosphate
(PO,*7), total suspended solids (TSS), turbidity and chemical
oxygen demand (COD) removal from wastewater and corre-
sponding changes in biomass, total carbohydrate and protein
contents of the system were determined for the study. The
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obtained data will reveal whether fed batch mode, periodic
harvesting practice and increased macrophyte density have any
effect on the treatment system capacity and performance in
terms of the volume of wastewater processed, amount of
pollutant removed, pollutant removal efficiency and the
biomass productivity. It also helps us gain insight into the
reliability of the phytoremediation system after the modifica-
tions, to further improve the system, and eventually realise the
commercialisation of the system in fish farm sectors.

2 Materials and methods

2.1. Source of wastewater

The wastewater was collected from a freshwater catfish farming
ponds in Tanjong Piandang, northwest of the Kerian District,
Perak, Malaysia. The farm covers an area of about 3 ha with 19
ponds (approximately 11 450 m?®). The wastewater was taken
from 4 different ponds, but were pooled together before use to
limit the water quality variation due to the age of the fishes,
amount of uneaten feed remained, amount of fish excretion and
faeces, as well as the water exchange rate of the respective
ponds. The quality of the wastewater is shown in ESI Table S1.}

2.2. Plant stock establishment

The macrophytes Spirodela polyrhiza were collected locally from
a water pathway near the catfish farm. The aseptic cultures were
established according to the procedure described by Ng and
Chan," and maintained in liquid Hoagland No. 2 medium?
(ESI Table S21) with 15 g L™" sucrose. All cultures were then
incubated at 29 £+ 1 °C under a Philips TL-D 36W/865 fluores-
cent light (1500 lux) with a 16 h light:8 h dark photoperiod for
14 days. The propagated macrophytes were collected, washed
twice with water, and then blotted with absorbent paper to
remove any nutrients and sucrose from the medium before
being used for the experimental setup in our phytoremediation
study. This was to ensure that nutrients and sucrose were not
introduced to the phytoremediation experiment.

2.3. Setup and conduct of the study

This study was carried out in a bench scale raceway pond rig
system adapted from Ng and Chan,*® with dimensions of 50 cm
X 25 cm X 9 cm, inside the laboratory under a controlled
environment (see ESI Fig. Si(a) and (b)}). The transparent
acrylic pond rig is covered with light absorbing material to
prevent the excessive growth of algae. Two treatment systems
were configured for the study, namely control system (without
fed batch and harvesting) and FBH system (fed batch and har-
vesting system). Both systems were started with 12 L of fish farm
wastewater and 140 g fresh weight of S. polyrhiza biomass
(double the biomass/initial macrophyte density in the previous
work,'®) which was distributed evenly over the wastewater
surface in the raceway pond. A submerged pump was used to
circulate the wastewater in the raceway pond rig system, which
was equipped with a RMA-34-SSV flowmeter (Dwyer Instru-
ments, USA) at a flow rate of 50 ml min~'. The phytor-
emediation study was carried out at 29 + 1 °C under Philips TL-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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D 36W/865 fluorescent tubes (1500 lux) with a 16 h light:8 h
dark photoperiod for 16 days. A water sample (150 ml) was
collected at the outlet of the pond rig every 2 days, starting at
day 0 until the end of the experiment. The water samples were
analysed for ammonia (NH;-N), nitrate (NO3; -N), nitrite
(NO, -N), phosphate (PO,>), chemical oxygen demand (COD),
turbidity, total suspended solids (TSS) and pH. Those parame-
ters were determined according to the standard method and
protocol (see ESI Protocol S17).

The difference between both systems was that, in the FBH
system, S. polyrhiza biomasses were partially harvested and the
fish farm wastewater was partly replenished with fresh waste-
water on days 4, 8 and 12. Additional water collections were
performed on days 4, 8 and 12. On those days, after water
samples were collected, 25% surface area of S. polyrhiza
covering the raceway pond was harvested. The harvested
biomass was washed and blotted before being weighed. Next,
6 L of fish farm wastewater (50% of the volume) in the rig system
was replaced with the fresh, new wastewater medium. The
remaining S. polyrhiza (unharvested) was then ensured to be
distributed equally and evenly throughout the pond surface.
Another water collection was done after the old and new
wastewater had been well mixed to examine the starting water
quality of the fish farm wastewater after fed batch. On day 16, all
biomasses of S. polyrhiza from both systems were harvested and
blotted carefully with absorbent paper before being weighed for
their respective fresh weights. For the FBH system, S. polyrhiza
samples harvested at days 4, 8 and 12 were considered and
accounted into the increment of biomass. The biomasses were
then subjected to biochemical analysis to evaluate their carbo-
hydrate and protein content.

Both systems were carried out for three replicates. The
treatment capacity and performance of both systems were
assessed and compared. Some of the indicators used for eval-
uation include the pollutant removal efficiency, total pollutant
removed (ESI eqn (S1)-(S3)7), volume of wastewater treated and
conformity to standard limit, depending on respective graph
trends. The biomass productivity and biochemical content
change for both systems were also examined.

2.4. Determination of total carbohydrate and total protein

The dried macrophyte biomass was blended into fine powder
before undergoing acid hydrolysis extraction by Hoebler
et al.*® 0.1 g of the fine powder sample was mixed with 1.25 ml
of 72% (w/w) sulphuric acid in a 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. After cooling and the addition of 3.1 ml NaOH 32%
(w/v), solutions were centrifuged at 3500 x g for 15 minutes to
obtain the supernatant. The carbohydrate was determined
through the colorimetric method described by Dubois et al.®°
using sucrose as the standard. The protein was determined
through the test tube procedure of the BCA method outlined in
the Thermo Scientific™ Pierce™ BCA Protein Assay Kit
instructions with bovine serum albumin (BSA) being used as
the standard.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.5. Statistical analysis

The mean value and standard error were calculated for all
analysed parameters. Error bars representing the standard
errors were added to all plotted graphs. The statistical signifi-
cance in the levels of treatment, biomass and biochemical
content change in the control and FBH systems were assessed
by paired ¢-test. For the water quality assay, each level analysed
throughout the experiment was evaluated for significant
differences with reference to the initial level in the control
system. In the FBH system, the tests were carried out within
respective terms, with respect to the initial level on that
particular term. The statistical tests were performed using
Minitab® version 16.2.1.

3 Results and discussion

3.1. Removal of nitrogen

The concentration of various nitrogen species, namely ammonia,
nitrate and nitrite in fish farm wastewater treated by FBH, and
the control systems are depicted in Fig. 1(a)-(c), respectively. The
ammonia in the control system fell steeply to 9.80 + 0.12 mg L™ "
on day 2, and then to 4.55 + 0.61 mg L' on day 4 with 83%
removal efficiency. It dropped to an undetectable value on day 8,
and maintained the level until the end of the run. The ammonia
reduction was significant (p < 0.05) starting on day 2 towards the
end of the study. Meanwhile, a similar trend was observed
between its nitrate and nitrite levels, where both showed an
almost undetected value throughout the experiment. The average
nitrate and nitrite levels in the control system were determined at
around 0.86 mg L™ " and 0.31 mg L™, respectively. As for the FBH
system, the ammonia level dropped sharply and significantly to
5.95 + 0.49 mg L™ " in the end of term 1 (p < 0.05), with 75% of the
removal efficiency. A significant decrement in the ammonia level
was also demonstrated in terms 2, 3 and 4 (p < 0.05), whereby
their levels declined to 4.05 4+ 0.26 mg L™ ", 1.90 + 0.35 mg L™
and 2.95 + 0.03 mg L™" on the final day of the respective terms,
with removal efficiencies of 76%, 90%, and 84%, respectively.
The mean ammonia removal efficiency in the FBH system during
those four terms was valued at 81%. In the meantime, the profiles
shown in nitrate and nitrite concentration of the FBH system
were similar to each other. Both nitrate and nitrite presented an
almost undetected value during term 1, and only rose slightly to
levels of 0.51 + 0.02 mg nitrate-N per L and 0.05 + 0.01 mg
nitrite-N per L in the end of term 1. During term 2, the nitrate and
nitrite concentrations remained low from day 4 to day 6, but
a moderate increment was noted for the next 2 days, in which
both concentrations went up to 5.50 £ 0.69 mg nitrate-N per L
and 3.20 + 0.46 mg nitrite-N per L on the last day of the referred
term (p < 0.05). A considerable high rise in nitrate and nitrite was
found during term 3, whereby the nitrate level climbed from 1.25
+0.72mgL " t022.90 £ 1.44 mg L " (p < 0.05), while the nitrite
level increased from 1.70 + 0.29 mg L™ t0 9.50 + 0.87 mg L ™" (p
< 0.05). During term 4, nitrate rose from 2.80 + 1.27 mg L™ " to
12.45 £+ 0.66 mg L™ " (p < 0.05), whereas nitrite went up from 4.10
+0.52mgL "' t05.50 + 0.29 mg L ™" (p < 0.05).
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Fig.1 Concentration of (a) ammonia (NHz—N), (b) nitrate (NOs~=N), (c) nitrite (NO,~=N) and (d) phosphate (PO,>7) in the fish farm wastewater in
the course of 16 days of treatment by the control system and FBH system. Wastewater withdrawal and replenishment (fed batch), as well as
biomass harvesting, were carried out on day 4, 8 and 12 only in the FBH system, but not in the control system. For the FBH system, its
experimental period was divided into four terms, where terms 1, 2, 3 and 4 fall on days 0—4, days 4-8, days 8—-12 and days 12-16, respectively.

For the control system, the ammonia removal remained high
and as much as 83% of the ammonia could be removed in 4
days' time, and the level was rendered low for all of the times. It
was primarily due to the high ammonia uptake capability of the
S. polyrhiza macrophytes in the system, as discussed by Ng
et al.*® Although the nutrients can be taken up passively via
diffusion through the root membrane when the concentrations
are sufficiently high, their active uptake system plays an
important role in maximizing their uptake. The active uptake
relies on the presence of specific transporter proteins on the cell
membrane. As for ammonia, the roots rely on the AMT genes for
the uptake of the NH," present in the wastewater.’* S. polyrhiza
took up the ammonia and nitrate via its fronds and roots. The
nitrogen constituent was then transported and accumulated in
the biomass, where fluxes of ammonia and nitrate ions were
detected in those parts.*>*® Nitrogen is essential to plant, as it is
the elementary component of amino acids, proteins and nucleic
acids, as well as chlorophyll.** The nitrogen is crucial in the
construction, growth and development of plant tissues and
cells, the genetic material (e.g., DNA for plant reproduction),
expressing plant traits and regulating plant cell processes,

6052 | RSC Adv, 2021, 11, 6049-6059

photosynthesis for carbohydrate formation, as well as giving
green coloring to the plant. The nitrification process could also
partly contribute to the decrement of the ammonia level in the
wastewater. However, it was found that the accumulation of
nitrate and nitrite in the wastewater as a result of nitrification,
as in an earlier study,'”” was not noticeable or remarkably
observed. Instead, its nitrate and nitrite levels were almost
undetected, as depicted in Fig. 1(b) and (c), in the control
system. Although the same system (S. polyrhiza monoculture
system) was employed for the current and previous studies,'
the macrophyte densities in both systems were different. The
current system (control system) had higher macrophyte density
(11.67 g FW per L wastewater) than the previous system (6.00 g
FW per L wastewater), where it almost doubled the one in the
previous system. Therefore, the presence of a larger amount of
S. polyrhiza macrophytes allowed for a higher quantity of nitrate
and nitrite to be taken up from the wastewater, and assimilated
into their biomass. Thus, nitrate and nitrite in the control
system could be reduced to such a low level compared to the
system in the previous study. In nitrate, the NRT1 and NRT2
genes are responsible for mediating the roots in the uptake of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NO;~ under both low and high affinity transport systems.*
Moreover, a higher amount of ammonia removal by a greater
density of macrophytes could prevent the availability of
ammonia in wastewater for conversion into nitrate and nitrite
via nitrification. It proved that the S. polyrhiza monoculture
system with proper density coverage was able to reduce the
nitrate and nitrite levels below the stringent limit and guideline,
as well as further polishing the wastewater to a much lower and
undetected level. The nitrate-N level was kept below the stan-
dard, 10 mg L '*# all the times and the maximum level
occurred during 16 days of study. The amount of 1.45 mg L™*
nitrate-N obtained, was 86% lower than the standard, which
was also much lower than the previous study. The nitrite-N
concentration was also maintained below the drinking water
guideline at 0.9 mg L™" (ref. 38) and standard at 1 mg L " (ref.
39) throughout the study.

As for the FBH system, there were spikes in the ammonia
level on days 4, 8 and 12, or specifically the beginning of terms
2, 3 and 4. This was attributed to 50% replenishment of the
wastewater medium on the mentioned days, which had intro-
duced more pollutants, e.g. ammonia, into the wastewater itself
during the study. Hence, the increment in the ammonia
concentration was shown on those days. In spite of that, the
FBH system managed to reduce the ammonia to a very low level,
which was below the statutory limits of 5 mg L™" (ref. 35) and
10 mg L™',* as the average ammonia level at the end of four
terms was determined at 3.71 mg L™ ". It demonstrated that the
system allowed the fish farm wastewater with an initial quality
of around 20 mg L™ to be sufficiently treated before discharge
for each term. For term 3, the ammonia in the system could be
reduced to as low as 1.90 + 0.35 mg L™ ". Furthermore, the mean
ammonia removal efficiency in the FBH system for the four
terms was high (81%), which was almost similar to the control
system (83%) under the first 4 days of treatment. The ammonia
removal remained efficient throughout the study, although the
system had been routinely fed with fresh wastewater. The
system did not show any sign of saturation or significant drop in
ammonia removal efficiency as the days proceeded. The effi-
ciency in the FBH system only fluctuated within 75-90%. The
main causes of ammonia reduction in the system were the same
as the control system. However, the periodic harvesting of the S.
polyrhiza macrophyte from the system might help to remove
ammonia from the wastewater since it maintained the optimal
growth of the colony.”* Crowding inhibits the macrophytes’
growth,* which in turn lowered their uptake performance. The
FBH system was found to have a higher total amount of
ammonia removal than the control system. Throughout the 16
days study, the total amount of ammonia removed by the FBH
system was 756.60 mg, which was determined to be 2.54 times
greater than the control system with only 298.20 mg. A larger
amount of ammonia-contaminated wastewater was also being
treated by the FBH system (about 30 L) than the control system
with only 12 L of wastewater. Hence, the FBH system could have
150% more treatment capacity than the control system. In the
case of nitrate and nitrite for the FBH system, their levels were
almost undetected from day 0 to day 6, and showed an incre-
mental rise as the term proceeded. This could be due to a few

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reasons. First, more organic nitrogen was available at the rig's
bottom floor due to sedimentation as fresh wastewater was
added routinely. It allowed for a higher conversion into nitrate
and nitrite through nitrification since ammonia was readily
present from the organic nitrogen. Second, the harvesting rate
of the macrophytes was higher than the growth rate of the
macrophytes, leading to lower macrophyte density in the
system. This would greatly reduce the removal and assimilation
of nitrate and nitrite into the macrophytes’ biomass. Third, the
presence of nitrifying organisms from the wastewater of the
previous term could accelerate the nitrification, causing the
conversion into nitrate and nitrite to be faster, and thus a high
increment of both levels under a short period of time. As time
passed, the level of both nitrogen species increased. The nitrate
level was below the most stringent limit, 10 mg L™ ", for most of
the time, except for the last day of terms 3 and 4, while the
nitrite level was only below the drinking water standard from
day 0 to day 6. It is believed that this outcome can be improved
by removing the sediments (organic nitrogen) frequently, or in
the end of each term, as well as reducing the harvesting rate or
percent of harvested surface. The exceptional low level of nitrate
and nitrite could be achieved from the frequent removal of
sediment and proper density coverage of the macrophytes.

3.2. Phosphate removal

Fig. 1(d) presents the phosphate removal by FBH and control
systems in the fish farm wastewater during the study. In
general, both systems expressed the reduction in phosphate,
but in different ways. A steep reduction was observed in the
control system in the first 4 days, to 0.70 £+ 0.01 mg L™" with
68% removal efficiency, and then the phosphate was reduced
considerably to 0.41 & 0.06 mg L™ on day 6. It later maintained
the level around 0.38 mg L™'. Its phosphate reduction was
significantly different from day 2 onwards (p < 0.05). For the
FBH system, similarly, the phosphate was reduced sharply
during term 1 to a level of 0.55 + 0.18 mg L™ (p < 0.05) with
a removal efficiency of 75%. The rapid decrement of phosphate
persisted in term 2 after the partial replenishment of waste-
water on day 4 with 79% removal efficiency to 0.34 =+
0.03 mg L™ " (p < 0.05). The sharp phosphate decrement carried
on in terms 3 and 4, where 80% and 71% removal efficiencies
were recorded, to levels of 0.39 4+ 0.02 mg L™ (p < 0.05) and 0.69
+0.02 mg L™ " (p < 0.05), respectively.

The rapid phosphate reduction in both systems was attrib-
uted to the same factors, as discussed by Ng et al.,"* whereby
both utilised S. polyrhiza macrophytes, which has inherent high
and rapid phosphate removal capability.* The PO, uptake by
the macrophytes and subsequent intracellular storage were
demonstrated.**™** The mass balance in the non-axenic study
showed that the uptake of phosphorus by the macrophytes was
the dominant mechanism of removal.** The movement of P
across the root cell requires an energy-driven phosphate trans-
porter to move P through the membranes into the plant root
cells.** Phosphorus is a macronutrient of plants, and the major
constituent in adenosine diphosphate (ADP) and adenosine
triphosphate (ATP), which are crucial for energy storage and
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transfer in photosynthesis and respiration. It is needed for the
formation of ADP and ATP, and also as the building block for
nucleic acids, nucleotides, sugar phosphates and many more,*
especially during the active growth of plants (e.g., cell division
and development of new tissues). It is also a component of
various enzymes and proteins, RNA and DNA, where both are
held by a phosphorus bond. The genetic material is vital for the
proper development, functioning, growth, and reproduction in
the plant. Although the phosphate removal efficiency in the
control system was high, the treatment capacity was low since it
is a batch system. It only can treat a fixed amount of wastewater
based on the designed volume of the system. As for our rig
system, the control system (batch system) could only process
a 12 L volume of wastewater per study. In addition, most of the
time (about 75%), the phosphate level was in the steady state,
where no significant phosphate removal was found. However,
when the fed batch was applied and 50% of the wastewater was
being replenished every 4 days, the total amount of treated
wastewater increased up to 30 L, which tremendously elevated
the treatment capacity. The mean phosphate removal efficiency
in the end of all terms was 76%, which was almost equivalent to
its initial 4 days (term 1) removal efficiency. With larger treat-
ment capacity, as well as high phosphate removal efficiency,
demonstrated in the FBH system, the total amount of phos-
phate removed can be huge compared to the control system.
The total amount of phosphate removed by the FBH system was
3.47 times greater than the one in control system, in which the
total amount of removal was found to be 74.88 mg and
21.60 mg, respectively. Harvesting also ensured the optimum
growth of the macrophytes, so that the removal of phosphate by
absorption could be higher and more efficient. Moreover, the
FBH system was capable of further depurating the fish farm
wastewater down to 0.11 £ 0.01 mg P per L and with an average
level of 0.16 mg P per L for the four terms.

Generally, the pH profile in both systems was steady
throughout the experiment, with the control system fluctuating
within 7.76-7.84, while the FBH system hovered between 7.64
and 7.87 (ESI Fig. S2t). These pH ranges allowed for the optimal
growth of the macrophytes, thus boosting the nitrogen and
phosphorus phytoremediation, and granted the occurrence of
nitrification.

3.3.
COD

Profiles of the total suspended solids, turbidity and

The total suspended solids (TSS), turbidity and COD profiles of
fish farm wastewater treated by the control and FBH systems
during the 16 days of experimental period are shown in
Fig. 2(a)—(c), respectively. In general, the trend of TSS, turbidity
and COD in the control system were identical, where a signifi-
cant decrement occurred in the first 4 days. This was followed
by a slight decline in the level until the end of the study, while
the TSS, turbidity and COD profiles of the FBH system were
similar in that a substantial reduction took place at every term,
and their levels rocketed simultaneously on days 4, 8 and 12
once the wastewater was partially replenished. As for the control
system, its TSS dropped significantly to a level of 34 + 8 mg L ™"
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in the first 4 days, with 61% removal efficiency. The decrement
in TSS was slow thereafter. It recorded 27 £ 7mg L™ " on day 6 (p
< 0.05) and reached 16 + 5 mg L " (p < 0.05) with 81% of TSS
removal on the last day of the run. For turbidity, it fell consid-
erably from an initial value of 83.45 & 1.07 NTU to 22.05 + 3.20
NTU on day 4 (p < 0.05, 74% removal), and then declined
slightly until the end of the experiment, in which 6.03 £+ 1.25
NTU was attained on day 16 (p < 0.05, 93% removal). A signifi-
cant decrease of COD in the control system was observed in the
first 4 days to 43 + 8 mg L™" (p < 0.05), with 65% removal effi-
ciency. The COD level went down slightly from day 4 to day 16,
where it achieved 24 + 4 mg L ™" on the final day of study (p <
0.05), with a removal efficiency of 80%. As for the case in the
FBH system, its TSS fell substantially to a level of 21 5 mg L™
on day 4 (p <0.05), with 73% of removal efficiency for the term 1.
A sharp TSS decrement was found in terms 2, 3 and 4, where
they achieved the levels of 10 - 0 mg L', 5+ 3 mgL "and 11 +
6 mg L' in the end of their respective terms (p < 0.05), with
a removal efficiency of 91%, 95% and 90%, respectively. For
turbidity, the level in the FBH system went down significantly
from 78.95 & 4.07 NTU to 12.55 % 0.09 NTU during term 1 (p <
0.05), with 84% turbidity removal. During term 2, it started with
122.50 + 0.29 NTU and fell rapidly to 6.96 + 0.62 NTU (p < 0.05),
which recorded 94% turbidity removal. For terms 3 and 4, they
initiated with 119.00 &+ 2.89 NTU and 149.50 + 0.29 NTU, and
then the levels dropped steeply to 3.31 £ 0.31 NTU and 5.76 +
0.68 NTU on the final day of the respective terms (p < 0.05, with
97% and 96% turbidity removal, respectively). In the case of the
COD level, a similar profile was found. The COD declined
substantially to a level of 45 + 2 mg L™ " during term 1 (p < 0.05),
with 65% removal efficiency. A sharp COD fall was observed in
terms 2, 3 and 4, to levels of 41 + 4 mg L™, 29 £ 2 mg L™ " and
36 + 4 mg L " on the last day of the respective terms (p < 0.05),
which recorded removal efficiencies of 75%, 80% and 79%,
respectively.

The reasons for causing the TSS, turbidity and COD decre-
ment in the control and FBH systems were identical as those
discussed by Ng et al.™ It was mainly due to sedimentation of
the die-off algae present in the wastewater caused by the
shading effect from dense mats of macrophytes and the system
itself (covered with light absorbing material). Studies from Lin
et al.*° and Yeh et al.*” showed that shading reduced algae in
eutrophic wastewater, and enhanced TSS and COD removal
from water body. The turbidity improved after the TSS respon-
sible for obstructing light penetration in the waters***
removed. The prevention of wave formation by macrophytes
and the metabolic activities of microbes resided on the
macrophytes®” were also among the factors for the TSS,
turbidity and COD decrement. For the FBH system, its routine
harvesting of macrophytes might aid in lowering the TSS level in
the wastewater, making the water clearer and reducing COD
within. This is because the roots and fronds of the macrophytes
could filter and retain some of the suspended solids and algae
assemblage. Harvesting the macrophytes means removing
together the suspended solids retained and attached from the
wastewater. Within the 16 days study, the FBH system was able
to remove 4365 mg of TSS, whereas the control system just
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Fig. 2 Water quality assay of (a) total suspended solid (TSS), (b) turbidity and (c) COD profiles in fish farm wastewater treated by the control
system and FBH system, as well as their corresponding biomass change in (d) fresh weight, as well as biochemical content change in the (e) total
carbohydrate and (f) total protein content of the macrophytes for 16 days of phytoremediation study.

removed 840 mg of TSS. The sum of TSS removed in the FBH
system was 5.20 times the one in the control system. Although
the control system attained 83% TSS removal on day 12, it
treated merely 12 L of wastewater. On the other hand, the FBH
system had processed 30 L of wastewater, with 87% of the mean
removal efficiency throughout the terms. Aside from that, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

wastewater discharged from each term were complied with
Class I standard, 25 mg L™" (ref. 58) and far less than the
discharge limit, 50 mg L™".3>* In the case of turbidity, the FBH
system was also capable of discharging a higher volume of
wastewater with increased clarity. Each discharge could have an
average of 93% lower turbidity value. The wastewater release
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can achieve quality as low as 3.31 £ 0.31 NTU too. As for COD,
the control system managed to decrease the level down to 24 +
4 mg L' (the lowest level so far), with 80% of the removal
efficiency, but it would require 16 days to achieve such a level.
Instead, the FBH system was able to reduce the COD to a level
that was below the standard for discharge, 80 mg L™ (ref. 40)
and 120 mg L™" (ref. 35), with the mean removal efficiency of
75%, which took less time (4 days, since each term lasted four
days) and at a higher volume of effluent discharge. The whole
amount of COD removed by the FBH and control systems for the
study were 5466 mg and 1176 mg, respectively, which indicated
that the FBH system had 4.65 times better removal.

3.4. Biomass and biochemical content changes

The biomass change in the fresh weight of FBH and control
systems for the 16 days study is presented in Fig. 2(d). In
general, both systems demonstrated almost similar growth and
biomass increment. However, the final biomass in both systems
was determined differently since the control system was a non-
harvesting system, in which the macrophytes were only har-
vested at the end of the study, while the FBH system experi-
enced an additional three times of harvesting during the study.
Therefore, the final biomass in the control system represented
the final harvested biomass, while the final biomass in the FBH
system comprised the total accumulated biomass during the
study (3 times plus final harvested biomass). Both systems
started with the same fresh weight and ended with an almost
identical fresh weight. The FBH system ended up with a total
accumulated biomass of 215.00 + 5.16 g, with 53% increment in
fresh weight. The macrophytes' fresh weight in the control
system went up to 215.95 £ 2.09 g, with 54% increment. Both
systems achieved a significant difference in their biomass
increment (p < 0.05).

In the case of the biochemical content, the change in the
total carbohydrate content of the macrophytes in the systems at
the end of the study is depicted in Fig. 2(e). It was found that the
macrophytes in both systems had a decrement in total carbo-
hydrate content. The initial total carbohydrate content of the
employed macrophytes was determined to be 0.3930 &+ 0.0315 g
g~ DW. For the control system, its content in the macrophytes
declined to 0.2097 £ 0.0028 g g~ ' DW. Meanwhile, the total
intracellular carbohydrate content of the macrophytes in the
FBH system fell to 0.2007 & 0.0100 g ¢~ * DW. The decrement in
both systems was statistically significant (p < 0.05).

Fig. 2(f) shows the total protein change of the macrophytes in
the systems for the 16 days experiment. Generally, both systems
exhibited similar total protein content increment. The utilised
macrophytes had an initial total protein content of 0.1755 +
0.0020 g ¢~ ' DW. The total protein content in the control system
eventually rose to 0.2251 + 0.0030 g ¢~ ' DW, with 28% of
increment. The content in the FBH system went up to 0.2135 +
0.0020 g g~ DW, recording 22% increment in the total protein
content. Both increments were statistically significant (p < 0.05).

The significant biomass increment in the fresh weight in
both systems indicated the healthy growth of macrophytes in
the systems, and the wastewater provided sufficient nutrients to
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support their development and growth. However, the
percentage of fresh weight increment in the control system was
found to be lower than the one in the S. polyrhiza monoculture
system in the previous study.” It could be due to a higher
macrophyte density in the control system leading to crowding
effect, which eventually limited the macrophytes' growth within
the system. Plant growth can also slow down when more plants
are being cultivated under the same medium (limited nutrients
condition). Still, the control system showed a higher amount of
fresh weight increment than the system from a previous study."
This is because a greater quantity of macrophytes (initial culture
inoculum) would tend to have a higher amount of growth.
Harvesting did promote the growth of macrophytes. This
deduction comes from the comparison of the systems’ biomass
data. Harvesting was periodically carried out in the FBH system.
The fresh weight increment in the system was still similar to the
control system even though the macrophytes remained would
have reduced after each harvesting. The remaining macro-
phytes were implied to grow faster than the rate they did before
harvesting in order to catch up with the fresh weight increment
in the control system. Therefore, harvesting was inferred to have
boosted the growth of macrophytes in the system. This was
basically induced by less crowding of the macrophytes in the
system.*” Hence, the harvesting rate of the macrophytes needs
to be further optimised with respect to the macrophytes’ growth
rate to maintain the optimal macrophyte density in order to
achieve its wastewater treatment goals. At the same time, it
would allow greater biomass productivity of the macrophytes.
The reasons for the total carbohydrate content decrement in the
control and FBH systems were identical to the points presented
by Ng et al.*® The macrophytes undergoing phytoremediation
utilised those carbohydrates for metabolic processes, growth
and producing offspring,**® and converted them to complex
organic carbon, e.g., cellulose,* or disseminated them into their
daughter frond during multiplication.** Furthermore, the uti-
lised macrophytes were grown by micropropagation, with
sucrose enrichment, so their initial carbohydrate content was
considerably high.**>% The high increment in the total protein
content enhanced the macrophytes' nutritional value, which
provides better quality feedstock for fish feed supplement®*°
and poultry diet.®”

4 Conclusions

The FBH system was more feasible than the control system
since it had higher treatment capacity with more superior
treatment performance than the control system. It could treat
a greater volume of wastewater, remove a higher amount of
pollutants from wastewater, and meet the effluent standard
limits, while maintaining the high efficiency
throughout the terms. To be specific, the FBH system treated
30 L of wastewater and had 150% more treatment capacity,
under a 4 day half wastewater replenishment, for the duration
of 16 days study, compared to the system without fed batch. The
amount of ammonia, phosphate, TSS and COD removed were
generally higher (756.60 mg, 74.88 mg, 4365 mg and 5466 mg,
respectively, with 2.54, 3.47, 5.20 and 4.65 times higher) than

removal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the control system. From the results of this study, the fed batch
duration could be shortened to 3 days based on the data ob-
tained, which may increase the treatment capacity, while
maintaining low pollutant level in the discharged wastewater.
The average removal efficiencies of ammonia, phosphate, TSS
and COD throughout the terms in the FBH system were 81%,
76%, 87% and 75%, respectively. The summarised data of the
treatment capacity and performance for the systems are shown
in ESI Table S3.F

This study suggested that the S. polyrhiza monoculture
system with fed batch and optimal harvesting is viable and
effective in treating fish farm wastewater, as it could substan-
tially and efficiently remove the dissolved nutrients and sus-
pended solids within. The treated wastewater could reach
beyond discharge limits, allowing the safe release to the
receiving waters. It avoids pollution and reduces adverse effect
towards the environment. Moreover, the treated water can be
reused/recycled/recirculated for fish culture (e.g., catfish/other
tolerant fish species) and agricultural purposes (e.g., irrigation
of nearby paddy field). It decreases the water diversion from the
ecosystems, saves potable water source and reduces wastewater
discharge. The treated wastewater could also be applied for
water flow recharge and augmentation to keep the streams away
from impairment/drying due to water diversion, to revive and
sustain the wildlife habitat in the downstream. Furthermore,
the generated biomass from the system, which is high in
protein content, could serve as feedstock for aquaculture, live-
stock and other energy-related applications.
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