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Abstract: For determining the effect of illumination on nutrient removal in an artificial
food web (AFW) system, we launched a pilot continuous-flow system. The system
consisted of a storage basin, a phytoplankton growth chamber, and a zooplankton growth
chamber. A 25,000 Lux AFW-light emitting diode (LED) on system and an AFW-LED off
system were separately operated for 10 days. In the AFW-LED on system, the maximum
chlorophyll-a concentration of the phytoplankton chamber was four times higher than that
of the AFW-LED off system. With artificial nighttime illumination, the microalgae became
both smaller and more nutritious; the microalgae became high quality food for the
zooplankton, Daphnia magna. Consequently, this zooplankton became more efficient at
extracting nutrients and grew more densely than in the AFW-LED off system condition. In
the LED-on condition, the amounts of total nitrogen (TN) and total phosphorus (TP)
flowing into the system for 10 days were 84.7 g and 20.4 g, and the amounts flowing out
were 19.5 g (23%) and 4.0 g (20%), respectively. In contrast, in the LED-off condition,
83.8 g and 20.6 g of TN and TP flowed into the system while 38.8 g (46%) and 6.8 g
(33%) flowed out, respectively. Artificial illumination significantly improves the removal
rate of nutrients in an AFW system.
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1. Introduction

Worldwide, eutrophication (caused by high concentrations of nitrogen and phosphorus) poses a
major water quality problem. To prevent eutrophication, nutrient removal is necessary, and several
mechanical treatment methods, such as the activated sludge (AS) process [1], the advanced
anaerobic-anoxic-oxic (A%0) process [2], and the sequencing batch reactor (SBR) [3] were developed.
However, these treatments take up a lot of space and are economically expensive; also, they cannot be
applied to non-point source pollution. To overcome these limitations, several ecological treatments for
nutrient removal, such as artificial wetlands [4], floating islands [5], and constructed ponds [6] have
been developed. Nevertheless, the nutrient removal efficiencies of these ecotechnologies are lower
than that of mechanical treatment.

An AFW system composed of phytoplankton and zooplankton was used for nutrient removal from
sewage and stream water, and its efficiency was similar to that of mechanical treatment systems (such
as the A’O process) [7,8]. Because of its cost effectiveness and convenience of construction and
management (compared to mechanical treatment systems), this ‘solar energy based’ ecotechnology
provides a practical method of nutrient removal. Moreover, this ecotechnology has enough buffering
capacity to account for fluctuations of nutrient concentration (within the target water) and also for
variable climate conditions (including ambient temperature and light intensity fluctuations) [9].

Most of this AFW system operates under natural conditions. The sun is the basic energy source of
this system. Without sunlight, phytoplankton photosynthesis stops; under these conditions, the overall
nutrient removal rates of AFW systems would drop. Thus, if there is nighttime artificial illumination,
chlorophyll-a concentrations would increase. To test this hypothesis, we measured the nutrient
removal efficiency of an AFW system subjected to artificial illumination.

Artificial illumination has been applied to manipulate the growth of photosynthetic organisms; it
has been applied to grow whole plants [10], control algal blooms [11], and elevate algal biomass
productivity [12]. To evaluate artificial illumination’s impact on efficiency, an AFW system composed
of phytoplankton and Daphnia magna was operated under both LED on and off conditions for 60 days.
The biomass and removal efficiencies (of TN and TP), for both conditions, were subsequently analyzed.

2. Materials and Methods
2.1. Characteristics of Target Water

The target water was supplied from a domestic sewage treatment plant at Chuncheon, Republic of
Korea (52°48'39.50"N, 127°42'40.73"N). The water’s characteristics are shown in Table 1.
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Table 1. The mean values and range of water quality variables observed in the target waste
water during the operation of the AFW system.

Item * Max Min Mean
Temp (°C) 29.5 23.5 24.6
pH (mg/L) 6.92 6.10 6.38
DO (mg/L) 5.31 4.40 497
TN (mg/L) 8.88 8.13 8.37
TP (mg/L) 2.19 1.94 2.06

* DO the concentration of dissolved oxygen, TN total nitrogen, TP total phosphorus
2.2. Facilities for AFW-LED System

Artificial illumination was combined with the AFW system, which was composed of phytoplankton
and Daphnia magna, to improve its nutrient removal efficiency. The AFW system was designed by
adopting the basic aspects of a laboratory-scale AFW system [8] and an artificial aquatic food web
system (AAFW) system for polluted stream water [7]. The system was a continuous-flow system,
consisting of a storage basin, a phytoplankton chamber, and a zooplankton chamber. The storage basin
was a cylindrical container of 3 m® capacity (@ = 1.48 m, d = 1.7 m). The target water was placed in a
storage basin to dampen fluctuations in both the quality and quantity of input water. The
phytoplankton chamber was a cylindrical tank of 3 m’ capacity (@ = 2.6 m, d = 0.75 m). For optimum
phytoplankton growth conditions, the water was circulated by a pump (100 L min'). To collect
sludge, the chamber floor had a 10 °C slope toward the center of the chamber bottom. The zooplankton
chamber was a rectangular chamber of about 1.5 m’ capacity (w = 1.2 m x 2.4 m, d = 0.6 m); for
sludge collection, this chamber had a 10° vertical slope from the inlet to the outlet. A shade was
installed on the top side of the chamber to stop phytoplankton growth. To prevent the loss of Daphnia
magna, sand and gravel layers were located at the end of the zooplankton chamber.

The LED was applied to the phytoplankton chamber to create optimal growth conditions (Figure 1).
To install the LED system, four rectangular buttresses (w = 3 m x 0.1 m) were used. A total of 20
LEDs (w = 90 cm x 2.5 cm) were attached under the buttresses; these were then placed on the
phytoplankton chamber. The distance between the LED system and the water surface was kept within
5 cm. The total luminous intensity and photosynthetic active radiation (PAR) were about 25,000 Lux
and 300 pmol m ™2, respectively.

2.3. Phytoplankton Culture Conditions

To prepare phytoplankton inoculum, 5 L of target water were mixed with the same volume of water
from Lake Ui-am, Chuncheon, in a 15 L transparent glass bottle, and incubated under sunlight for one
week. Ten liters of the inoculum were added to 2 m® target water in the phytoplankton chamber of an
AFW system. Then, the phytoplankton’s growth rate was analyzed by measuring the chlorophyll-a
concentration of week-old batch culture. The water in the phytoplankton chamber was circulated using
a water pump and artificial illumination with LED was provided during nighttime (from 18:00 to
6:00). A control was also performed without LED. The phytoplankton chamber’s optimum hydraulic
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retention time (HRT) for the continuous-flow AFW system was determined via the batch cultures’
phytoplankton growth curves.

Figure 1. Schematic diagram of the artificial food web (AFW)-light emitting diode (LED) system.
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2.4. Zooplankton Culture Conditions

We used Daphnia magna, a cladoceran, as the herbivorous zooplankton that fed on the
phytoplankton assemblages in the effluent from the phytoplankton chamber. To determine the
optimum density of Daphnia magna in the continuous-flow AFW system, the growth curve of
Daphnia magna in the zooplankton chamber was obtained. After the zooplankton chamber was filled
with water taken from a three-day-old phytoplankton batch culture, Daphnia magna was added. The
initial concentration of chlorophyll-a and the Daphnia magna density were 545 + 6 mg m > and
107 + 15 individual L™, respectively. The culture was incubated in the dark at 20 °C for 10 days and
supplied with 542 + 45 mg m " of chlorophyll-a daily.

2.5. Continuous-Flow AFW-LED System

The continuous-flow AFW-LED system was operated with both LED-on and -off conditions. Each
condition was applied for 10 days; in the subsequent period, the conditions were switched. For each
condition, a total of three operations were completed. The waters from the phytoplankton and
zooplankton chambers were renewed after each performance and the phytoplankton and Daphnia
magna were subcultured for the next operation. The AFW-LED system was constructed inside of a
greenhouse at the domestic sewage treatment plant. The target sewage water was supplied to storage
basin by using water pump every two days, and it was moved to phytoplankton chamber and
zooplankton chamber, sequentially. The HRT of the phytoplankton chamber was set to 3.0 days. Thirty
percent of the Daphnia magna was harvested per day from the zooplankton chamber; this quantity was
determined according to the growth curves of phytoplankton and Daphnia magna. For harvesting of
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Daphnia magna, the entire area of the zooplankton chamber was partitioned into 10 parts, and
zooplankton biomass in three parts was removed by a net with nominal cut-off size of 5.5 pm. About
10 and 5 L of sludge at the bottom of the phytoplankton and zooplankton chambers, respectively, were
drained out every 5 days. During the period of operation, water temperature was 19.5 °C + 4.8 °C in
the phytoplankton chamber, and 16.4 °C + 3.5 °C in the zooplankton chamber.

To determine the efficiency, water samples were taken from the storage basin, the phytoplankton
chamber, the zooplankton chamber, and the effluent at 13:00 of every day, and analyzed, triplicately,
for chlorophyll-a, for the number of Daphnia magna, and for concentrations of TN and TP [13].
Chlorophyll-a concentration was measured by spectrophotometer (UV-1700, SHIMADZU, Japan) at
430, 665 and 750 nm after extraction with 90% acetone. TN and TP analyses followed standard
procedures [13]. TN was measured by ultraviolet spectrophotometric screening method with
spectrophotometer (UV-1700, SHIMADZU, Japan) at 220 nm. TP was analyzed by ascorbic acid
method with spectrophotometer (Qvis cs-2000, Chemical mac, Korea) at 880 nm.

3. Results
3.1. Growth of Phytoplankton

With the regression model of phytoplankton growth in batch culture, the maximum growth was
determined to be 593 mg m™ at 3.1 days under the LED-on condition and 270 mg m™> at 3.7 days
under the LED-off condition, respectively. Based on these results, the HRT in the phytoplankton
chamber of the AFW system was set to three days (Figure 2).

Figure 2. Variation of chlorophyll-a concentration in the phytoplankton batch culture with
LED-on and -off conditions. A non-linear regression on daily triplicate measurements
(solid circles indicate LED-on and open circles indicate LED-off) with a Gaussian model
yielded the regression line (solid line). The maximum growth determined by the regression
model was 593 mg m at 3.1 days (M1, solid line) under the LED-on condition and
270 mg m at 3.7 days (M2, dotted line) under the LED-off condition.
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3.2. Growth of Zooplankton

The growth of Daphnia magna as a grazer of phytoplankton showed a typical growth curve in the batch
culture (Figure 3). The number of Daphnia magna increased till the fourth day (at 1250 individual L™).
Then, the growth of Daphnia magna entered into a stationary phase; abundance was maintained at
1250-1326 individual L. The mean growth rate of the Daphnia magna population was 30% day .
Based on this result, 30% of the Daphnia magna in the AFW system’s zooplankton chamber was
removed every day.

Figure 3. Variation in the abundance of Daphnia magna in the batch culture. A
non-linear regression on daily triplicate measurements (open circles) with a logistic
growth model yielded the regression line (solid line). The maximum growth (M,
dotted line) determined by the regression model was 1326 + 65 individual L™'. When
the Daphnia magna had both a high population and the fastest growth rate
(3—4 days), the mean growth rate of the Daphnia magna population was 30% dayfl.
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3.3. Continuous-Flow AFW-LED System

After incubating lake water mixed with sewage water, Scenedesmus was dominant and occupied
95% of the abundance in the phytoplankton chamber during the experiments. The mean value of
chlorophyll-a in the AFW system’s phytoplankton chamber was 484 + 20 mg m " under the LED-on
condition, whereas it was 126 + 4 mg m " under the LED-off condition (F igure 4). When the system
was operated with artificial illumination, the maximum chlorophyll-a concentration of the
phytoplankton chamber was four times higher than that of the system without LED. In the zooplankton
chamber, the concentrations of chlorophyll-a decreased to 81 + 8 mg m > and 23 + 2 mg m ° under the
LED-on and -off conditions, respectively.
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The density of Daphnia magna also increased during the LED-on condition (Figure 4). Under the
LED-on condition, the population of Daphnia magna was maintained at 1922 + 115 individual L™'; in
contrast, it was 1295 + 35 individual L™ under the LED-off condition. Each Daphnia magna was
harvesting 0.079 pg and 0.212 pg chlorophyll-a per day under the LED-on and -off conditions,
respectively (see Figure 4).

With the LED-on condition, the concentration of TN in the storage basin averaged 8.5+ 0.3 mg L™,
whereas in the effluent of the continuous-flow system, it was 1.95 + 0.1 mg L™'. Under the LED-off
condition, the concentration of TN in the storage basin was 8.4 + 0.2 mg L™ and was 3.90 £ 0.1 mg L' in
the effluent (Figure 5).

In the case of TP, under the LED-on condition, the concentration in the storage basin was
2.04 £ 0.09 mg L', whereas that of the effluent was 0.40 + 0.01 mg L™'. Under the LED-off condition,
TP concentration in the storage basin was 2.06 + 0.10 mg L', and was 0.68 + 0.02 mg L' in the
effluent (Figure 6). Based on these mean values, the mean removal efficiencies of TN and TP were
calculated to be 77% and 80% under the LED-on condition and 54% and 67% under the LED-off
condition, respectively.

Figure 4. Variations in chlorophyll-a concentration and the abundance of Daphnia magna
during the operation of the AFW-LED system. A triangle represents chlorophyll-a in the
phytoplankton chamber; a circle represents chlorophyll-a in the zooplankton chamber; a
square represents the number of Daphnia magna in the zooplankton chamber. Sections A,
C, and E show the LED-on condition data and B, D, and F show the LED-off condition data.
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Figure 5. Variations of TN concentration during the operation of the AFW-LED system. A
square represents the storage basin; a triangle represents the phytoplankton chamber; a
circle represents the zooplankton chamber. The meanings of each section are the same as

that of Figure 4’s sections.
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Figure 6. Variations of TP concentration during the operation of the AFW-LED system.
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The pH and dissolved oxygen (DO) values had differences between the LED-on and -off
conditions. While the mean pH value of the target water was 6.38 £ 0.3, those in the phytoplankton
chamber were 12.0 = 0.6 and 10.7 £ 0.4 under the LED-on and -off conditions, respectively. These
values then dropped to 7.6 + 0.3 and 7.9 + 0.3, respectively, in the zooplankton chamber.

The mean DO of the target water was 5.31 + 0.3 mg L™ and in phytoplankton chamber, the means
were 17.6 £ 0.5 mg L and 12.1 + 0.4 mg L' under LED-on and -off conditions, respectively. In the
zooplankton chamber, these values were 8.3 + 0.6 mg L' and 8.5 + 0.2 mg L™, respectively.

The material budget of the AFW-LED system was calculated and presented in Table 2. Nitrogen
and phosphorus might be removed by ammonia stripping, sedimentation, and algae uptake in
phytoplankton chamber and by elimination of Daphnia magna and sludge in zooplankton chamber.
Under the LED-on condition, the amounts of TN and TP flowing into the system for 10 days were 84.7 g
and 20.4 g, respectively, and the amounts flowing out were 19.5 g (23%) and 4 g (20%), respectively.
Biologically, 34.3 g (40%) of TN and 11.1 g (54%) of TP were removed by phytoplankton and 30.9 g
(37%) of TN and 5.3 g (26%) of TP by zooplankton.

Under the LED-off condition, a total of 83.8 g and 20.6 g of TN and TP flowed into the system for
10 days and 38.8 g (46%) and 6.8 g (33%) flowed out. Biologically, 21.5 g (26%) of TN and 8.9 g
(43%) of TP were removed in the phytoplankton chamber and 23.5 g (28%) of TN and 4.9 g (24%) of
TP in the zooplankton chamber.

Table 2. Material budget of TN and TP in the AFW-LED system. Numbers in parentheses
indicate the proportions (%) relative to the amounts of nutrients in the target water.

) Removal in
Removal in
Daphnia Total
LED-on/off Item Inflow phytoplankton Effluent
magna removal
chamber
chamber
84.7 343 30.9 19.5 65.2
TN (2)
(100%) (40%) (37%) (23%) (77%)
LED-on
20.4 11.1 53 4.0 16.4
TP (g) .
(100%) (54%) (26%) (20%) (80%)
83.8 21.5 23.5 38.8 45.0
TN (g) 0, 0, V) o 0,
(100%) (26%) (28%) (46%) (54%)
LED-off
20.6 8.9 4.9 6.8 13.8
TP (g)
(100%) (43%) (24%) (33%) (67%)

4. Discussion

LED lighting treatment resulted in significant differences in the biomasses phytoplankton and
Daphnia magna and in the removal efficiency of TN and TP in the AFW system. Microalgae are
cultured for commercial purposes, such as foods [14], feeds [15], biodiesel [16], pharmaceutical
products [17], and wastewater treatment [18]. Also, microalgae are good prey for the Daphnia magna,
they are used as a key organism in the AFW system. With artificial nighttime illumination, the
microalgal biomass was four times higher than under conditions without illumination. In the batch
culture under the LED-on condition, the highest chlorophyll-a concentration was 593 mg m " at
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3.1 days, while under the LED-off condition, it was 270 mg m ° at 3.7 days. We set the HRT of the
phytoplankton chamber at 3.0 days; thus, under the LED-off condition, the dilution rate (D) was higher
than the growth rate of microalgae (u); the chlorophyll-a concentration was shifted to about 126 mg m™.

The increase of algal biomass via artificial illumination might be the major reason for better
efficiency of nutrient removal. Phosphorus and nitrogen containing compounds, such as ATP and
NADPH, are actively produced when microalgae undergo photosynthesis (i.e., when cells are illuminated).
In contrast, microalgal biomass would be lost by respiration during nighttime [19]. In this study,
artificial illumination maintained the growth of algae, even during nighttime, which had a positive
influence on nutrient removal.

In addition, because pH and DO in the phytoplankton chamber increased under the LED-on
condition, artificial illumination might help chemical activities, such as ammonia stripping and the
precipitation of nutrients. Ammonia (high pH) is easily eliminated by shaking water, and phosphorus
can be removed via precipitation as Ca—Mg-PO4 complexes. Moreover, at pH values greater than 10,
algal cells tend to adhere to these complexes and algal flocculation occurs [20]. Under the LED-on
condition, because pH value reached up to 12, chemical precipitation and algal flocculation can occur;
the precipitate sinks as sludge.

Also, high amounts of DO provide a good environment for heterotrophic bacteria. Bacteria in the
phytoplankton chamber might contribute to the overall efficiency of nutrient removal by converting
organic forms of nutrients into dissolved inorganic forms that can be readily used by the phytoplankton
for biosynthesis [7]. Under the LED-on condition, because the DO value was 45% higher than that that
of the LED-off condition, more activities of heterotrophic organisms might affect the nutrient removal rate.

The Daphnia magna in the AFW system is another key player that can collect scattered
phytoplankton and make fecal pellets, which contain high concentrations of both TN and TP. In
general, Daphnia magna abundance is limited by shortages of food, space or oxygen, or by the
accumulation of growth-inhibitory wastes [21]. In two previous AFW systems, the maximum Daphnia
magna density in the zooplankton chamber was close to 1,400 individual L™, regardless of prey
abundance; the maximum was relatively stable even when chlorophyll-a concentrations ranged from
83-874 mg m " [7,8]. Therefore, researchers concluded that Daphnia magna abundance in AFW
systems was limited by shortages of space [7]. However, under the LED-on condition, the maximum
number of Daphnia magna was 44% more than those of previous AFW systems that lacked artificial
illumination. We believe that the major factor for increasing the maximum density of Daphnia magna
might be a change in food quality. For filter-feeding zooplankton, food quality is defined in terms of
physical makeup, and concerns digestibility and particle size [22]. Also, the chemical composition,
such as the C:P:N ratios, has been shown to be a major determinant of food quality for herbivores,
such as Daphnia [23]. Light enhances microalgal growth [24], and also lowers the C:N and C:P ratios
of algal biomass [19]. Therefore, we assumed the following possible explanations for the observed
Daphnia magna density changes in our AFW-LED system. First, microbial cell size under light-dark
cycle conditions would be bigger than those under continuous illumination conditions; this is because
cells would not be able to divide under unfavorable conditions (such as dark conditions) [19]. Thus,
the smaller-sized algae created by continuous illumination might be a higher quality food for Daphnia
magna, which is a filter feeder. Secondly, under continuous illumination, microalgae contain low C:N
and C:P ratios [25]. Low C:N and C:P ratios indicate good food quality for Daphnia magna,
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consequently, Daphnia magna density in the AFW-LED system increased. Because of these
aforementioned reasons, it is likely that high quality food was supplied to Daphnia magna during the
LED-on condition, which allowed the AFW-LED system to contain a higher density of Daphnia
magna than that of other AFW systems. Because a high density of Daphnia magna can enhance the
harvesting rate and production of fecal pellets and sludge, higher densities lead to higher nutrient
removal efficiency in the zooplankton chamber.

Under the LED-on condition, the average chlorophyll-a concentration of the phytoplankton
chamber increased to 285% higher than that of the system without LED. The removal efficiency for
TN and TP was also enhanced by up to 43% and 20% (compared to those systems without artificial
illumination), respectively. These results indicate that artificial illumination clearly improves nutrient
removal efficiency and hence, provides a reasonable solution for overcoming its own disadvantages.
Also, because several studies looking for optimal growth conditions of algae subjected to LED have
been performed recently [12,26,27], the efficiency of the AFW-LED system for nutrient removal will
be upgraded continuously in the future.

5. Conclusion

Artificial illumination promotes nutrient removal in AFWs. With LEDs, the nutrient removal rate of
an AFW system was enhanced. In a phytoplankton chamber subjected to nighttime light, a pH value of
12 was reached because of the high photosynthetic activity and the chemical precipitation of nutrients.
In addition, fresh and tiny phytoplankton can be high-quality food for Daphnia magna. Therefore,
Daphnia magna overcame space-limitations and reached densities of 1922 + 115 individual L™'. With
these processes, in an LED-on system, the nutrients in target water were efficiently removed
(compared to removal rates in an LED-off system). Artificial illumination can be applied to various
conditions. For example, during winter, this system can be operated indoors. Since the LED can supply
light in any direction, the system can be designed to be smaller than previous solar energy based AFW
systems. This ecotechnology can be used for various purposes, such as post-treatment of sewage plant
and livestock wastes.
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