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Chapter 1 Introduction

In a closed water body with an excessive inflow of organic matter, one of the most
serious environmental issues is anoxification occurring in the deeper layer due to the low trans-
parency in hot seasons. In particular, in the hypolimnion occurred in the organically polluted
deep-water reservoirs, the insufficient underwater light intensity inhibits the production of dis-
solved oxygen (DO) by phytoplankton and aquatic plant photosynthesis (El¢i 2008; Hasan et
al. 2013). In addition, the thermal stratification stemming from low transparency restraints the
vertical transport of DO from the surface layer to the bottom layer, resulting in the occurrence
of anoxic water in the hypolimnion (Sahoo and Luketina 2006; Wendt-Potthoff et al. 2014).
Anoxification leads not only to the death of aquatic life but also to an increase in nutrients. The
former is due to the depletion of oxygen and is linked to the breakdown of aquatic ecological
systems (Rast, W., and Lee, G.F. 1978; Chapra and Canale 1991). The latter denotes the elution
of dissolved inorganic phosphorous and nitrogen from the bottom sediment (Hupfer and Lewan-
dowski 2008) and accelerates the eutrophic state, such as the excessive growth of phytoplankton
known as cyanobacterial blooms (Vadeboncoeur et al. 2003; Jahan et al. 2010). Moreover, an-
oxification is linked not only to the generation of toxic hydrosulfide but also to the accumulation
of sludge, including metal sulfides and undecomposed organic matter on the bottom bed. The
bottom mud damages the aquatic biosphere (Wendt-Potthoff et al. 2014). Therefore, for the
environmental conservation and restoration of water in organically polluted water bodies, it is
important to develop effective counter measures against anoxification, and establish a technique
to recover the anaerobic state.

Currently, conservation technologies for aquatic environments in closed water bodies
have been put to practical use, and the applications of sand covering, dredging, and aeration in
organically polluted water areas have already been reported. Although these countermeasures
have shown some advantageous outcomes for aquatic environmental conservation, various
problems, such as unsustainability of improvements and economic problems, have been pointed
out (Ogawa et al. 2009; Kido et al. 2014). Because the improvement technique based on these
physical methods has a large influence on aquatic ecosystems, it is desirable to develop new
technologies for aquatic environment restoration and environmental harmony.

In recent years, a water quality improvement technique for anoxification recovery via
the promotion of phytoplankton photosynthesis using underwater LED irradiation has been de-

veloped as a new technology (Minato et al. 2012; Yamanaka et al. 2012; Minato et al. 2014;



Harada et al. 2016). This technology can be applied by focusing on the poor underwater light
environment, which is caused by dissolved and particulate organic matter. Anoxification can be
recovered by artificially improving the underwater light environment using an LED light source,
such as a fish-luring light, and its effect is stemming from oxygen production via phytoplankton
photosynthesis. In addition, this solution may be linked to the improvement of water and bottom
sediment environments with recovery from anaerobic to aerobic states (Harada et al. 2016).
This improvement method may overcome the problems pointed out in other physical techniques,
such as dredging, sand covering, and aeration, and can be considered as a new technology for
the conservation of aquatic environmental harmony into account. However, there are few re-
search reports on the effectiveness of water quality improvement by underwater LED irradia-
tion, and it is difficult to say that the basic knowledge on this technology is sufficiently acquired.

Chlorophyll-a (Chl-a), which is a major photosynthetic pigment in plants, mainly ab-
sorbs light within the blue wavelength band (435 nm to 480 nm) and the red wavelength band
(610 nm to 750 nm) in the visible light spectrum. In addition, it is generally pointed out that the
blue and red color spectra contribute to an increase in the chlorophyll production rate and the
growth of algae (Chen et al. 2010), and that the photosynthesis rate of plants is strongly influ-
enced by the ratio of the photon quantity within blue and red color spectra. However, there are
many unclear points about the relationship between the photosynthesis rate of phytoplankton
and the optical spectrum of the irradiation light (Wang et al. 2007; Takada et al. 2011; Minato
etal. 2012). Following this point, Harada et al. (2016) quantitatively evaluated the effectiveness
of underwater LED irradiation as a water environmental remediation technology using a cylin-
drical water tank. In particular, they focused on the influence of the ratio of red to blue light
(R/B ratio) on the biochemical changes in DO and Chl-a. They found that irradiation with the
mixed wavelength range could more quickly recover anoxia or hypoxia because of the increase
in photosynthesis rate, compared to a single-color wavelength range of the red or blue spectrum.
However, in the experimental system by Harada et al. (2016), filamentous algae adhering to
LED lamps contributed more strongly to the continuous maintenance of sufficient DO concen-
tration compared to phytoplankton. In other words, the water environmental remediation effects
were estimated in only a limited space in the vicinity of the light source in their research ap-
proach. Considering the application of this technology to actual water bodies, it is essential to
examine the possibility of recovery from anoxification using LEDs in an experimental system
where phytoplankton, rather than filamentous algae, can multiply without the influence of un-

derwater objects.



The photon flux density in a region away from the light source becomes weaker because
the underwater light from the LED lamp is attenuated in the direction of irradiation. Therefore,
it is necessary to understand the effects of water environmental remediation under conditions
in which the optical intensity is lower than the optimum light quantum for photosynthesis. In
addition, even in the region close to the light source, the mixed light of red and blue color
spectra is anything but strong under the normal output of electric power, and the photon quantity
is at the lowest limit in the range of the optimum quantum for photosynthesis. Because the
general artificial light irradiation has a limit of light intensity at a relatively low level for pho-
tosynthesis, the contrivance of the LED irradiation method, which are able to increase the pho-
tosynthesis rate or to promote oxygen production, is required to effectively recover the anoxic
state. One possible solution is to use of RGB full-color underwater LED lamp as a light source.
Simply, photon intensity of LED irradiation can increase by adding the green spectrum (500
nm to 560 nm) to the two-color (red and blue) spectrum. That is, it is expected that the mixed
RGB irradiations have advantages such as, faster improvement in the DO environment and
better maintenance of a healthy DO level (more than 4 mg/L) than the two-color red and blue
spectrum (Honglikith et al. 2022). As dissolved oxygen is core factor for living aquatic organ-
ism, the minimum acceptable limit of DO level must be 4 mg/L because most fishes could not
survive if DO is lower than 4 mg/L and aquatic life would be affected. DO level is strongly
recommended higher than 4 mg/L that there will no experience oxygen depletion (Caraco et al.
2000; Radwan et al. 2003; Kaushik et al. 2012). However, how much intensity of the green
color band is required to promote algal growth, and how much intensity of the red and blue
spectra is required for phytoplankton photosynthesis under the condition of limited photon in-
tensity remain unknown. Therefore, to design optimal conditions for the optical spectrum in
LED irradiation, quantitatively evaluating the anoxification recovery effect is necessary by un-
derstanding the influence of LED irradiation on the promotion of phytoplankton photosynthesis
under each of the RGB irradiation spectra.

In addition, examining the water environmental remediation effects considering the in-
itial anaerobic condition as well as spectral condition of LED irradiation is important for the
following reasons. The initial anaerobic condition depends on the duration in the anoxic state
and the potential of maintaining a reductive state, and can be characterized by concentrations
of materials stemming from anaerobic decomposition processes, such as denitrification, iron
reduction, and sulfate reduction, of organic matter (Oniki et al. 2017; Thach et al. 2017, 2018a).

A strong reductive state caused by long-term anoxification causes the increases of oxidizable



substances such as sulfide, ferrous ion, and undecomposed organic matter. High concentration
of nutrients, as well as nutrients such as dissolved inorganic nitrogen (DIN) and dissolved in-
organic phosphorous (DIP). It is guessed that the high concentration of oxidizable substances
prior to LED irradiation has a disadvantage for recovering from the anoxic state because it links
to excessive oxygen consumption via oxidation reactions. Meanwhile, it is presumed that high
concentrations of phosphate-phosphorus (PO4-P) and ammonia-nitrogen (NH4-N) eluted from
sediment under anaerobic conditions prior to beginning the LED irradiation will an advantage
for promoting the phytoplankton photosynthesis rate. Therefore, the initial water quality pa-
rameters characterized by the anaerobic state at the beginning of LED irradiation strongly in-
fluence the water environmental remediation via anoxification recovery.

Backed by the subjects mentioned above, this study focuses on LED irradiation experi-
ments at the laboratory level for understanding the effect of anoxification recovery through
oxygen production by phytoplankton without the influence of filamentous algae adhering the
underwater objects. The experiments aim to evaluate the influences of two factors, spectral
distribution and photon intensity of the RGB illumination, and initial water quality concentra-
tions that reflected the anaerobic reductive potential prior to beginning the LED irradiation, on
the anoxification recovery and water environmental remediation. In particular, the influence of
optical conditions for irradiating LEDs on oxygen production by phytoplankton photosynthesis
are examined via two different preparative scales of indoor water quality experiments on a
beaker-scale and a relatively large water tank-scale. This thesis consists of five chapters as fol-
lowing.

In Chapter 2, the outline of LED irradiation experiments is described. The irradiation
experiments in this study is performed by irradiating environmental water samples from an
actual reservoir at the laboratory scale and by monitoring the changes in water quality parame-
ters related to organic pollution and eutrophication. The concrete contents in this chapter were
concerning a targeted water body for environmental water and bed material collecting, experi-
mental systems on a beaker-scale and water tank-scale, used underwater LED lamps, and the
continuous measurement and scheduled observation of water quality parameters. In particular,
the explanation for experimental systems describes how to generate anoxification on beaker-
scale and water tank-scale, as well as how to illuminate the anoxic water for excluding the
influence of filamentous algae adhering to LED lamp.

In Chapter 3, beaker-scale experiments are performed to evaluate the impacts of the

optical spectrum and LED light intensity on the maintenance of healthy aerobic conditions, as



well as the anoxification recovery by promoting oxygen production by phytoplankton photo-
synthesis. In these experiments, the experimental condition of weak light intensity assumes a
point far from the light source to evaluate the effective irradiation range for water quality im-
provement, not only limited range in the vicinity of light source. The specific objective is to
estimate the effectiveness of widening optimum intensity for photosynthesis to cover the entire
visible light region by adding the green spectrum to two-color mixed (red and blue) spectrum
under limited maximum LED output. In addition, LED irradiation experiments assumes an or-
ganically polluted water body where concentrations of NH4-N, PO4-P, and hydrogen sulfide are
expected to increase under strong reductive conditions due to long-term anoxification. The in-
fluences of LED irradiation of anoxic water with a strong reductive state on biochemical dy-
namics of water quality are examined to acquire the essential findings concerning the applica-

tion of the proposed water quality improvement method to actual water areas.

In Chapter 4, LED irradiation experiments aim to examine the influence of optical con-
ditions and initial anaerobic conditions on water environmental remediation are performed on
water tank-scale to enhance the reliability of experimental results. The water tank-scale exper-
iments consist of three series. The first series is to determine the effects of single-color irradia-
tion (red, green, and blue spectra) on the growth of phytoplankton, fluctuations in DO, and
recovery from long-term anoxification. The single-color irradiation experiments are performed
to relatively evaluate the effect of the green spectrum on promoting the oxygen production via
phytoplankton photosynthesis when compared to red and blue spectra under the optical condi-
tion such that photon intensity is marginally sufficient and would not strongly restrict photo-
synthesis. The experimental results might provide essential knowledge for discussing the effec-
tiveness of water environmental remediation using RGB full-color underwater LED lamp irra-
diation. The second series is to examine the improvement of water quality during the recovery
from anaerobic state under weak light intensity conditions, which is markedly lower than the
effective photon flux density for photosynthesis. Concretely, experiments using mixed RGB
irradiation (R:B:G = 1:1:1) is conducted to evaluate the influence of the weak light intensity
that was as low as one-tenth and one-twentieth of optimum light quantum for photosynthesis,
under initial anaerobic conditions which are represented as a strongly reductive state and are
reflected by high concentrations of sulfide and nutrients. The experimental outcomes might be
applied to the evaluation of spatial range in the irradiating direction from LED lamp, which
allows for good anoxification improvement. The third series is to evaluate the influence of ini-
tial anaerobic conditions on water environmental remediation effects under weak light intensity.

To achieve this purpose, mixed RGB irradiation experiments are performed under two different



experimental condition concerning initial water quality parameters characterized by concentra-
tions of oxidizable substances (sulfide and ferrous ion), and nutrients (ammonium and phos-
phate ions). The experimental findings might give an information for understanding the de-
pendencies of anoxic recovery effect and maintenance of a healthy aerobic condition on the
duration in anoxic state prior to the beginning of LED irradiation.

Lastly, the general conclusions and recommendation for the general implementation of

the above-described LED irradiation experiment are pointed out in Chapter 5.



Chapter 2 Materials and Methods

2.1 Study area

LED irradiation experiments describes in the next section are performed using environ-
mental water and bed material collected from an actual reservoir at the laboratory scale and by
monitoring the changes in water quality parameters while irradiating anoxic water. This targeted
water body was an agricultural reservoir situated in a deforested area in the Ito campus of Kyu-
shu University, Fukuoka Prefecture, Japan. This reservoir was constructed as an irrigation water
resource and a flood control reservoir. It had a surface area of approximately 13 800 m?, storage
capacity of approximately 75 000 m’, and maximum water depth of approximately 8 m
(Fig.2.1). The logged wood chips acquired at the time when the forested area had developed
into the campus was covered with the developed land, including the vicinity of the targeted
reservoir. As a result, this reservoir was affected by excessive inflow levels of dissolved organic
matter from humified logged wood chips during heavy rainfall. Therefore, water environment
was degraded because of low transparency and insufficient underwater light intensity due to
high amount of dissolved organic matter (Harada et al. 2014; Do et al. 2015; Thach et al. 2018a).

The characteristics of seasonal change in water environment were summarized as fol-
lows (Thach et al. 2018b). The thermal stratification started to occur in April because of a sig-
nificant difference in temperature between water surface and bottom water layer (temperature
deviations of up to 10 °C) with its structure consisting of an epilimnion, thermocline, and hy-
polimnion. From April to August, the water temperature gradient increased so that a stable ther-
mocline could be found at 2 m - 4 m. Since in the middle of May, DO showed a distribution
similar to the vertical profile of water temperature. That is, the DO profile had a three-layer
structure with a top layer in a largely saturated state, a rapidly decreasing quick change layer,
and a hypoxic bottom layer. The hypolimnion was in an anoxic condition at depths > 6 m~7 m
until June, and its range was expanded since July. In particular, in August, hypoxia developed
at > 2.5 m when strong stratification formed with the large water temperature difference of
approximately 20 °C between water surface and bottom bed. However, thermal stratification
was weakened due to radiative cooling at water surface since mid-September. Owing to the
development of a mixing layer in the fall season, water depth zones with a sufficient DO con-
centration enlarged to <4 m in October and < 6 m in November. Thus, DO environment im-

proved across all zones in the vertical direction, starting with destratification, which occurred



Fig. 2.1 Targeted reservoir situated in the Ito campus of Kyushu University, Fukuoka Pre-

fecture, Japan



by the development of vertical circulation in mid-November or early December. Therefore, the
strong reductive state with an oxidation reduction potential (ORP) of —200 mV above the bot-
tom mud lasted in a long-term of approximately 8 months, resulting in elution of nutrients from
the bottom sediment, and generation of hydrogen sulfide. In particular, PO4-P, NH4-N and sul-
fide increased to high concentrations of approximately 0.25 mg/L, 3.0 mg/L and 700 mg/L,
respectively. The aim of this study is to establish water environmental remediation via anoxifi-

cation recovery in such an organically polluted reservoir.

2.2 LED irradiation experiments on a beaker-scale and a water tank-scale

The purpose of LED irradiation experiments is to examine how much artificial light
irradiation could contribute to water environmental remediation in anoxic water through the
recovery from the anaerobic state in two stages. In the first stage, beaker-scale method is used
to obtain a fundamental knowledge of water environmental remediation, considering the influ-
ence of spectral characteristics of LED irradiation with RGB on the water quality dynamics.
This irradiation experiment is conducted in a volume of 0.5 L because small beakers are con-
venient for handling the preparation and setting for water quality experiments. In the second
stage, the experimental scale is expanded to a water tank with a volume of 50 L to improve the
credibility of experimental results.

In this study, water environmental remediation is applied to the above-mentioned or-
ganically polluted water bodies, where concentrations of sulfide, NH4-N, and POs-P would in-
crease to a high level by strong reductive state. Because it is difficult to take a sample of the
excessive anoxic water at the bottom, aerobic water sampled at water surface is artificially con-
verted to anaerobic water using a specific experimental setup. Meanwhile, bed material with
strong reductive state is used for laboratory experiments by sampling bottom mud during an-
oxification, and the used sediment had physicochemical properties with ORP of —176.5 mV, pH
of 7.40, EC of 0.068 mS/cm, sulfide level of 0.154 mg/g and ignition loss of 11.62 %. This
study do not focus on the effect of initial reductive state of sediment surface on water environ-
mental remediation upon LED irradiation but focuses on the impact of photon flux density, in
which lights are emitted to the anoxic water. Therefore, the control for bottom sediment is not
set in first- or second-stage experiments.

In both stages, an RGB full-color underwater LED lamp (LA1-24RGB, Marintec Inc.)
with a diameter of 0.9 m and a height of 0.51 m is used as the light source. This is commercially

available as a fish-luring underwater light and has a four-sided structure with 60 LED elements



corresponding to RGB color components per side. It is possible to adjust the photon flux density
for each color and irradiate samples using monochromatic light or mixed color light with an
arbitrary spectral distribution (component ratio of red, blue, and green color light intensities).
In this study, in light of previous results of Harada et al. (2016), the following two stages are
adopted to exclude the influence of an underwater object that would induce the overgrowth of
filamentous algae adhering to LED lamp.

The beaker-scale experiments in the first stage consists of four irradiation experiments,
and each set is performed under different experimental conditions concerning the optical spec-
trum and LED intensity, as stated below. In each case, approximately 100 tall-beakers of 0.5 L
at a height of 0.15 m filled with bed material (approximately 0.1 L) and environmental water
(approximately 0.4 L) are prepared. The prepared beakers are divided into two groups of irra-
diation and control. The water surfaces in all beakers are covered with little amount of liquid
paraffin (also called white oil) to block the supply of oxygen from the atmosphere (i.e., reaera-
tion) to regenerate the conditions similar to a hypolimnion in a stratified water body. As shown
in Fig. 2.2, beaker-scale experiments are designed not only by setting up the above-mentioned
underwater LED lamp in a transparent acrylic water tank (diameter of 0.3 m and height of 1 m)
filled with pure water but also by placing 24 beakers in two tiers along the periphery of the
water tank. By utilizing two sets of water tanks and LED lamps in a single irradiation experi-
ment, 48 beakers are provided per experimental condition. Lights are perpendicularly emitted
from LED lamp to beaker walls, and just a small part of bed material is irradiated at the light
source-side in this experimental system. However, the surface of bottom sediment is directly
unaffected by the LED irradiation. Therefore, aerobic and anaerobic conditions of bottom sur-
face do not depend on the emitted light itself but on the DO concentration above the sediment.
Because beakers do not provide a suitable habitat for filamentous and adherent algae, the gen-
eration of these algae is suppressed even when beakers are exposed to LED irradiation. It is
possible to conduct a beaker-scale irradiation experiment assuming a spatially wide range with-
out the influence of LED lamp installations by adjusting the light intensity, outside limited range
in the vicinity of light source. Other beakers that are not used for LED irradiation experiments
are maintained in a container with complete light blocking as a control condition. All beakers
in the two groups of irradiation and control experiments are kept under dark conditions to inhibit
oxygen production by photosynthesis derived from other light sources, except for LED irradi-

ation; they are also kept in a thermostatic temperature-controlled room at a temperature of 20

°C.
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Fig. 2.2 The design for beaker-scale irradiation experiments. a) An RGB underwater
LED lamp installed in a trans-parent acrylic water tank filled with pure water, and

b) 24 tall-beakers of 0.5 L placed in two tiers along the periphery of the water tank

Fig. 2.3 The design for water tank irradiation experiments. a) General view of the experi-

mental system. b) The small cylindrical tank filled with pure water for installing the

underwater LED lamp, and c) environmental water irradiated using an LED lamp
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The water tank-scale LED irradiation in the second stage is carried out in a transparent
acrylic water tank with a diameter of 0.3 m and a height of 1.25 m. The environmental water
and reductive bed material sampled on the above-mentioned reservoir are prepared at heights
of approximately 1 m and 0.15 m, respectively, in this water tank. In this experimental system,
the underwater LED lamp is installed in a transparent acrylic cylinder, which is set at the center
of the water tank, as shown in Fig. 2.3. It is a small cylindrical tank with a diameter of 0.13 m
and a height of 1 m filled with pure water. By secluding the LED lamp from the environmental
water using a small cylinder, it is possible to neglect the impact of filamentous algae adhering
to underwater objects on the oxygen production by algal photosynthesis. Surfaces of the bottom
mud in water tank-scale experiments are never irradiated because LED lamps are pointed up-
right in the sediment. Therefore, bottom sediment is unaffected by LED irradiation. Three series
of irradiation experiments in total are performed in the second stage, and three cylindrical water
tank systems are utilized par one series. All water tank systems are set up in a thermostatic room
controlled at a constant temperature of 20°C. It is possible to inhibit the production and supply
of DO via photosynthesis and reaeration, not only by keeping water tanks under dark conditions
but also by covering the water surface with liquid paraffin during the experimental period, re-
sulting in the simulated generation of a hypolimnion in a stratified water body.

One of primary purposes in this study is to examine the recovery from anaerobic condi-
tions with a strong reductive state caused by long-term anoxification above the bottom sediment
through both beaker-scale and water tank-scale experiments. For this purpose, LED irradiation
experiments are initiated from the time point when the water body is in a strong reductive state
such that the oxidation-reduction potential (ORP) reached approximately —400.0 mV, and also
phosphorous, ammonium, and sulfide concentrations remarkably increased due to anaerobic
reductive reactions. In the first stage of beaker-scale experiments, anoxic water is generated in
tall-beakers by maintaining water sample under dark conditions for more than two weeks before
beginning the LED irradiation experiments. In addition, in the water tank-scale experiments, it
takes approximately two months for the ORP of the environmental water to be lowered to a
strong reductive state of approximately —400.0 mV. The time it takes aerobic conditions to be
converted to anaerobic conditions seemed to differ in two stages because DO is consumed in a
shorter period over the entire range of 0.5 L beakers via an aerobic reaction when compared to
the water tank. LED irradiation experiments in both stages are initiated after confirming the
remarkable increase in phosphorous, ammonium, and sulfide concentrations due to anaerobic

organic matter decomposition.
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The duration in both beaker-scale and water tank-scale experiments are approximately
2 months following a 24 hour-cycle with 12 hour-on/12 hour-off LED irradiation, and the pho-
ton flux density and optical spectrum of the irradiating light are determined according to the
experimental conditions described below in the next chapter. This periodic irradiation is per-
formed based on the finding that the photosynthesis in the light period could be activated by
the periodical change of light included the dark period. In addition, the imitation of daytime
and nighttime by controlling the irradiation times would lead to environmentally conscious wa-

ter environmental remediation.

2.3 Water quality monitoring

Comprehensively understanding the temporal changes in DO is essential and important
for assessing the anoxification recovery effects. In both beaker-scale and water tank-scale ex-
periments, DO is continuously measured at 20 minute-interval using a fluorescent DO meter
(ProODO, YSI). The fluorescent DO electrode shows a fast response time and excellent meas-
urement accuracy and repeatability, enabling a continuous and stable measurement in a still
fluid environment. Also, ORP is an effective index to understand an anaerobic biochemical
dynamic of water quality. Under anoxic state, reduction half-reactions through inorganic com-
pounds containing oxygen occur in stages, and begin with high ORP. The major biochemical
reductions in aquatic environments are denitrification, iron reduction, and sulfate reduction, and
it is possible to roughly know which stage of reduction half-reaction occurs by measuring the
ORP. To grasp an anaerobic condition from the viewpoint of biochemical reactions, the ORP
measurement electrode was made of platinum, and the reference electrode was made of silver
chloride. Although potential (Eh) conversions using a hydrogen standard electrode were not
performed, an approximate Eh value was calculated by adding 200.0 mV to the measured value.
In beaker-scale LED irradiation experiments, DO and ORP meters are set in one of the 48 beak-
ers for continuous measurements. In the water tank-scale irradiation experiments, these meters
are fixed at 0.1 m above the bottom sediment in each water tank.

In addition to the continuous observation, water quality parameters related to organic
pollution and eutrophication are measured on a regular basis as mentioned below for about 2
months after the start of LED irradiation. In both cases, water quality analyses are scheduled
about 11 h after putting on LED lamps. In addition, in both beaker-scale and water tank-scale
experiments, optical spectrum and irradiating light intensity are measured using an illuminance

spectrophotometer (CL-500A, Konica Minolta Inc.) in conjunction with the scheduled water
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quality observations. The details of scheduled observations in each experiment are presented
below.

In beaker-scale experiments, water quality parameters are analyzed for 2-4 beakers,
which are randomly selected per observation to eliminate bias among samples. Scheduled ob-
servations are performed twice per week at intervals of 2 or 3 days during first month of exper-
iment and every 7 days during second month of experiment. Before measuring water quality
parameters, the liquid paraffin, covering the water surface is removed using lipophilic and hy-
drophobic oil absorption sheets in advance. The water samples are taken from the selected beak-
ers are combined, and this integrated sample is used for water quality analyses. In water tank-
scale experiments, water samples for the analysis of water quality parameters are collected
based on the siphon principle through a polyvinyl chloride tube fixed at 0.1 m above the bottom
sediment, similar to the continuous observation of DO and ORP. In this experiment, the sam-
pling volume per time is approximately 0.5 L in each cylindrical water tank, and the frequency
of scheduled observations is twice per week at intervals of 2 or 3 days.

Major water quality parameters and their analytical measurements are follows: (a) Chl-
a is analyzed using a fluorophotometer (Aquafluor, TURNER DESIGNS) and solvent extrac-
tion of chlorophyll with N,N-dimethylformamide; (b) nitrate-nitrogen (NO3-N) and sulfate ion
(SO4%) is measured using an ion chromatograph (DX-320, Dionex); (c) POs-P and total phos-
phorus (TP) are analyzed using absorption spectrophotometry (DR5000, HACH) based on the
ascorbic acid reduction molybdenum blue method; (d) total nitrogen (TN) is measured based
on an ultraviolet absorption spectrophotometry using DR5000; (e) total iron ion (TFe), which
was defined as the sum of ferrous ion (Fe*") and ferric ion (Fe*"), are analyzed based on the
2,4,6-tris (2-pyridyl)-1,3,5-triazine method using DR5000; (f) the sulfide concentration is
measured using DR5000 based on the ethylene blue method, and this analysis included S* lib-
erated from hydrogen sulfide, hydrogen sulfide ion, and soluble metal sulfides (including iron
sulfide) due to the presence of sulfuric acid; (g) NHs-N is measured by utilizing a colorimetric
titration-type ammoniacal nitrogen meter (AT-2000, Central Kagaku Corp.); (h) total organic
carbon (TOC) and dissolved organic carbon (DOC) are measured using a TOC analyzer (Siev-
ers 900, GE Analytical Instruments) based on a wet ultraviolet oxidation reaction and selective
membrane conductometric technology; (i) ultraviolet light absorption at 254 nm (E254) is
measured using DR5000 as an indicator of humic acids and other dissolved organic matter.

To roughly understand the phytoplankton composition and monitor the temporal

changes associated with it, in vivo Chl-a concentration measurements at class-differentiated
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algae levels are carried out using a multi-wavelength excitation fluorometer (FluoroProbe, bb-
Moldaenke). Based on the fluorescence excitation spectra obtained by exposing chlorophyll to
LED light at six different wavelengths, phytoplankton could be classified into four classes as
follows: Chlorophyceae (green algae), cyanobacteria (blue-green algae), diatom/dinoflagellates,
and cryptophytes; in vivo Chl-a concentration of each class was measured (Beutler et al. 2002).
As diatoms and dinoflagellates have similar spectra, these species could not be differentiated,

and the integrated Chl-a was expressed as the sum of their concentrations.
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Chapter 3 Influence of Optical Spectrum on Remediating Anoxic Water En-

vironment by Beaker-scale Experiments

3.1 Introduction

The anoxic recovery effects by LED irradiation would be strongly affected by not only
light intensity but light quantity because this technology is based on promoting an oxygen sup-
ply by phytoplankton photosynthesis. Because a light intensity decays in the irradiating direc-
tion due to absorption and scattering of dissolved or particulate matter, an extreme lowering of
photosynthesis rate by a low photon intensity is an obstacle to an anoxification recovery. To
properly evaluate the spatial range which allows for good anoxification improvement by LED
irradiation, it is an essential topic to estimate the influence of weak light intensity on the oxygen
production by phytoplankton photosynthesis. In addition, it is important to determine an ideal
spectral distribution in LED irradiation for phytoplankton photosynthesis. The only mixed light
of red and blue color spectra cannot necessarily ensure the optimum photon flux density for
phytoplankton photosynthesis under normal output of electric power, although two color bands
play a most important role in photosynthesis in the visible light. Because the general artificial
light irradiation has a limit of light intensity at a relatively low level for photosynthesis, the
contrivance of LED irradiation method, which are able to increase the photosynthesis rate or to
promote oxygen production, is required to effectively recover the anoxic state.

To acquire fundamental knowledge concerning the influence of optical spectrum and
light intensity of LED irradiation on water quality dynamics, indoor water quality experiments
are performed using an RGB full-color underwater LED lamp. In this research, beaker-scale
experiments, which require a smaller amount of environmental water and bed sediment are
adopted as the first approach to reduce the labor for building experimental systems. The con-
crete aim is to estimate the effectiveness of widening optimum intensity for photosynthesis to
cover the entire visible light region by adding the green spectrum to two-color (red and blue)
spectra under limited maximum LED output. Therefore, irradiation experiments are conducted
by illuminating anoxic water from outside beaker. The experimental condition of weak light
intensity assumes a point far from the light source to evaluate the effective irradiation range for
water environmental remediation, not only limited range in the vicinity of light source. In ad-
dition, indoor water quality experiments assume an organically polluted water body where con-
centrations of NH4-N, POs-P, and hydrogen sulfide are expected to increase under strong re-

ductive conditions due to long-term anoxifcation. The influences of LED irradiation of anoxic
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water with a strong reductive state on biochemical dynamics of water quality were examined
to acquire the essential findings concerning the application of the proposed water environmental

remediation method to actual water areas.

3.2 Experimental conditions

The experimental conditions are classified into optical conditions concerning LED irra-
diation and initial water quality conditions. The former was a primary experimental condition
to examine the influence of spectral features of LED irradiation on water quality dynamics via
the recovery from the anaerobic state, and it was characterized by RGB color bands and optical
intensity. The photosynthetic rate, which is an essential key point in the preservation of a satis-
factory oxygen environment, is most strongly related to both the blue wavelength band and the
red wavelength band in the visible light. In addition, according to Minato et al. 2012, the opti-
mum photon flux density for phytoplankton photosynthesis is 50-180 pmol/ (m? s), and this
range is equivalent to approximately 25-90 umol/(m? s) when it is evaluated by the sum of
photons of blue wavelength band and red wavelength band in the sunlight spectrum. In this
study, the strong and weak light intensities in LED irradiation experiments are determined by
referring to the range of 25-90 pmol/(m? s) for the optimum photon flux density required for
phytoplankton photosynthesis. Beaker-scale experiments are designed to examine the effective-
ness of adding the green visible spectrum to the mixed red and blue spectra to increase phyto-
plankton photosynthesis.

Therefore, LED irradiation experiments in this scale are conducted under four optical
conditions, labeled as Cases A-1 to A-4, by setting the optical spectrum and intensity as exper-
imental conditions, as summarized in Table 3.1. First, optical spectrum conditions are divided
into two groups as follows: Two-color spectra (Cases A-2 and A-4), and the three-color RGB
spectra (Cases A-1 and A-3). The former is set based on the contribution of red and blue spectra
to algal growth. The latter focuses on the green spectrum to increase the optimum level of pho-
tosynthesis within entire visible light region. The influence of the presence or absence of the
green spectrum on water quality dynamics is examined by comparing these groups. Next, the
light intensity is divided into two groups based on the range of optimum photon flux density
for phytoplankton photosynthesis. Cases A-1 and A-2 are corresponded to the lower limit of the
optimum range. Cases A-3 and A-4 are represented weak light conditions, which severely re-

stricted photosynthesis as an optical limiting factor.

Cases A-1 to A-4 are characterized by a combination of above conditions. In Cases A-1
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and A-3, the photon flux densities of red, blue, and green spectra are set such that R:B:G=1:1:1.
In Cases A-2 and A-4, the photon quantities of red and blue spectra are adjusted so that the R/B
ratio is approximately 1.0, under the condition that the photon flux density of the green spectra
is zero. The photon quantities of red and blue spectra in Cases A-1 and A-2 are determined so
that the sum of both densities in two cases are approximately equal. Therefore, the total photon
flux density of visible light region in Case A-1 was larger than that in Case A-2 because of the
inclusion of the green spectrum. For Cases A-3 and A-4 the total photon density of visible light
region is extremely small, approximately 10.0 pmol/(m? s), in comparison with the optimum
light intensity for photosynthesis, and the R/B ratio is approximately 1.0. The sum of the photon
quantity of red and the blue spectra for Case A-3 is smaller than that of Case A-4 because Case
A-3 includes the green spectrum, and the total photon quantum of visible rays is equivalent in
both cases.

The primary purpose in the first stage is to examine the recovery from anaerobic condi-
tions, in which a strong reductive state caused an increase in NH4-N, PO4-P and sulfide. To
achieve this objective, the anaerobic water prepared in beakers before beginning LED irradia-
tion experiments for two months is maintained for a long period (about three weeks for beaker-
scale experiments). Therefore, initial water quality conditions in each case is reflected by the
anaerobic reductive reactions under a strongly reduced state of ORP = -400.0 mV (Whitmire
and Hamilton 2005), as shown in Table 3.2. The characteristics of anoxic water are summarized
as follows. First, NO3-N decreased to almost zero due to denitrification (Robert Hamersley et
al. 2009). Next, NH4-N and POs-P show relatively high concentrations because of the elution
from sediment due to the anaerobic decomposition of organic matter (Gordon and Higgins
2007). In addition, TFe level increases under anaerobic conditions, indicating that ferrous ion
(Fe?") is eluted from sediment to water due to iron reduction (Lijklema 1980; Roden and
Edmonds 1997). Therefore, the increase in PO4-P mainly resulted from the iron reduction. Fur-
thermore, sulfide concentration obviously increases owing to the sulfate reduction that is gen-
erated under strong reducing conditions (Luther et al. 2003; Zerkle et al. 2010). From the above,
initial water quality of LED irradiation experiments in all cases is characterized by anaerobic
reductive reactions, such as denitrification, iron reduction, and sulfate reduction. Therefore, it
is a key point to examine the influence of high concentrations of nutrients and reductive sub-

stances in anoxification recovery using LED irradiation.
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Table 3.1 Optical spectrum and intensity of LED irradiation for the beaker-scale experiments

Intensity Visible light Blue band Red band Green band R/B

Case LED pmol/(m’s) (360 nm~780 (435nm~480 (610nm~710 (500nm~570 cati
nm) nm) nm) nm) °

A-1 RGB Strong 82.1 24.9 26.5 25.6 1.1
A-2 RB Strong 57.7 26.9 25.6 0.4 1.0
A-3 RGB Weak 10.0 3.1 3.2 3.0 1.0
A-4 RB Weak 10.0 4.3 4.7 0.2 1.1

Table 3.2 Initial water quality parameters at the start of LED irradiation in all cases

Case ORP DO  Chl-a Sulfide NHsN POsP NOs-N  TFe
(mV) (mgL) (ngll) (ngl) (mglLl) (mg/L) (mgL) (mgL)
A-1 3814 03 0.8 46.7 2.17 0.16 0.01 1.47
Control  —3814 03 0.8 46.7 2.17 0.16 0.01 1.47
A2 4260 04 0.7 96.7 2.50 0.23 0.01 1.87
Control —426.0 0.4 0.7 96.7 2.50 0.23 0.01 1.87
A-3 4113 03 0.4 46.0 2.43 0.24 0.01 1.79
Control —411.3 0.3 0.4 46.0 2.43 0.24 0.01 1.79
A-4 4113 03 0.4 46.0 2.43 0.24 0.01 1.79
Control —411.3 0.3 0.4 46.0 2.43 0.24 0.01 1.79
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3.3 Results and discussion
3.3.1 Remediation effects under strong light intensity conditions

Under the condition of sufficient photon density in red and blue spectra for phytoplank-
ton photosynthesis, the effects of the green spectrum on the improvement of water quality are
examined by comparing results between Cases A-1 and A-2. Figure 3 .1 shows the continuously
measured results for DO and ORP under these conditions. In both cases, the change in DO could
be characterized by three points as follows: (1) The time lag between the beginning of LED
irradiation experiments and the start of increase in DO; (2) the drastic increase in DO with a
fluctuation of the 24 hour-cycle after anoxification recovery; (3) the shift in DO to the steady-
state expressed as a sinusoidal variation via a gradual decrease after the peak value. These char-
acteristics of DO variations were explained through the changes in PO4-P, TFe, NHs-N, sulfide,
NO:s-N, class-differentiated Chl-a and total Chl-a as in shown in Fig.3.2 as well as ORP in
Fig.3.1. The goal was to quantitatively estimate the effects of improved water quality from
viewpoint of the production and consumption of oxygen based on the similarities and differ-
ences between two cases. In the following sections, ¢ denotes the elapsed time from the start of
LED irradiation.
1) Water quality dynamics until recovery from anoxification

First, the temporal changes in ORP, sulfide, and Chl-a levels after the start of the in-

crease in DO (i.e., anoxification recovery) are investigated. The time required to recover from
the anoxic state in Cases A-1 and A-2 is 6 days and 10 days, respectively. The following re-
markable features are observed over time for ORP, sulfide, and total Chl-a levels before anox-
ification recovery. For a few days after beginning LED irradiation experiments (until #=2 d for
Case A-1 and ¢ = 5 d for Case A-2), ORP remained at approximately —400.0 mV, which is a
strong reducing state when compared to initial conditions, and sulfide is maintained at the same
high level as initial value. Meanwhile, ORP increases in the negative range during putting on
LED lamps (t =2 d to 6 d for Case A-1 and =5 d to 10 d for Case A-2). Such a fluctuation in
ORP means that the strong reducing condition is weakened despite the anoxic state. In addition,
sulfide level began to decline at # =2 d for Case A-1 and at t =5 d for Case A-2, and they reach
almost zero when water samples in beakers recovered from the oxygen-free state. The disap-
pearance of sulfide means that the oxidation of sulfide to SO4* occurred in the presence of
oxygen (Morse 1990; Nielsen and Vollertsen 2021). Furthermore, we confirm the increase in
Chl-a levels of the dominant species belonging to cryptophytes in both cases, at # =5 d for Case
A-1and t=7d
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for Case A-2. Therefore, not only the increase in ORP and Chl-a levels but also the disappear-
ance of sulfide indicates that oxygen is produced via phytoplankton photosynthesis between ¢
=2dto 6 d for Case A-1 and = 5 d to 10 d for Case A-2. From the above results, the reason
why the anoxic state in beakers is maintained despite LED irradiation may be divided into two
factors according to the time elapsed from the initiation of the irradiation experiment. For a
couple of days immediately after initiating the irradiation (¢ <2 d for Case A-1, and # <5 d for
Case A-2), the anoxic state could be maintained because oxygen production by algae photosyn-
thesis do not occur regardless of sufficient light intensity conditions. It is considered that no
oxygen production in the absence of light for about 2 weeks until the start of LED irradiation
might lower the response of phytoplankton to light. That is, the delay in oxygen production by
photosynthesis arose because the long-term absence of light leads to the decreased photo-re-
sponsiveness of phytoplankton. This decreased photo-responsiveness should be considered as
a factor for the occurrence of a time lag between the initiation of irradiation experiment and the
beginning of increase in DO. Although cryptophytes are generated as the dominant algae after
t =2 d for Case A-1 and ¢t = 5 d for Case A-2, the amount of oxygen production is assumed to
be small because their photosynthetic capacity is small when compared to other algal groups.
It is assumed that it take a long time for phytoplankton, such as green algae with a high photo-
synthetic capacity, to recover from the reduced photo-responsiveness under the change from
continuous absence of light to the presence of it. Thus, the oxygen consumption, which is ac-
companied by the oxidation of reductive substances, such as sulfide, would exceed the oxygen
production, resulting in a continued anoxic state even though DO is produced by phytoplankton
photosynthesis between # = 2 d to 6 d for Case A-1 and =5 d to 10 d for Case A-2. In both
cases, excessive oxygen consumption is reflected in the high initial concentration of sulfide.
Therefore, the time required to solve anoxification might depend not only on the recovery from
the reduced photo-responsiveness of phytoplankton but also on the concentration of oxidizable
substances generated under anaerobic conditions.

There are differences in the effectiveness of recovery from the anoxic state between
Cases A-1 and A-2 such that the increases in phytoplankton and DO in Case A-1 occurs at an
earlier stage compared to that in Case A-2. The increase in phytoplankton is confirmed after ¢
=2 d for Case A-1 and after t = 5 d for Case A-2. This result indicates that the photo-respon-
siveness in Case A-1 is recovered earlier than that in Case A-2. Considering that the photon
quantity of red and blue spectra in both cases is approximately the same, the comparison be-

tween Cases A-1 and A-2 show that the presence or absence of the green spectrum strongly
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influence the activation of phytoplankton exposed in the absence of light in long-term. There-
fore, both photo-responsiveness and photosynthesis rate of phytoplankton could be enhanced
by including the green spectrum along with red and blue spectra, and as a result, the anoxic
state could be quickly solved. In addition, since the dominant phytoplankton species is crypto-
phytes until DO start to increase in both cases, the influence of the green spectrum on the species

composition of plankton is small.

2) Water quality dynamics following DO increase

DO in Cases A-1 and A-2 sharply increase to a very high peak value of approximately
17.0 mg/L in approximately 5 days after recovery from the anoxic state, and then the supersat-
uration of approximately 200.0 % is maintained for several days. In both cases, the total Chl-a
concentration increases to a maximum value of 60.0 pug/L to 80.0 ug/L as DO concentration
increase. In addition, because the proportion of green algae contributing to the total Chl-a con-
centration is high, the dominant species changed from cryptophytes to green algae. The rapid
increase in DO is due to the growth of green algae; therefore, the photosynthetic capacity would
be higher than that in cryptophytes. Because these results are common in Cases A-1 and A-2,
the above-mentioned features are not affected by the presence or absence of the green spectrum.
PO4-P and NH4-N, which retain a high concentration due to the strong reducing state when DO
= 0, decrease abruptly after the recovery from anoxic conditions and decrease to around zero
when DO reach the peak value. This decrease is attributable to the uptake by phytoplankton,
mainly green algae (Wang et al. 2006; Mackay et al. 2020; Zhang et al. 2020). As the temporal
rates of decrease in PO4-P and NH4-N concentrations are relatively large, it is assumed that
oxygen production is caused by the proliferation of phytoplankton with a very high photosyn-
thetic rate. As a result, in both cases, Chl-a increases to a hypertrophic level exceeding 75.0
ug/L and DO also increases to a supersaturation level of approximately 200.0 %. It is considered
that these high concentrations could be due to the excessive increase in POs-P and NHa-N eluted
from the sediment under long-term strong reducing conditions before beginning LED irradia-
tion. In addition, no adherent algae or submerged plants are observed in beaker-scale experi-
ments, and it is considered that interspecific competition with such large algae would not arise,
resulting in the massive growth of phytoplankton.

Sulfide is disappeared via an oxidation reaction occurring under aerobic conditions
immediately after recovery from the anoxic state, and ORP rapidly change from negative to

positive. The anaerobic state is quickly recovered to an aerobic state, and the effect of water
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environmental remediation is obvious regardless of the presence or absence of the green spec-
trum during LED irradiation. During the increase in DO, TFe also decreases to almost zero.
Fe?" ions, which are generated in large amounts via iron reduction under strong reducing con-
ditions before LED irradiation, are oxidized to Fe** ions upon recovery from the anaerobic state
to aerobic state. Fe*" ions could form an insoluble iron compound with phosphate ions, and the
compound is deposited on the sediment, resulting in a decrease in TFe (Morse 1990; Barry et
al. 1994; Burke and Banwart 2002). Therefore, the decrease in POs-P with the increasing DO
is not only due to the uptake by phytoplankton for photosynthesis but also due to the combina-
tion with Fe** ions, concentration of which increased upon the oxidation of Fe*" ions.

Cases A-1 and A-2 shows the similarities in terms of a rapid increase in DO with fluc-
tuations during the 24 hour-cycle after anoxification recovery, and there are no differences in
the peak value of DO and during the time required to reach the peak between these cases. In
addition, there are no differences in the species composition of the phytoplankton, dominated
by the green algae, as well as the variation of Chl-a as the DO increase between Cases A-1 and
A-2. Although the time of recovery from the anoxic state could be advanced by including the
green spectrum in LED irradiation, it is considered that the presence or absence of the green

spectrum had a little influence on the water quality dynamics as the increase in DO.

3) Water quality dynamics after DO reach its peak value

In both Cases A-1 and A-2, the saturation degree of DO declines from supersaturation
to a value lower than 100 % with the fluctuation of 24 hour-cycle after increasing to the peak
value. It then reaches a steady state in which the increase and decrease are sinusoidal. In Case
A-1, DO shows a steady state within the range of 4.0 mg/L to 8.0 mg/L approximately 10 days
after it has reached the peak value. In addition, DO maintains a saturation degree of approxi-
mately 60.0 % on average for one cycle after = 25 d. Meanwhile, DO in Case A-2 decreases,
showing a smooth curve from the peak value to the steady state after approximately ¢ = 20 d.
Additionally, DO changes within the range of 2.0 mg/L to 5.0 mg/L after about =40 d. In Case
A-2, DO decreases by approximately 10.0 mg/L from the peak value and reach an equilibrium
with a saturation degree of approximately 50.0 % on average for one cycle. Thus, the temporal
change in DO in both cases show similar features, reaching a steady state with periodic varia-
tions via the decrease from a peak value of approximately 200.0 % to a saturation degree below
100.0 %. In contrast, the differences in both cases could be confirmed as follows: The time

required to shift from the peak value to the steady state; the average concentration of 24 hour-

25



cycle; the amplitude of the sinusoidal variation. In particular, DO in Case A-2 decreases to a
poor oxygen level of 2.0 mg/L during putting out the light. Meanwhile, DO in Case A-1 shows
a maintained concentration of 4.0 mg/L or more during putting out the light. This difference
indicates that Case A-1 shows a higher improvement effect when compared to Case A-2 in
terms of the sustained preservation of a healthy DO environment. The factors that caused these
differences during the change in DO are considered hereinafter.

Because Chl-a in both cases fluctuate in the range of 20.0 pg/L to 60.0 ug/L and shows
an average value of approximately 40.0 ng/L, there is not a big difference in the growth rate of
phytoplankton between two cases. DO reaches the sufficient healthy concentration even though
adherent algae and filamentous algae do not generate and growth throughout the irradiation
experiment period. Therefore, phytoplankton concentration could stably be maintained at a eu-
trophic level because an interspecific competition with large algae do not occur under LED
irradiation of 50—-80 pmol/(m? s), and the healthy DO environment could be preserved only by
phytoplankton photosynthesis. Phytoplankton in Case A-2 is mainly composed of green algae
until the end of irradiation experiment. In contrast, in Case A-1, the appearance of blue-green
algae in addition to green algae is confirmed as the dominant species when Chl-a increases after
t =50 d. In both cases, NH4-N and PO4-P shows low concentrations of 0.20 mg/L and 0.01
mg/L, respectively, and NOs-N remains almost zero regardless of the change in DO after initi-
ation of LED irradiation. Generally, the observed concentrations of dissolved inorganic nitrogen
(DIN) and dissolved inorganic phosphorus (DIP) in eutrophic water areas do not denote the
available nutrients for algal photosynthesis, but the remaining nutrients that are not ingested by
algae. Therefore, low concentrations of DIN and DIP, regardless of high concentration of Chl-
a, involve in the intake by photosynthesis and the supply into water by respiration and miner-
alization are balanced. That is, the biochemical matter cycle of DIN and DIP shift to an equi-
librium state after # = 18 d. This balanced dynamic lead to a stable increase in the DO in both
cases, and the oxygen production of phytoplankton is hardly affected by the nutrient limitation
arising from the lack of NH4-N and POs-P in both cases. The differences in temporal changes
in DO and Chl-a between the two cases seems to be unrelated to the limiting factors (nutrients,
water temperature, and underwater light intensity) toward photosynthesis. Therefore, the results
not only shows that the photosynthetic rate (the oxygen production rate) in Case A-1 is more
promoted when compared to Case A-2 but also that blue-green algae with higher photosynthetic
capacity emerged in Case A-1 due to the green spectrum in LED irradiation. Considering this,

it is possible to determine the advantage of the green spectrum in phytoplankton photosynthesis.
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4) Reduction effects in nitrogen, phosphorous and organic matter

Based on the scheduled observation results shown in Fig.3.3, water environmental re-
mediation upon anoxification recovery are examined by focusing on the concentrations of TN,
TP, TOC, DOC, and E254 at the end of the LED irradiation experiment. Table 3.3 shows the
comparisons of the final results with the initial concentrations in LED irradiation experiments
for Cases A-1 and A-2. In addition, comparisons of the final results between the irradiation and
control groups are summarized in Table 3.3. By comparing the results between the end and the
beginning of LED irradiation for each case, it is possible to evaluate the amounts of nitrogen,
phosphorus, and organic carbon which are reduced upon recovery from the anaerobic state to
aerobic state. In addition, by referring to the results at the end of Cases A-1 and A-2 along with
those of control condition, it is examined how much anoxification recovery inhibited the in-
crease in nitrogen, phosphorus, and organic matter concentrations caused by the elution from
sediment due to anaerobic biochemical reactions.

Comparing the results at the beginning and end of LED irradiation experiment, it is
found that both TN and TP dramatically decrease after 2 months, regardless of the presence or
absence of the green spectrum. TN in Case A-1 finally decreases from initial concentration of
2.03 mg/L to 0.77 mg/L (decrease by 1.26 mg/L). This result indicates that nitrogen concentra-
tions over 1.00 mg/L are reduced through the aerobic matter cycle in which phytoplankton
played a leading role. Also, initial concentration of TN in the control condition increases to 2.48
mg/L due to the persistence of anoxic state in the absence of light for 2 months, and the increase
is due to the elution of NH4-N from sediment. Therefore, LED irradiation in Case A-1 blocks
the elution of NHs-N by recovering anoxification, resulting in the reduction of nitrogen con-
centrations by 0.45 mg/L. In Case A-2, TN concentrations decreases by approximately 60 %
when compared to the initial concentration, similar to Case A-1, and there is no difference in
the maintenance and reduction of TN between Case A-1 and Case A-2. Also, the initial concen-
tration of TP in Cases A-1 and A-2 decline from 0.30 mg/L to 0.12 mg/L and from 0.31 mg/L
to 0.10 mg/L, respectively. LED irradiation with strong light intensity for 2 months is suffi-
ciently effective in reducing TP concentration because phosphorous levels (over 0.10 mg/L) are

reduced, and the reduction rate is about 60 % to 70%.
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Fig. 3.3 Periodically measured TN, TP, TOC, DOC, and E254 in Cases A-1 and A-2

28



Table 3.3 Comparisons of the initial and final TN, TP, TOC, DOC, and E254 meas-
urements in the LED irradiation group and the final results under control conditions

in Cases A-1 and A-2

Case A-1
Water quality @ ©) ©
parame(ers Start End Control (6) /(@) (®) /()
TN (mg/L) 2.03 0.77 2.48 0.38 0.31
TP (mg/L) 0.30 0.12 0.32 0.40 0.38
TOC (mg/L) 7.69 10.50 9.07 1.37 1.16
DOC (mg/L) 6.79 6.79 9.02 1.00 0.75
E254 0.30 0.16 0.41 0.53 0.39

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.

Case A-2
Water quality ® ©) ©
parameters Start End Control (b) /(@) (®) /()
TN (mg/L) 2.52 0.99 3.26 0.39 0.30
TP (mg/L) 0.31 0.10 0.35 0.32 0.29
TOC (mg/L) 8.92 14.10 12.08 1.58 1.17
DOC (mg/L) 7.61 6.34 9.60 0.83 0.66
E254 0.35 0.16 0.44 0.46 0.36

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.
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Here, TFe drastically decreases from 2.12 mg/L to 0.01 mg/L in Case A-1 and from 3.00 mg/L
to 0.01 mg/L in Case A-2 upon LED irradiation for 2 months. As mentioned above, these de-
creases are mainly caused by the insoluble iron compound where Fe** was increased via oxida-
tion of Fe?* after anoxification recovery and formed with phosphoric acid. Therefore, the re-
duction of TP upon LED irradiation is resulted from the inorganic chemical chelate formation,
as well as the aerobic matter cycle, through phytoplankton intervention. Meanwhile, TP in the
control condition almost do not increase from the initial concentration during 2 months without
the elution of POs-P from the sediment because iron reduction is terminated in the experimental
preparation phase. This result indicates that the anaerobic state causes a switch from iron re-

duction to sulfate reduction because of continuous and strong reducing state.

Meanwhile, TOC in Cases A-1 and A-2 increases upon LED irradiation for 2 months,
unlike TN and TP. The increase in TOC is attributed to an increase in particulate organic matter.
That is, phytoplankton grow to the eutrophic level by LED irradiation with strong light intensity,
resulting in an increase in particulate organic matter, including zooplankton and withered phy-
toplankton. However, because the increasing rates are not so high (approximately 1.5), the in-
fluence of phytoplankton growth on water quality as an organic pollutant is not extremely high.
In addition, there is no significant increase or decrease in the DOC levels in Cases A-1 and A-
2. One remarkable result in both cases is a significant decrease in E254 levels. That is, the
hardly decomposable component of dissolved organic matter, such as humic acid, can be de-
composed under aerobic conditions. According to the results under control condition, E254
levels increases by approximately 1.3 times when compared to the initial value during the 2
months. Meaning that it is possible to restrain the elution of dissolved organic matter from the
sediment because of the anoxification recovery and the maintenance of the aerobic state, which
means the inhibition of organic pollution derived from the internal load. Therefore, the decrease
in E254 levels could be evaluated as a water environmental remediation effect. In both Cases
A-1 and A-2, nitrogen and phosphorous concentrations are reduced via the aerobic matter cycle,
in which phytoplankton played a leading role. Moreover, the increase in dissolved organic mat-
ter estimated as E254 is chemically restrained by the recovery of water and sediment under
aerobic conditions. There is no significant difference in the decrease rates of TN, TP, and E254
upon LED irradiation for 2 months between Cases A-1 and A-2. Therefore, the green spectrum

hardly affects the water quality-improving effects of long-term irradiation where nitrogen and
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phosphorous concentrations are reduced through the aerobic matter cycle. Furthermore, nutrient
and E254 levels increases due to anaerobic biochemical reactions inhibited by the aerobic sed-

iment.

3.3.2 Remediation effects under weak light intensity conditions

Under extremely low photon intensity of visible light for phytoplankton photosynthe-
sis, the effects of the green spectrum on water environmental remediation are examined by
comparing experimental results between Cases A-3 and A-4. Figure 3.4 shows the continuously
measured DO and ORP under these experimental conditions. As discussed in the previous sec-
tion, the anoxification recovery effects were examined by referring to the regularly measured
results of water quality parameters, such as POs-P, TFe, NHs-N, sulfide, NOs3-N, class-differen-

tiated Chl-a and total Chl-a are summarized in Fig.3.5, according to the temporal change in DO.

1) Water quality dynamics until anoxification recovery

Cases A-3 and A-4 require 18 days and 26 days for DO to start increasing, respectively,
and both cases require a longer time to recover from the anoxic state to aerobic state when
compared to Cases A-1 and A-2. In particular, ORP in both Cases A-3 and A-4 maintain a strong
reducing state of approximately —400.0 mV for 10 days or more days after the initiation of LED
irradiation (¢ < 12 d for Case A-3 and 7 < 16 d for Case A-4). In addition, the anaerobic decom-
position of organic matter proceeded for # < 4 d regardless of LED irradiation because sulfide,
PO4-P and NH4-N increase when compared to the initial values. This result indicates that the
reduced photo-responsiveness of phytoplankton inhibit oxygen production via photosynthesis
for t <4 d. Meanwhile, in both Cases A-3 and A-4, sulfide linearly start to decrease after ¢t = 4
d and reached zero at # = 10 d. Therefore, sulfide seems to disappear due to oxidation between
t=4dand 10 d. In addition, PO4-P and NHas-N tend to decrease after r =4 d, and these decreases
seem to be a result of the nutrient intake by phytoplankton under LED irradiation. The above-
mentioned results prove that a slight amount of oxygen is produced by phytoplankton photo-
synthesis after # = 4 d in both Cases A-3 and A-4. In addition, ORP varies toward zero in the
negative range during putting on LED lamp after # =12 d for Case A-3 and after t = 16 d for
Case A-4, and the reducing state is temporarily weakened despite DO = 0. Therefore, oxygen
production occurs before anoxification recovery. Because the level of oxygen products seems
very low due to a low Chl-a concentration of around 5.0 ng/L under weak light intensity; the

oxygen is consumed via oxidation reactions of oxidizable
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substances in high concentration seem to exceed the oxygen production, resulting in lengthen-
ing of anoxic state. From the above, the duration of anoxia under weak light intensity conditions
could be divided into two from the viewpoint of the presence or absence of oxygen production
by photosynthesis, similar to the strong light conditions in Cases A-1 and A-2.

From the similarities between Cases A-3 and A-4, the time requires to recover from the
reduced photo-responsiveness of phytoplankton is not related to the presence or absence of the
green spectrum. In addition, considering the results of Cases A-1 and A-2, the timing at which
oxygen production by photosynthesis began hardly depended on light intensity. That is, the
influence of the optical spectrum in LED irradiation on the recovery from the reduced photo-
responsiveness of phytoplankton is small. However, Cases A-3 and A-4 shows DO increase at
different time points; the recovery from anoxification takes 18 days for Case A-3 and 26 days
for Case A-4. That is, the deviation between oxygen production and oxygen consumption differs
in Cases A-3 and A-4. Because the temporal changes in TFe and Chl-a until the increase in DO
level do not differ between two cases, oxygen consumption via oxidation reactions of oxidizable
substances, as well as phytoplankton respiration, seems to be at the same level between Cases
A-3 and A-4. In addition, until the increase in DO (1 =4 d to 19 d for Case A-3 and t =4 d to
29 d for Case A-4), the period where changes in the concentrations of POs-P and NH4-N are
observed for Case A-3 are analogous to that for Case A-4. Indicating that the impacts of nutrient
limitations on the photosynthesis rate of phytoplankton are the same in both cases. Therefore,
it is difficult to regard the nutrient inhibition of PO4-P and NHa4-N as the reason why the anox-
ification of Case A-3 could be solved earlier than that of Case A-4. The photon densities of the
red and blue spectra in Case A-3, including the green spectrum, are smaller than those in Case
A-4 because the total photon density of the visible light region is set to be the same in both
cases, as shown in Table 3.1. Even though red and blue spectra are considered as the effective
optical spectrum for algal photosynthesis, the anoxic state in Case A-3 is recovered earlier than
that in Case A-4.

There is no clear difference in the total amount and species composition of phytoplank-
ton during the anoxic state for 1> 4 d between both cases, where Chl-a are low at approximately
5.0 pg/L and cryptophytes account for about 50 % of the total Chl-a. From the above, it can be
concluded that the influence of red and blue spectra on the total amount and species composition
of phytoplankton is small, and the green spectrum plays an important role in promoting the

photosynthetic rate under the low light intensity of 10.0 pmol/(m? s).
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2) Temporal changes in DO after anoxification recovery

In Case A-3, DO fluctuates with the 24 hour-cycle after anoxification is solved at # = 18
d, and it shows a maximum concentration of approximately 3.0 mg/L at # = 30 d. After this peak,
the DO in Case A-3 reaches a steady state with an amplitude of approximately 2.0 mg/L from ¢
> 50 d onwards via fluctuations within the range less than 3.0 mg/L. This temporal change is
similar to that in Cases A-1 and A-2. Meanwhile, the change of DO in Case A-4 shows a peri-
odic variation within 24 hour-cycle from ¢ =26 d, but it differs from the temporal changes under
other experimental conditions because it is unsteady, and the stroke gradually widen until the
end of irradiation. Next, we focus on the changes in ORP values. In Case A-3, ORP values from
t =12 d to 25 d change with a wide up and down in the range of negative to positive values
according to the increase in DO during switching on the light and the decrease of it during
putting out the light. After # = 25 d, ORP maintains a constant value of 500.0 mV, even though
DO temporarily decreases to almost zero during putting out the light. Therefore, DO environ-
ment seems to be completely recovered from the anaerobic state to aerobic state, and the oxi-
dative condition could be maintained for # > 25 d. Meanwhile, ORP in Case A-4 fluctuates with
large amplitude in the range of negative to positive values during ¢ = 29 d to 40 d, and the
improvement of ORP from the reducing state to the oxidative state requires a long-term of 40
days. From the above results, it is found that the large differences between Cases A-3 and A-4
could be caused in the improved DO environment by the spectrum conditions of LED irradia-
tion. The reason why there are differences in the anoxification recovery between Cases A-3 and
A-4 are described below.

Chl-a concentrations after anoxification recovery (¢ > 29 d for Case A-3 and ¢ > 40 d for
Case A-4) fluctuates within the range of 5.0 pg/L to 10.0 pg/L and are somewhat higher than
those when DO start to increase. This result indicates that a small increase in phytoplankton
levels could be expected even if the photon flux density is weak, approximately one-fifth lower
than the limit of the optimum photon density for photosynthesis. Case A-3 and Case A-4 are
similar such that diatom/dinoflagellate and cryptophytes, whose photosynthetic capacities are
relatively low, account for about 50 % of the total Chl-a levels, and that green algae levels do
not increase dominantly unlike Cases A-1 and A-2 under strong photon conditions. From the
measurement of class-differentiated Chl-a concentrations, it is determined that blue-green algae

exist with a slight component ratio until the end of irradiation experiments, and their impact on
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DO production seem to be small. Therefore, the deficient maintenance of the aerobic state dur-
ing LED irradiation is mainly due to photosynthesis by cryptophytes and diatom/dinoflagellate.
Besides, low production of oxygen is attributed not only to the low concentration of phyto-
plankton but also to the low photosynthesis rate of diatom/dinoflagellate and cryptophytes. In
addition, it is though that the influence of the green spectrum on the growth of phytoplankton
is small because there are no big differences in the concentration and species composition of
phytoplankton between two cases. However, as mentioned above, the green spectrum has a
large impact on the amount of DO production via photosynthesis. Therefore, it could be con-
sidered that the difference in oxygen production due to the presence or absence of the green

spectrum do not affect the amount and species composition of phytoplankton.
In Cases A-3 and A-4, PO4-P decrease from about 0.30 mg/L to about 0.04 mg/L be-

tween =4 d and 18 d, and low concentration of 0.02 mg/L is maintained from # =30 d. Because
there is no obvious decrease in TFe, low PO4-P concentration is not due to insolubilization by
the Fe** bonding, whereas it was mainly related to the intake by phytoplankton. PO4-P shows a
constant value of 0.02 mg/L after = 30 d, where the balance between the use via photosynthesis
and the supply into water due to respiration and mineralization is maintained, and it is consid-
ered that the biochemical dynamic of PO4-P shifts to the equilibrium state. Therefore, the impact
of phosphorus-limitation on phytoplankton photosynthesis do not temporally change after ¢ =
18 d, and we could exclude the influence of PO4-P from the limiting factors concerning tem-
poral variation of oxygen production. In other words, low PO4-P concentration do not affect the
differences not only in anoxification recovery time but also in the change of DO between Cases
A-3 and A-4.

Meanwhile, NH4-N in both Cases A-3 and A-4 gradually decrease from about 2.50 mg/L
to approximately 2.00 mg/L in approximately 40 days after beginning LED irradiation experi-
ments. This result indicates that the nutritious condition for photosynthesis during this period
is due to phosphorus-limitation, and that oxygen is produced under a condition such that PO4-
P is more actively consumed by phytoplankton than NH4-N. Although NH4-N for Case A-3
remarkably decreases to a low constant concentration of about 0.30 mg/L from the time DO
reach a peak concentration at # = 50 d, DO reaches a stationary state represented by a periodic
variation less than 2.0 mg/L after = 50 d. This dynamic seems to be attributed to the balance
in the supply and the intake of nutrients. Therefore, it is guessed that the biochemical dynamic
of NH4-N might be shifted to the equilibrium state due to the active uptake of ammonia by
phytoplankton since # = 50 d. Meanwhile, NH4-N in Case A-4 fluctuates in the range of 0.50
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mg/L to 1.50 mg/L after = 50 d, and its biochemical dynamics do not shift to a balanced state,
unlike those observed in Case A-3. In Case A-4, the ammonium available for photosynthesis
adequately remain in water until the end of LED irradiation experiment, and the biochemical
dynamics of NH4-N do not reach the equilibrium state, resulting in an unsteady state of DO.
Therefore, such a difference in the NH4-N dynamics should have been reflected in the change
in DO between Cases A-3 and A-4. From the above, it is determined that the green spectrum
promoted the intake of NH4-N by phytoplankton and accelerated the balanced state of nutrient
dynamics; as a result, the unsteady change in DO transform more quickly to a steady state. The
advantage of the green spectrum is found out such that the improvement of DO environment
appears more quickly. When the results in Case A-4 are compared to those in Case A-3, the
stroke of daily variation in DO is eventually large, and its maximum value is approximately 4.0
mg/L. Such a difference seems to be reflected under the optical spectrum conditions in which

the photon flux densities of red and blue spectra for Case A-4 are larger than Case A-3.

3) Reduction effects in nitrogen, phosphorous and organic matter

The improvement effects of water environment upon LED irradiation with weak light
intensity for 2 months are detected by measuring the decrease in nitrogen, phosphorus, and
organic carbon as shown in Fig.3.6 and Table 3.4. Figure 3.6 shows the scheduled observation
of TN, TP, TOC, DOC, and E254 in Cases A-3 and A-4. Table 3.4 summarizes the comparisons
of the final results with the initial concentrations in each case, as well as the comparisons of the
final results between the irradiation and control conditions.

The initial concentration of TN in Case A-3 reduces from 2.77 mg/L to 1.09 mg/L. Also,
the initial TN concentration of 3.42 mg/L in Case A-4 is finally lowered to 1.90 mg/L. In both
cases, high levels in nitrogen are dramatically reduced during 2 months, and the reduction rates
under weak light intensity are same as those under strong light intensity. Also, the initial con-
centration of TP in Cases A-3 and A-4 decrease from 0.33 mg/L to 0.13 mg/L and from 0.30
mg/L to 0.12 mg/L, respectively, and the reduction rates in both cases are about 60 %. The
reduction of TP upon the LED irradiation for 2 months is equal to that under strong light inten-
sity for Cases A-1 and A-2. In addition, the final concentrations of TN and TP in Cases A-3
and A-4 are remarkably lower than those in the control group, and it is plausible to expect an
inhibitory effect on the increased nutrients concentrations derived from the anaerobic biochem-
ical reactions. Therefore, nitrogen and phosphorous concentrations are reduced due to the aer-

obic matter cycle in which phytoplankton plays a leading role even though
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Table 3.4 Comparisons of the initial and final TN, TP, TOC, DOC, and E254 meas-
urements in the LED irradiation group and the final results under control conditions

in Cases A-3 and A-4

Water quality Case A3
parameters S(tz)rt Ffz)d Co(lft)rol (6) /(@) (®) /)
TN (mg/L) 2.77 1.09 3.02 0.39 0.36
TP (mg/L) 0.33 0.13 0.35 0.39 0.41
TOC (mg/L) 7.66 8.34 10.35 1.09 0.81
DOC (mg/L) 6.89 6.49 6.51 0.94 1.00
E254 0.33 0.18 0.68 0.55 0.26

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.

Case A-4
Water quality ® ®) ©
parameters Start End Control (b) /(@) (®) /()
TN (mg/L) 3.42 1.90 3.02 0.56 0.63
TP (mg/L) 0.30 0.12 0.35 0.40 0.38
TOC (mg/L) 7.22 9.55 10.35 1.32 0.92
DOC (mg/L) 6.74 7.20 6.51 1.07 1.11
E254 0.37 0.21 0.68 0.57 0.31

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.
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the oxygen production is strongly restricted due to the approximately one-fifth lower limit of
the optimum photon intensity for photosynthesis. Because there is no unequivocal difference in
the reduction rates of TN and TP concentrations between Cases A-3 and A-4, the green spec-
trum hardly affects water environmental remediation in terms of nitrogen and phosphorous lev-
els. The significant decreases in TOC and DOC concentrations between the start and end of
LED irradiation for 2 months could not be observed, unlike nitrogen and phosphorous concen-
trations.

TOC concentration in both Cases A-3 and A-4 slightly increase from the initial values
compared to the results of Cases A-1 and A-2. Such a slight increase is attributed to insufficient
reproduction of phytoplankton under light limitation for photosynthesis, unlike under strong
light intensity conditions. In addition, similar to Cases A-1 and A-2, DOC levels at the begin-
ning and the end of LED irradiation for 2 months show the same concentration. However, E254
levels in both Cases A-3 and A-4 obviously decline upon LED irradiation for 2 months, similar
to Case A-1 and A-2. The final value of E254 levels under control conditions obviously increase
by a factor of approximately two from the initial value, whereas E254 levels at the end of the
LED irradiation experiment in both Cases A-3 and A-4 decreased by approximately 50 % in 2
months. This result means that LED irradiation with weak light intensity could effectively re-
strain the increase in the concentrations of dissolved organic matter, which is due to elution
from the sediment under anaerobic conditions, regardless of the presence or absence of the
green spectrum. In addition, E254 levels are reduced as a result of the aerobic decomposition
of hardly decomposable dissolved organic matter, even though it takes a long time to recover

anoxification and DO temporally changes in the low level less than 3.0 mg/L.

3.4 Conclusions

In this chapter, the impacts of optical spectrum and LED light intensity on the mainte-
nance of healthy aerobic conditions are evaluated on beaker-scale experiments. In particular,
this chapter focuses on the effectiveness of increasing the optimum spectra for photosynthesis
by adding the green spectrum to two-color spectrum (red and blue). The knowledge and out-
comes acquires by beaker-scale experiments can be summarized as follows from four view-
points.

The photo-responsiveness and photosynthesis rate of phytoplankton could be enhanced
in the presence of the green spectrum regardless of light intensity, and the anoxic state could be

quickly recovered. In particular, LED irradiation with the three-color mixed RGB spectra
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played an important role in promoting oxygen production when compared to mixed light of red
and blue spectra under low light intensity.

Under high intensity light, DO rapidly increases to supersaturation after anoxification
recovery due to the growth of green algae possessing high photosynthetic capacity regardless
of the green spectrum. However, LED irradiation, including the green color band, has an ad-
vantage such that the healthy DO environment is preserved without a decrease to poor oxygen
levels in the absence of light

Under the weak light intensity that is as low as a tenth of the optimum light quantum
for photosynthesis, it takes a long period for anoxification recovery. In LED irradiation with
RGB spectrum, the supply and intake of NH4-N and POs-P for phytoplankton shift to an equi-
librium state after anoxification recovery, resulting in the maintenance of the aerobic state with-
out lowering the ORP to a reducing state in the absence of light unlike mixed light of red and
blue spectra.

The water environmental remediation by solving the long-term anoxification under both
strong and weak light intensity conditions are reflected in decreased TN and TP upon LED
irradiation for 2 months regardless of the green spectrum. These results indicate the reduction
of DIN and DIP through the aerobic matter cycle, in which phytoplankton plays a leading role.
In particular, phosphate formed a particulate inorganic chemical chelate with ferric ions gener-
ated by the oxidation of ferrous ions after recovering the anaerobic condition, resulting in the
reduction of TP. In addition, water environmental remediation by recovery formed anaerobic

state to aerobic includes the inhibition of PO4-P and NH4-N elution from the sediment.
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Chapter 4 Influence of RGB Spectra and Initial Anaerobic Conditions on

Water Environmental Remediation by Water Tank-scale Experiments

4.1 Introduction
As determined from the results of Cases A-1 and A-2 in the beaker-scale experiments,
LED irradiation of anoxic water is sufficiently effective for water environmental remediation
under strong light intensity conditions, such that the photon quantity of LED irradiation is in
the optimum intensity range for phytoplankton photosynthesis. In particular, LED irradiation,
which includes three-color mixed RGB spectra, exhibits a satisfactory effect in improving water
quality in the early recovery from anoxification. Therefore, it is key to assess the recovery ef-
fects from long-term anoxic state at positions far from a light source, such that the photon emit-
ted from LED source is weaker than the optimum intensity for photosynthesis. In addition, one
of the most significant outcomes of beaker-scale experiments is the result obtained by compar-
ing the temporal change in DO between Cases A-3 and A-4. That is, mixed RGB irradiations
have advantages such as, faster improvement in the DO environment and better maintenance of
a healthy DO level than two-color red and blue spectrum. Therefore, to design optimal condi-
tions for the optical spectrum in LED irradiation, quantitatively evaluating the anoxification
recovery effect is necessary by understanding the influence of LED irradiation on the promotion
of phytoplankton photosynthesis under each of RGB irradiation spectra. Moreover, the anox-
ification recovery effect and the maintenance of a healthy DO level would be determined by
promoting the oxygen production via phytoplankton photosynthesis exceed oxygen consump-
tion via the oxidation reactions of oxidizable substances present in high concentration. That is,
the increases in nutrients and oxidizable substances stemming from anaerobic decomposition
processes in the anoxic state would strongly influence the effects of water environmental reme-
diation by LED irradiation. Therefore, it is an important topic to evaluate influences of low
photon intensity on the biochemical dynamic of DO considering the initial anaerobic conditions
which would characterize concentrations of water quality parameters at the beginning of LED
irradiation.
In this chapter, the effectiveness of water environmental remediation by underwater
LED irradiation in anoxic water is experimentally examined from three viewpoints. First, the
influence of each RGB spectrum on maintaining a healthy DO level is examined as the first
series according to the single-color irradiations, which are sufficient for phytoplankton photo-

synthesis despite their marginal light intensity. Next, mixed RGB irradiation experiments are
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conducted as the second series under the condition of weak light intensity which corresponded
to a point far from the light source to evaluate the effective irradiation range for water environ-
mental remediation, not only limited range in the vicinity of light source. Finally, the influences
of initial anaerobic conditions on the anoxification recovery are examined as the third series
under mixed RGB irradiation having extremely low photon intensity when compared to the
optimal photon intensity requires for photosynthesis. In this chapter, the reliability of the ex-
perimental results is enhanced by scaling up from beakers to water tank. That is, LED irradia-
tion experiments are conducted in cylindrical water tanks, which represented the hypolimnion
of an organically polluted water body, under a higher experimental precision when compared
to beaker-scale experiments. In all series, the impacts of experimental conditions on the water
environmental remediation effects are examined considering the time required to increase DO,
time required to recover from the anoxic state, and characteristics of temporal changes in water
quality parameters, such as DO, Chl-a, DIN, and DIP, after recovering from anoxification. The
outcomes in this chapter might provide essential knowledge for discussing the effectiveness of
water environmental remediation when underwater LED irradiation to conserve and restore the

aquatic environment is applied in actual organically polluted water areas.

4.2 Effects of single-color irradiation on water environmental remediation
4.2.1 Experimental conditions

In the first series, anoxic water with a strong reductive potential and subjected to long
periods of anoxification is irradiated with each single-color wavelength of red, blue, or green
spectrum. Here, the optimum photon flux density for phytoplankton photosynthesis is 50-180
pumol/(m? s) (Minato et al. 2012). Therefore, this series, supplied with photon intensity that is
marginally sufficient and would not strongly restrict photosynthesis, aim to determine the ef-
fects of single-color irradiation on the growth of phytoplankton, fluctuations in DO, and recov-
ery from long-term anoxification. The first series of experiment includes LED irradiation ex-
periments with three water tanks label as Case B-1 (red spectrum), Case B-2 (green spectrum),
and Case B-3 (blue spectrum). The photon intensity in each single-color spectrum is adjusted
to approximately 40—-50 umol/(m? s) as the optical condition, such that phytoplankton photo-
synthesis would not be strongly inhibited by limited light. The irradiation experiments start
almost two months after the anoxic water sample is prepared. The experimental conditions re-
garding the optical spectrum and intensity of LED irradiation of the first series are summarized

in Table 4.1.
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Table 4.1 Optical spectrum and intensity of LED irradiation in the first series

Visible light Blue band Green band Red band
Case Color (360 nm~780nm) (435 nm~480 nm) (500 nm~570 nm) (610 nm~710 nm)
pumol/(m? s) pumol/(m? s) umol/(m? s) umol/(m? s)
B-1 R 46.10 0.39 0.51 45.2
B-2 G 45.61 0.79 44.37 0.45
B-3 B 42.84 42.43 0.25 0.16

Table 4.2 Initial conditions of main water quality parameters associated with the an-

aerobic state in the first series

DO Chl-a Sulfide NH4-N PO4-P NOs-N TFe
Case
(mg/L) (ng/L) (ng/L) (mg/L) (mg/L) (mg/L) (mg/L)
B-1 0.13 0.17 380.5 1.23 0.279 0.004 1.23
B-2 0.08 0.08 307.0 1.04 0.248 0.002 0.94
B-3 0.19 0.09 237.5 0.97 0.176 0.005 0.63
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The initial water quality in the first series is determined by long-term anoxification and
is characterized as following the anaerobic biochemical reactions under a strongly reductive
state. NOs-N is almost absent due to denitrification, which occurs as the first reaction in cascade
anaerobic decompositions of organic matter. Fe** would be eluted from the bottom sediment
because of iron reduction under anaerobic conditions, consequently, increasing TFe. Addition-
ally, iron reduction would increase POs-P due to the release of PO4*~ from an insoluble Fe
compound with Fe*" deposited in the sediment. In addition, sulfate reduction would occur under
a stronger reductive state, resulting in a high concentration of sulfide in the anoxic water. More-
over, NHs-N concentration would be relatively high due to the isolation of ammonium ions
from organic matter accompanying catabolism by anaerobic microbes. Therefore, the initial
anaerobic conditions in the first series are summarized in Tables 4.2 as those with high concen-

trations of oxidizable substances and nutrients under a strong reductive potential.

4.2.2 Results and discussion

The influences of single-color irradiation (red, green, and blue spectra) having margin-
ally sufficient photon intensity on water environmental remediation are estimated from view-
points of anoxification recovery, maintenance of a healthy DO level, and reductions of nitrogen,
phosphorous, and organic matter. Figure 4.1 shows the results of continuously monitored DO
concentration in Case B-1 (red spectrum), Case B-2 (green spectrum), and Case B-3 (blue spec-
trum). Figures 4.2 and 4.3 illustrate the scheduled measurements results of POs-P, TFe, NHa-
N, sulfide, NOs-N, Chl-a, TN, TP, TOC, DOC, and E254 in the first series. In the following, ¢

denotes the elapsed time from the start of the LED irradiation experiment.

1) Dynamics of water quality until anoxification recovery

The anoxic states of DO = 0 are maintained for # < 14 d in Case B-1, t < 16 d in Case
B-2, and # < 12 d in Case B-3 without an increase in DO immediately after initiating the LED
irradiation. According to mixed RGB irradiation experiments on beaker-scale, the reasons for
the time lag between beginning the LED irradiation experiments and increasing DO concentra-
tion are explained by mainly referring to the continuously measurement results of ORP as fol-
lows. First, oxygen production by photosynthesis is prevented because the reduced photo-re-
sponsiveness of phytoplankton originated from long-term absence of light, until the start of the
LED irradiation experiments; consequently, the anoxic state continued despite LED irradiation
with marginally sufficient light intensity. Second, although minimal DO is produced by phy-

toplankton photosynthesis, many oxidative substances consume more oxygen
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Fig.4.1 Continuously monitored DO concentration and saturation in Case B-1
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Case B-1 to Case B-3
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than the amount supplied; therefore, the anoxic state could not be recovered. Based on these
perceptions, anoxic durations, as shown in Fig.4.1, are divided from the viewpoint of the pres-
ence or absence of oxygen produced by photosynthesis. Because data concerning ORP are ab-
sent, the anoxic state is considered via biochemical dynamics of oxidative substances using the
scheduled measured results of sulfide and TFe contents.

In all cases, sulfide shows a decreasing trend immediately after LED irradiations began,
and it rapidly decreases from a high concentration of over 150 pg/L to nearly zero in a relatively
short period from # = 8 d to 10 d. Generally, sulfide decreases in the absence of oxygen due to
combination with metal ions, as hydrogen sulfide becomes an insoluble metallic sulfide. Be-
cause sulfide is maintained at a high concentration of over 150 pg/L for almost one week after
irradiation commenced, the gradual decrease in sulfide for # < 8 d is not because of an oxidation
reaction but because of the presence of insoluble metallic sulfide (Henneberry et al. 2012;
Omoregie et al. 2013). However, the abrupt disappearance of sulfide at # = 10 d denotes the
oxidation of sulfide to sulfate ions; additionally, oxygen is confirmed to exist from =8 d to 10
d and is later consumed for oxidation. That is, a temporal boundary between the absence and
presence of oxygen production is represented by =8 d to 10 d in all cases.

The assumption concerning oxygen production based on the sulfide concentration is
supported by the TFe and PO4-P results under the anoxic states of DO = 0. Here, an increase in
TFe accompanying an increase in PO4>~ under DO = 0 implies that iron ions are supplied with
PO4>~ into water as Fe?" is released from ferric phosphate (FePO4) by the reduction of trivalent
iron. Conversely, a decrease in TFe accompanying a decrease in PO4>~ implies that Fe** disap-
peared in the form of suspended small particles because it can form an insoluble iron compound
with PO4>". Particularly, when oxygen is exposed to the anoxic water containing Fe**, TFe re-
duced along with PO+~ because Fe’" is generated instantly by the oxidation of Fe** easily
formed FePO4 by combining with PO4>~. According to Fig.4.2, TFe content shows a gradual
increasing trend, followed by a sharp declining trend at # = 8 d, and is finally low to zero at ¢ =
15 d. Additionally, PO4-P content declines after peaking at ¢ = 2 d. Therefore, in all cases of the
first series, oxygen production by phytoplankton photosynthesis is proved to occur at ¢ = 8 d.
That is, the reduced photo-responsiveness of phytoplankton inhibits oxygen production via pho-
tosynthesis at # < 8 d, regardless of single-color irradiation, consequently, resulting in a contin-
uous anoxic state as iron reduction progressed. Moreover, although oxygen production occur
since ¢ > 8 d, oxygen consumption via the oxidation reactions of oxidizable substances present

in high concentration exceed the oxygen production, resulting in the lengthening of the anoxic
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state despite LED irradiation. The time required to recover from anoxification depend on the
amount of oxidizable substances and the oxygen production rate. According to Fig.4.2, the peak
concentrations of sulfide and TFe in Case B-2 are less than those observed in other cases, while
the anoxification recovery requires more time. Therefore, the oxygen production rate in Case
B-2 is the lowest during single-color RGB irradiation. Furthermore, the time requires for TFe
concentration to shift from the peak to zero is less in Case B-1 than in Case B-3, but the initial
TFe concentration in Case B-1 is higher than that in Case B-3. Therefore, the time lag for the
disappearance of oxidizable substances due to oxidation between Case B-1 and Case B-3 is
because of the difference in their initial concentrations; thus, difference in the decreasing rate
of TFe from the peak at # = 8§ d between Case B-1 and Case B-3 is marginal. Therefore, the
oxygen production rate between both cases do not majorly differ although the time requires to
recover from anoxification in Case B-1 (14 d) is longer than that in Case B-3 (12 d).

The following conclusions can be drawn: 1) The time required to recover from the re-
duced photo responsiveness of phytoplankton do not differ among red, green, and blue spectra.
2) The time required for anoxification recovery by LED irradiation with the green spectrum is
more because of low photosynthesis rate than red and blue spectra. 3) The time required for

anoxification recovery between red and blue spectra is not different.

2) Dynamics of water quality after anoxification recovery

In all cases of the first series, DO concentrations change gradually during the 24-hour
cycle according to the illumination of 12 hour-light on and 12 hour-light off after anoxification
recovery. Additionally, the DO concentration initially reaches a peak, gradually decreases, and
finally reaches a steady state. However, the three cases differ in the DO concentrations at the
peak and steady state, and the time required to reach the peak value and steady state. These
differences are reflected by the single-color irradiation spectrum. Subsequently, the influence
of the single-color irradiation on maintaining a healthy DO level is examined from the view-
points of the biochemical dynamics of Chl-a, DIN, and DIP. In Cases B-1 and B-3, DO concen-
tration quickly exceed the lower limit (4 mg/L) to a healthy level after anoxification recovery,
while in Case B-2, poor oxygen levels are observed (DO <4 mg/L). These results indicates that
water quality dynamics in Case B-2 evidently differs from those in the other two cases.

Here, results of Case B-1 and Case B-3 have been initially explained, after which the
results of Case B-2 have been examined by comparing with the other two cases. In both Case

B-1 and Case B-3, DO concentration increases from a low level approximately 2 d after the
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anoxification recovery. Subsequently, the DO concentration linearly increases to a higher con-
centration than the saturation state (Case B-1: 150% at t = 26 d, and Case B-3: 180 % at r =23
d). Moreover, the temporal changes in DO concentration in both cases shift to a steady state
after =49 d, with a temporary decrease observe from =27 d to 47 d. However, the decreasing
rate in the DO concentration from the peak to the steady state differs between Case B-1 and
Case B-3. The DO concentration in Case B-1 decreases from the peak value with a decreasing
amount of approximately 5 mg/L, and reaches the steady state, wherein the concentration
ranged from 6 mg/L to 8 mg/L after the 24-hour illumination cycle. Moreover, DO concentra-
tion in Case B-3 reduces greatly by 11 mg/ L and shifts to the steady state, where it periodically
changes from 4 mg/L to 6 mg/L during the 24-hour cycle. In both cases, DO concentration, with
a saturation rate exceeding 100 %, is recovered from an anoxic state in the early period, after
which a healthy DO level is finally maintained at a saturation rate of 60—80 %. These results
prove that both red and blue irradiations are extremely effective to properly manage DO level
to sustain aquatic life. However, the peak DO concentration in Case B-3 is higher than that in
Case B-1, while DO concentration in the steady state in Case B-1 is higher than that in Case B-
3. The similarities and differences between Case B-1 and B-3 as discussed previously are ex-
amined by referring to the temporal changes in the Chl-a, NO3-N, NH4-N, and PO4-P contents.

Chl-a concentration in Case B-1 linearly increases at a gradient of 2.0 ng/(L d) from ¢ =
5 d to 15 d. Further, it decreases linearly decreasing after t = 26 d and is maintained at a low
level (< 1.0 pg/L) since ¢ = 43 d. DO concentration peaked from =5 d to 15 d when Chl-a
changes from 10 pg/L to 20 pg/L. In Case B-3, Chl-a increases linearly at the gradient of 2.4
ng/(L d) since = 6 d, and reaches a maximum concentration (approximately 40 pg/L) at 1 = 22
d when DO concentration also reaches a peak value. Subsequently, Chl-a concentration sharply
decreases and reaches a low level (<1.0 pg/L) since # = 36 d. Until Chl-a concentration reaches
a peak value, Case B-1 and Case B-3 do not differ in the increase rate of Chl-a, and in both
cases, the minimum Chl-a concentrations are less than 1.0 ug/L after reaching the peak. How-
ever, the peak Chl-a concentration in Case B-3 is almost twice as high as that in Case B-1 and
unlike Case B-1, the Chl-a concentration in Case B-3 declines abruptly from the peak level to
a low level without reaching a steady state. Such differences in the temporal changes in the Chl-
a concentration indicate an increase in DO. First, in Case B-3, the higher Chl-a concentration
at the peak is linked to the increased oxygen production, resulting in a temporary increase of
DO to a maximum concentration with an oversaturation of approximately 180 %. Second, in

Case B-1, DO concentration remains at a peak value for a longer duration than in Case B-3
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because Chl-a concentration is relatively high (10 ug/L to 20 pg/L) for 10 d.

Light, water temperature, and nutrients are important limitation factors for phytoplank-
ton photosynthesis (Staechr and Sand-Jensen 2006; Edwards et al. 2016; Marzetz et al. 2020).
As light and water temperature are constantly controlled during the LED irradiation experi-
ments, the temporal changes in DO and Chl-a (Figs.4.1 and 4.2) directly indicate the impacts
of DIN and DIP on photosynthesis. In the first series, LED irradiation experiments start from
the initial condition of extremely high concentrations of both NH4-N and PO4-P and an ex-
tremely low amount of NO3-N. Therefore, high NH4-N and POs-P concentrations serving as
main nutrients for algal growth affect the temporal changes in Chl-a concentration from =5 d
to 25 d in Case B-1 and from =6 d to 20 d in Case B-3. In both cases, NH4-N began to decline
at £ =10 d and reaches a low level (< 0.1 mg/L) at the almost same elapsed time (¢ = 22 d for
Case B-1 and ¢ = 19 d for Case B-3). Moreover, in both Case B-1 and Case B-3, PO4-P began
to decrease at # =5 d and reaches approximately zero at = 19-20 d. The reductions in the NHa-
N and PO4-P concentrations when Chl-a concentration increases, indicate that these nutrients
are utilized for phytoplankton photosynthesis. Here, the nutritional status for # <22 d is deter-
mined as the strong nitrogen-control state because the N/P ratios calculated using the TN and
TP results are less than 5.0. Therefore, most NHs-N is utilized as nutrients by phytoplankton.
Moreover, an extremely small volume of POs-P is utilized for photosynthesis, of which most
decreases because of the formation of insoluble iron compound with Fe**. In addition, NO3-N
in both cases, is almost zero during the irradiation experiments although it slightly increases to
0.01 mg/L in Case B-1 during ¢ = 24 d to 29 d, indicating that NOs3-N supplied by aerobic
decomposition of organic matter after the anoxification recovery is completely used for photo-
synthesis. Therefore, there are no remaining nutrients after the Chl-a peak, implying that the
nutrient utilization during photosynthesis and nutrient supply into the water are balanced by
respiration and mineralization. In addition, the N/P ratio in both cases exceeded 10.0 after the
DO peak and showed average values of 14.1 and 12.3 for Case B-1 and Case B-3, respectively,
since ¢ = 28 d. Thus, the initial state controlled strongly by nitrogen could shift to a well-bal-
anced state including nitrogen and phosphorous for phytoplankton via LED irradiation. This
indicates that the nitrogen and phosphorous cycles among planktons, organic substances, and
nutrients shifts to an equilibrium state after the anoxification recovery, regardless of red and
blue spectra irradiation, consequently, preserving the aerobic water environment.

The experimental results of Case B-1 and Case B-3 have been summarized here. Com-
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pared with red spectrum irradiation, blue spectrum irradiation activated photosynthesis and pro-
moted phytoplankton growth more effectively. Consequently, DO concentration under the blue
irradiation reaches a highly oversaturated state early. Until DO concentration is oversaturated
under both red and blue spectra irradiations, the remaining nutrients available for photosynthe-
sis are not balanced with the proportion of living phytoplankton in water, because phytoplank-
ton rapidly consumes large amounts of DIN and DIP. Thus, a lack in the nutrient amount (par-
ticularly DIN) inhibits oxygen production via photosynthesis, which is more evident under the
blue spectrum irradiation. However, when considering the temporal changes in DO concentra-
tion of over one month, a healthy DO level could be maintained via equilibrium between the
nitrogen and phosphorous cycles among planktons, organic substances, and nutrients, regard-
less of red and blue spectra irradiations. Therefore, both spectra irradiations have the same ad-
vantages in preserving the aerobic water environment without increasing the amount of phyto-
plankton.

Furthermore, DO concentration in Case B-2 start to increase at the approximately-same
time as in the other two cases and peak at # = 18 d, which is earlier than that in the other two
cases. Additionally, Chl-a linearly increases at a gradient of 2.8 ng/(L d) from =4 d and peaked
at 40 ug/L at ¢ = 12 d. Similar results are observed in Case B-3. In addition, NH4-N and POs-P
concentrations remarkably declined from /=8 d to 7= 15 d. Because the initial nutritional status
of phytoplankton in Case B-2 is strongly controlled by nitrogen, similar to the other two cases,
phytoplankton growth and increase in Chl-a depend on the initial high NH4-N concentration
(approximately 1.0 mg/L), consequently, increasing DO concentration. Although the initial
NHa4-N concentration and peak Chl-a concentration in Case B-2 are as high as those in Case B-
3, the peak DO concentration in Case B-2 is at a lower level (4 mg/L) than in the other two
cases. Therefore, the oxygen production rate under the green spectrum irradiation is extremely
lower than that under red and blue spectra irradiations. Moreover, after a peak concentration,
DO in Case B-2 gradually decreases from ¢ = 22 d, and then reaches a steady state during the
24-hour cycle, with minimum DO concentration (1 mg/L) in the dark period and maximum
concentration (3 mg/L) in the light period since ¢ = 44 d. This implies that the green spectrum
irradiation could not sufficiently sustain a healthy DO level although the anoxic state improves.

In Case B-2, although NH4-N decreases to 0.1 mg/L and PO4-P decreases to nearly zero
after DO concentration peak, the N/P ratio exhibited small values ranging from 3 to 8 until the

irradiation experiment ended. This indicates that the nutritional status of phytoplankton is re-
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tained in the strong nitrogen-control state (Diatta et al. 2020), unlike Cases B-1 and B-3. More-
over, NOs3-N in Case B-2 is in the range of 0.01 mg/L to 0.03 mg/L after the anoxification
recovery. Only a little NO3-N remained in water, which is not utilized by phytoplankton for
photosynthesis, unlike in the other two cases. Therefore, Case B-2 do not show a uniform utili-
zation of DIN and DIP for photosynthesis and a balance between nutrient uptake by photosyn-
thesis and their supply into water via aerobic decomposition of organic matter. The results in-
dicate that the impacts of the green spectrum on oxygen production efficiency and promoting
effect of photosynthesis were extremely low when compared to those of red and blue spectra,
and consequently, healthy DO levels are not maintained. Thus, regarding the relation between
DO and nutrients after anoxification recovery, the biochemical dynamics of phytoplankton,
DIN, and DIP reaches an equilibrium state using red and blue spectra LED irradiation. Conse-
quently, a healthy DO level could be preserved even at low Chl-a concentration (< 1 pg/L),
without promoting phytoplankton overgrowth. Green spectrum irradiation plays an auxiliary
role for oxygen production via phytoplankton photosynthesis. Therefore, red and blue spectra
are majorly essential as the light conditions to conserve aquatic environments by maintaining a

healthy DO level.

3) Reduction effects in nitrogen, phosphorous and organic matter

Finally, reductions in TN, TP, TOC, DOC, and E254 are examined to estimate the effects
of water environmental remediation on anoxification recovery. The final concentrations are
compared with the initial concentrations in each case as shown in Table 4.3; additionally, the
temporal changes of these parameters are shown in Fig.4.3. In all cases, TOC and DOC do not
show a remarkably increasing trend from the initial values despite temporary increases in phy-
toplankton promoted by LED irradiation. Moreover, the initial E254 values in the first series
significantly decrease for two months, implying that components, such as humic acid, of dis-
solved organic matter, which are not easily decomposable, could be decomposed under aerobic
conditions.

TN and TP in all cases considerably decrease from the initial high concentration after
LED irradiation for two months. As mentioned previously, the decline in TP is mainly because
of the disappearance of phosphate due to the formation of insoluble FePO4 under the aerobic

oxidative state, and the decline in TN is because of the uptake of NH4-N and NO3-N
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Table 4.3 Comparisons of the final and initial concentrations of TN, TP, TOC,

DOC, and E254 in the first series

Case B-1
Water quality
parameters () (b) (b) /(a)
Start End
TN (mg/L) 1.23 0.32 0.26
TP (mg/L) 0.39 0.02 0.05
TOC (mg/L) 6.39 6.56 1.02
DOC (mg/L) 5.56 6.42 1.15
E254 0.15 0.09 0.60
Case B-2
Water quality
parameters () (b) (b) /(a)
Start End
TN (mg/L) 0.91 0.40 0.44
TP (mg/L) 0.27 0.06 0.22
TOC (mg/L) 7.23 7.04 0.97
DOC (mg/L) 7.03 6.60 0.94
E254 0.12 0.09 0.75
Case B-3
Water quality
parameters (@) (b) (b) /(a)
Start End
TN (mg/L) 1.04 0.28 0.27
TP (mg/L) 0.32 0.02 0.06
TOC (mg/L) 6.49 8.29 1.28
DOC (mg/L) 5.50 8.21 1.49
E254 0.14 0.09 0.64
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by phytoplankton under the strong nitrogen-control state. Such reductions in TN and TP could
be attributed to water environmental remediation by the LED irradiations. Notably, the final
concentrations of TN and TP in Case B-2 are evidently higher than those in Case B-1 and Case
B-3. In particular, TP concentration at the end of LED irradiation experiment is relatively high
(0.06 mg/L) in Case B-2, while it is low (0.02 mg/L) in the other two cases. Thus, reductions
in TP are markedly different between the green spectrum irradiation, and red and blue spectra
irradiations. These differences in TN and TP concentrations across different color irradiations
indicate whether nitrogen and phosphorous cycles among planktons, organic substances, and

nutrients reach an equilibrium state.

4.3 Influence evaluation of light intensity on water environmental remediation
4.3.1 Experimental conditions

In the second series, the optical spectrum of LED irradiation is designed such that the
ratio of photon flux densities in the RGB spectra is R:B:G = 1:1:1, as shown in Table 4.4. This
series involve in three water tanks, labeled as Case C-1, Case C-2, and Case C-BK, with differ-
ent LED irradiation conditions as follows. Case C-1 and Case C-2 are irradiation experiments
to monitor water quality under oxygen produced by phytoplankton while irradiating anoxic
water under a 24-hour cycle (12 hour-on/12 hour-off), and these are performed under small and
large photon flux density by adjusting the output electric power. Specifically, the irradiation
conditions in Case C-1 are defined as the weak light intensity of 17.8 umol/(m? s), which seems
to seriously inhibit photosynthesis as an optical limiting factor during the experimental period.
The condition in Case C-2 is set as the strong light intensity of approximately 100.0 pmol/(m?
s) during the experimental period, and this photon flux density corresponds to sufficient light
quantum for phytoplankton photosynthesis. Case C-BK, where water in the tank is maintained
in the dark state without LED irradiation, is categorized as the control condition.

As mentioned above, the primary purposes in the second series is to examine the recov-
ery from anaerobic conditions, in which a strong reductive state cause an increase in NH4-N,
PO4-P and sulfide like the first series and beaker-scale experiments. To achieve this objective,
the anaerobic water prepared in cylindrical water tanks before beginning LED irradiation ex-
periments for two months is maintained for a long period of about two months. Therefore, the
initial condition of water quality in each case of the second series is reflected by the anaerobic

reductive reactions under a strongly reduced state of ORP = —400.0 mV. As shown
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Table 4.4 Optical spectrum and intensity of LED irradiation in the second series

Intensity Visible light Blue band Red band Green band R/B

Case LED pmol/(m?s) (360 nm~780  (435nm~480 (610 nm~710 (500 nm~570 i
nm) nm) nm) nm) rato
C-1 RGB Weak 17.8 52 54 5.0 1.0
C-2 RGB Strong 99.1 30.8 29.4 30.0 1.0

Table 4.5 Initial water quality parameters at the start of LED irradiation in the second

series

ORP DO Chl-a Sulfide NH4-N PO,-P NOs-N TFe

Case (mV)  (mgl) (pgl) (ugl) (mgl) (mgL) (mgL) (mgL)

C-1 -416.7 0.2 1.9 227.0 1.97 0.21 0.00 2.39

C-2 -293.8 0.2 1.5 139.3 2.04 0.19 0.00 2.63

Control  -367.1 0.2 1.5 212.6 1.32 0.20 0.00 2.15
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in Table 4.5, the initial conditions concerning water quality are summarized as NO3-N=0 and
relatively high concentrations of NH4-N, PO4-P, TFe and sulfide. Therefore, the aim of the sec-
ond series is to examine the influence of photon intensity on the water quality-improving effects
of long-term irradiation where concentrations of nutrients and reductive substances increase

due to denitrification, iron reduction, and sulfate reduction.

4.3.2 Results and Discussion

Figure 4.4 shows the continuously measured DO and ORP under three experimental
conditions in the second series. Additionally, the regularly measured results for water quality
parameters, including POs-P, TFe, NH4-N, sulfide, NOs-N, class-differentiated Chl-a and total
Chl-a concentrations, are summarized in Fig.4.5. When discussing the results in the second
series from the viewpoint of optical influence on water environmental remediation via the an-
oxification recovery, it is important to focus on the changes in DO, Chl-a, DIN, and DIP con-
centrations in Case C-1 (under weak light intensity conditions) corresponding to those in Case
A-3. In the following, to examine the spatial range of the effect of remediating the water envi-
ronment considering the decay of light intensity in the irradiating direction from LED lamp, the
impacts of low photon quantum on the effect of anoxification recovery are estimated by com-
paring Case C-1 with Case C-BK (under dark conditions) and Case C-2 (under strong light

intensity conditions).

1) Water quality dynamics until anoxification recovery

In both Cases C-1 and C-2, ORP temporally changes with remarkable variations in the
negative range until the start of the increase in DO, unlike Case C-BK, and it increases or de-
creases according to the presence/absence of light despite anaerobic conditions. For a few days
after beginning the LED irradiation experiments (¢ < 6 d for Case C-1 and ¢ <2 d for Case C-
2), ORP remains at approximately —400.0 mV, which is a strong reducing state comparable to
the initial condition. Meanwhile, the ORP level increases in the negative range during putting
out the light between # = 6 d and 22 d for Case C-1 and # =3 d and 9 d for Case C-2. Such an
increase of ORP levels toward zero means that the strong reduction is weakened by the slight
presence of oxygen. The sulfide concentration in Case C-1 decreases sharply at t = 6 d, and it
reaches almost zero at £ = 8 d. Also, sulfide concentration in Case C-2 decreases abruptly to
zero t = 2 d. Because the disappearance of sulfide indicates the oxidation of it to SO4*~, oxygen
is produced by photosynthesis after = 6 d for Case C-1 and after t = 2 d for Case C-2. Similar

to beaker-scale experiments, the time lag between the start of LED irradiation
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and the start of DO production is due to the reduced photo- responsiveness of phytoplankton
due to long-term darkness until beginning LED irradiation experiments. Remarkably, the time
lag of 6 days in Case C-1 and 2 days in Case C-2 differ under different light intensity conditions,
and low light intensity remarkably slows the recovery from the reduced photo-responsiveness.
The recovery times from anoxification are t = 23 d for Case C-1 and ¢ =10 d for Case C-2.
Therefore, the difference in the recovery time from anoxification between Cases C-1 and C-2
i1s 13 d (= 23 — 10). Meanwhile, the difference in the recovery time from the reduced photo-
responsiveness between the two cases is 3 d (= 6 — 3). From the comparison of the two differ-
ences, the influence of light intensity on the initiation of oxygen production by photosynthesis
is relatively small compared to the start of anoxification recovery.

In Case C-BK in the aphotic state set as a control condition, POs-P and TFe levels are
kept at high concentrations of 0.25 mg/L and 3.75 mg/L, respectively, under the strong reducing
state. Meanwhile, both concentrations in Cases C-1 and C-2 decrease to almost zero during the
variation of the ORP levels regardless of DO = 0 before anoxification recovery. In Case C-2
with strong light intensity, it required 7 d (= 10 — 3) to increase DO from the anoxic state at ¢ =
10 d, although oxygen start to be produced at # = 3 d. During the anaerobic period, TFe in Case
C-2 decreased to zero at ¢ = 9 d. This decrease results from the disappearance of Fe** ions in
the subsequent process. First, Fe?* ions, which make up most of TFe in the initial strong reduc-
tive state, would be oxidized to Fe** ions due to the presence of oxygen. Next, Fe** would
change to the insoluble iron compound by combining with a part of the phosphate ion, levels
of which would increase because of the elution from the bottom sediment under anaerobic con-
ditions before beginning LED irradiation experiments. POs-P concentration in Case C-2 de-
creases to zero between =3 d and 10 d, and it is assumed that iron ions disappear and phosphate
ion decreases because of the aerobic oxidizing reaction. In Case C-1, under weak light intensity,
the time lag between the start of oxygen production and the recovery from DO =0 was 17 d (=
23 — 6). In this period, TFe and PO4-P concentrations monotonically decrease after = 6 d, and
iron ions almost disappear at ¢t = 23 d. This result means that the oxygen produced by photo-
synthesis between ¢ = 6 d and 23 d is almost consumed due to the oxidation of Fe** and sulfide,
as in Case C-2.

Green algae suddenly emerge as the dominant species at # = 20 d in Case C-1 and 1 =9
d in Case C-2. In particular, concentrations of Chl-a in Case C-1 reaches 23.5 pg/L att=20d
and 46.2 pg/L at t = 24 d before the increase of DO, and the algal growth is confirmed in the

anoxic state. In addition, the anoxification in Case C-2 is solved after Chl-a increases to a high
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concentration of 201.0 pg/L at ¢t = 9 d. Therefore, in both cases, the disappearance of sulfide
and iron ions, as well as the increase in ORP, resulted from the oxygen production by the green
algae with high photosynthetic ability. That is the point at which the Chl-a concentration reaches
a maximum over the eutrophic level almost corresponds to the point at which DO start to in-
crease. Here, the difference in the maximum concentration of Chl-a between Cases C-1 and C-
2 is attributed to the light intensity. From the above results, at # = 23 d for Case C-1 and r =9 d
for Case C-2, the oxygen consumption by the oxidation of an oxidizable substance, such as Fe?*
ion, as well as sulfide, exceed the oxygen production by phytoplankton photosynthesis under
sufficient concentrations of Chl-a, resulting in the occurrence of a time lag between the start of
oxygen production and the recovery from anoxification in both cases. In particular, the large
influence of low photon condition on the recovery from anoxification is evident, such that this
time lag in Case C-1 is extended to 17 days (= 23 — 6) when compared to the sufficient photon
condition of Case C-2. The stronger the light intensity, the greater the photosynthetic ability,
resulting in the promotion of oxygen production. Therefore, it is a natural consequence that a
longer time is required for anoxification recovery in Case C-1 when compared to Case C-2
according to the light intensity. Because LED is irradiated toward the anoxic water such that
the anaerobic state is maintained for 2 months in Cases C-1 and C-2, both cases strongly re-
flected the initial high concentration of an oxidizable substance, which increases oxygen con-
sumption. A large number of oxidizable substances remarkably reduce the net increase in DO
under the condition of low oxygen production. Therefore, the time lag between the start of
oxygen production and the recovery from anoxification became longer in Case C-1 because of
not only low light intensity but also high concentrations of oxidizable substances increased by
biochemical reduction under long-term anaerobic conditions. That is, the speed of recovery
from anoxification by LED irradiation under weak light conditions strongly depend on the du-

ration of anoxification with a strong reductive state.

2) Water quality dynamics after anoxification recovery

When focusing on the circadian variation in DO after anoxification is recovered at ¢ =
23 d for Case C-1 and at # = 10 d for Case C-2, the stroke in Case C-1 is smaller than that in
Case C-2. This result is strongly reflected in an optical limitation on phytoplankton photosyn-
thesis due to weak light intensity. However, the DO in Case C-1 maintains a saturation of 60 %,
although it slowly decreases after t = 48 d via a supersaturation state such that the oxygen con-

centration temporarily reaches 10.0 mg/L. Therefore, LED irradiation could contribute to the
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maintenance of a sufficient aerobic state even though the light intensity is as low as one-fifth
of the optimum light intensity for photosynthesis. Chl-a concentration in Case C-1 increases to
a relatively high level of 25.0 pg/L to 45.0 pug/L in the period of ¢t = 6 d to 8 d, resulting in the
solution of an anaerobic strong reducing state. Furthermore, the recovery from anoxification in
Case C-2 resulted from the Chl-a concentration, which drastically increases to about 100.0 pg/L
in the period of # = 6 d to 8 d. In particular, NH4-N in both cases decrease to zero during the
exponential increase in Chl-a, whereas POs-P levels are maintained at a low concentration after
decreasing to zero due to the combination with Fe** ions, as described above. The disappearance
or upkeep of low concentrations of DIN and DIP denotes the uptake of phytoplankton for pho-
tosynthesis. According to the composition ratios of the algal class, green algae proliferating as
a dominant species consumes NH4-N and POs-P as an applicable DIN and DIP for algal photo-
synthesis regardless of light intensity. Although phytoplankton biomass is at a low level after
the peak Chl-a level in both cases, NH4-N and PO4-P remains around zero without increasing,
and the aerobic state is maintained without a decrease in DO concentration to the level of poor
oxygen or anoxia. These results indicate that uptake of nutrients by algae is balanced in a stable
equilibrium with the supply of nutrients inside the water body via not only the respiration of
zoo- and phytoplankton but also the hydrolysis of dissolved organic matter. In particular, the
DO environment seems to be well preserved even though the underwater light intensity is lower
than the optimum photon intensity for photosynthesis because the matter cycle among plank-
tons, organic substances, and nutrients reach an equilibrium state even under weak light inten-
sity The temporal changes in DO includes the decrease after recovery from the anoxic state to
the saturated or supersaturated state in both cases. DO in Case C-1 gradually decreases from ¢
=46 d, and DO in Case C-2 lowered to 5.0 mg/L according to a sharp decline of Chl-a from
37.0 ng/L to 5.7 ng/L during ¢ = 20 d to 28 d. Focusing on the circadian variation of DO in the
decrease, the change in the oxygen production in the presence of light is smaller than the oxygen
consumption in the absence of light under both strong and weak light intensity. This result in-
dicates that the decrease after the anoxic recovery is caused by the excessive consumption of
DO due to the aerobic decomposition of organic matter (i.e., respiration by phytoplankton or
zooplankton) in the dark. Because DO decreases after it increases to the peak value, which
reaches supersaturation, its decline started after the time when phytoplankton sufficiently pro-
liferated. The number of herbivorous zooplankton seem to be abundantly increased by grazing

phytoplankton in large quantities after the peak of DO in both Cases C-1 and C-2. As a result,
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DO temporarily decreases due to oxygen consumption by plankton respiration after the peak of
Chl-a concentration, regardless of light intensity. In addition, phytoplankton decreases due to
grazing by zooplankton, links to the above-mentioned decline of DO, where oxygen production
decreases. Chl-a concentration shows levels of 3.8 ng/L for Case C-1 and 5.6 pg/L for Case C-
2 after the recovery from anoxification. However, the decline of DO never resulted in dysoxic
or anoxic water, although the oxygen production by photosynthesis decreases due to the de-
crease in phytoplankton. Therefore, the healthy aerobic state could be maintained until the end
of irradiation experiments regardless of light intensity because the relationship between algal
proliferation and grazing by zooplankton is balanced from the viewpoint of oxygen circulation.
However, DO under the strong light intensity condition declines earlier than that under the weak
light intensity condition because a sufficient light intensity lead to a mass propagation of phy-
toplankton such that Chl- a concentration exceed 2.2 pg/L. The greater the photon quantity in
the irradiating LED, the stronger influence of light intensity on the decrease process, which
results from the aerobic oxygen consumption by zooplankton after the recovery from anoxifi-
cation. That is, in the weak light intensity, the aerobic state after the recovery from anoxification
temporally changes with a small amplitude of daily variation without the influence of large
oxygen consumption and shows a stable fluctuation, although DO shows a saturation level of
approximately 60 % and Chl-a changed to a low concentration of approximately 4.0 ng/L.
Therefore, LED irradiation could contribute to the preservation of a healthy aerobic state even
if the light intensity is smaller than the optimum light intensity for phytoplankton photosynthe-
sis, as in Case C-1. When the change with time in DO after =26 d for Case C-2 is considered,
DO gently increases for a period of 24 h and reaches a high level of supersaturation regardless
of low Chl-a concentration less than 5.0 ug/L. In particular, DO after ¢ = 46 d fluctuates in the
range of 15.0 mg/L to 25.0 mg/L, and such a high concentration strongly influences the exist-
ence of algae with a high photosynthetic ability. This means that the increase in DO is not
resulted from the oxygen production by phytoplankton but by an aquatic plant. This aquatic
plant is a submerged plant, which is observed after t = 46 d, as shown in Fig. 4.6. As a result of
collecting all of the submerged plants in water tank at the end of LED irradiation experiment,
the sampled plant was Ceratophyllum demersum and has a wet weight of 15.18 g. Also, the
Chl-a concentration of the submerged plant is 676.6 pg/g in wet weight. The height of the sub-

merged plant reaches the top of LED lamp, and the water volume that the submerged plant

64



occupies in the experimental water tank is 13.2 L. Therefore, the spatially averages concentra-
tion of Chl-a derived from the aquatic plan could be calculated as 778.1 pg/L. This high con-
centration of Chl-a remarkably promotes the oxygen production algal photosynthesis and lead
to a significantly high DO concentration such that the saturation exceeds 200 % under strong
light intensity in the range of optimum photons for algal photosynthesis. The transition of dom-
inant algal species from green algae to the submerged plant in Case C-2, resulted from the
strong light intensity in the range of optimum photon intensity for algal photosynthesis. There-
fore, the large difference between the strong and weak light intensity conditions is the main

contribution to oxygen production by the submerged plant or phytoplankton.

Fig.4.6 The submerged plant in the water tank in Case C-2 under the strong light intensity
conditions at the end of the LED irradiation experiment. a) The aquatic plant observed
after 46 days. b) The aquatic plant observed on the last day of the LED irradiation. c) A
part of the submerged plant collected after finishing the experiment.

3) Reduction effects in nitrogen, phosphorous and organic matter
Figure 4.7 shows the scheduled observation results for TN, TP, TOC, DOC, and E254

levels. In addition, the comparisons of the final results with the initial concentrations in each
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case, as well as the comparisons of the final results between the irradiation and control condi-
tions are summarized in Table 4.6. To examine the effects of water environmental remediation
upon anoxification recovery, we first focus on the reductions of TN, TP, TOC, DOC, and E254
under weak light conditions by comparing Case C-1 with Case C-BK under the control condi-
tion.

According to the results of Case C-BK, the persistent anoxic state for 2 months cause
an external high TN concentration of more than 2.00 mg/L and TP concentration of approxi-
mately 0.60 mg/L because NH4-N and POs-P are eluted from the bottom sediment as a result of
anaerobic organic matter decomposition. Meanwhile, TN and TP in Case C-1 respectively de-
crease to concentrations of 0.47 mg/L and 0.03 mg/L upon LED irradiation for 2 months, and
both values are lower than the standard Ministry of the Environment, Japan (2008) values for
nitrogen and phosphorous levels in eutrophication (TN: 1.00 mg/L and TP: 0.10 mg/L). That is,
TN and TP concentrations in Case C-1 decrease by approximately 20 % and 5 %, respectively,
when compared to the control condition via LED irradiation for 2 months. NHs-N, which oc-
cupies most of the total nitrogen in the initial condition, is used by phytoplankton for photosyn-
thesis, resulting in a decrease in TN concentration. In addition, the decrease in TP is derived
not only from the uptake of phytoplankton for its growth but also from the insoluble iron com-
pound via combination with Fe*", as mentioned above. Actually, TFe concentration eventually
decreases from 2.84 mg/L to 0.06 mg/L under aerobic conditions after the anoxic recovery, and
this result indicates the reason why phosphate ion level decreases.

From the above, LED irradiation with low light intensity compared to the optimum
photon for photosynthesis for 2 months could significantly inhibit the increase of nitrogen and
phosphorous concentrations caused by elution from the bottom sediment under long-term
anoxification. In addition, E254 levels in Case C-1 is decreased by 50 % in the control experi-
ment, although the TOC and DOC concentrations are not significantly lower. Therefore, water
environmental remediation by LED irradiation could be clearly evaluated, as refractory dis-
solved organic substance levels decrease. Upon comparing the results of TN, TP, TOC, DOC,

and E254 at the end of LED irradiation experiment with those at the start, there is no
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Fig.4.7 Periodically measured TN, TP, TOC, DOC, and E254 in the second series
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Table 4.6 Comparisons of the initial and final TN, TP, TOC, DOC, and E254 meas-
urements in the LED irradiation group and the final results under control conditions

in the second series

Water quality Case &1
parameters S(tz)rt Ffz)d Co(lft)rol (6) /(@) (®) /)
TN (mg/L) 1.46 0.47 2.21 0.33 0.21
TP (mg/L) 0.43 0.03 0.62 0.07 0.05
TOC (mg/L) 3.78 4.11 3.79 1.09 1.08
DOC (mg/L) 3.56 3.79 3.57 1.06 1.06
E254 0.43 0.22 0.32 0.51 0.69

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.

Case C-2
Water quality ® ®) ©
parameters Start End Control (b) /(@) (®) /()
TN (mg/L) 1.54 0.58 221 0.38 0.26
TP (mg/L) 0.43 0.02 0.62 0.05 0.03
TOC (mg/L) 4.12 4.01 3.79 0.97 1.06
DOC (mg/L) 3.62 3.81 3.57 1.05 1.07
E254 0.42 0.16 0.32 0.38 0.50

(a) and (b) : the initial and final concentrations in the LED irradiating condition, (c):
the final concentrations in the control condition.
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significant difference between Cases C-1 and C-2. TN, TP, and E254 greatly decrease from the
initial concentration upon LED irradiation for two months, while TOC and DOC concentrations
shows no significant changes during LED irradiation without decreasing according to the
growth of phytoplankton or aquatic plants. That is, the effect of water environmental remedia-
tion in Case C-1 is expected to be the same as Case C-2, in which light intensity is sufficiently
strong for algal growth, even though the light intensity is as low as one-fifth of the optimum
photon intensity for phytoplankton photosynthesis. From this comparison, the growth of sub-
merged vegetation do not promote the reduction of nitrogen, phosphorous, and organic matter
concentrations and do not significantly affect the improvement of water quality environment,
except for DO. In addition, a comparison between Cases C-1 and C-2 prove that the spatial
effect of water environmental remediation by LED irradiation is not limited to the vicinity of
the light source, but is also effective in the wide range in which the light intensity is one- fifth

of the optimum photon for phytoplankton photosynthesis.

4.4 Effects of water environmental remediation considering influence of initial anaerobic
conditions under low photon intensity

4.4.1 Experimental conditions

In the third series, LED irradiation experiments are conducted with mixed RGB light to
examine the improvement in anoxic water environment under two different reductive states of
anoxic water (strong and a weak reductive potential). Also, optical conditions are set to low
photon intensity, which would strongly affect phytoplankton photosynthesis due to optical lim-
itation. This series aim to estimate the effects of mixed RGB irradiation, with a corresponding
photon ratio of 1:1:1 (R:G:B), on water environmental remediation from the viewpoints of two
experimental conditions. One is extremely low photon intensity, which strongly aftects phyto-
plankton photosynthesis and acts as the optical limitation. The other is the initial concentrations
of nutrients and oxidizable substances generated under anaerobic conditions. In the third series,
water quality experiments are conducted in three water tanks labeled as Cases D-1, D-2, and D-
3. The experimental conditions regarding the optical spectrum and intensity of LED irradiation
in each case are summarized in Table 4.7. Additionally, the initial conditions of main water
quality parameters are shown in Table 4.8.

Anoxification recovery by LED irradiation depend on the photon intensity and thus, the

recovery effect would be weak at a point far from the light source due to the decay of light
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Table 4.7 Optical spectrum and intensity of LED irradiation in the third series

Intensity Visible light Blue band Green band Red band

umol/(m? s) (360 nm~780 (435 nm~480 (500 nm~570 (610 nm~710
Case Color

nm) nm) nm) nm)
D-1 RBG Weak 8.12 2.52 2.86 2.74
D-2 RBG Weak 7.97 2.50 2.69 2.78
D--3 RBG Weak 3.98 1.24 1.44 1.30

Table 4.8 Initial conditions of main water quality parameters associated with the an-

aerobic state in the third series

DO Chl-a Sulfide NH4-N PO,4-P NO;-N TFe

Case
(mg/L) (ng/L) (ng/L) (mg/L) (mg/L) (mg/L) (mg/L)
D-1 0.12 0.6 83.0 1.42 0.51 0.00 2.30
D-2 1.3 0.6 9.0 1.13 0.07 0.01 0.12
D-3 0.01 0.3 5.5 0.61 0.12 0.00 0.17
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intensity. To properly evaluate the spatial range, which allows for good anoxification improve-
ment by LED irradiation, estimating the dynamics of water quality parameters, such as DO,
Chl-a, DIN, and DIP, is essential under extremely low photon intensities. In both Cases D-1 and
D-2, the total photon intensity of the visible light region is set to approximately 8.0 pmol/(m?
s), which correspond to approximately one-tenth of the lower limit of the optimum light inten-
sity required for photosynthesis. Moreover, the photon intensity in Case D-3 is set to a smaller
value of 4.0 umol/(m? s), which is approximately one-twentieth of the lower limit of the opti-
mum photon intensity, to estimate water quality dynamics under strong photon limitations for
photosynthesis.

The key experimental factor in the third series is the initial concentrations of water qual-
ity parameters, particularly nutrients and oxidizable substances. Because LED irradiation ex-
periment in Case D-1 start two months after the formation of anoxic water, the initial anaerobic
conditions are represented as anaerobic reductive reactions under a strongly reductive state and
are reflected by high concentrations of sulfide, TFe, NH4-N, and PO4-P. LED irradiation exper-
iments in Cases D-2 and D-3 start few weeks after the experimental system is set, resulting in
low concentrations of oxidizable substances and nutrients regardless of DO = 0 and NO3-N =
0. These initial anaerobic conditions in both cases denote a weak reductive state wherein the
reductive reactions of iron reduction and sulfate reduction has not yet occurred as the next an-
aerobic reductive reactions after denitrification. Therefore, the initial conditions in Cases D-2
and D-3, unlike Case D-1, are common in the anaerobic reductive state characterized by low

concentrations of NH4-N, POs-P, sulfide, and TFe.

4.4.2 Results and discussion

Figure 4.8 shows the results of continuous measurement of DO in Cases D-1, D-2, and
D-3. Further, the scheduled measurements in all cases in the third series are shown in Figs.4.9
and 4.10. Although the anoxic state could be recovered in Case D-1 and Case D-2, the variation
characteristics of DO evidently differ between both cases in four aspects: the time requires to
recover from the anoxic state, maximum level, average concentrations in the stationary state,
and the time at which the DO concentration shifts from an increasing state to a steady state. In
addition, the results of Case D-3 shows that the DO concentration is maintained at zero, and do
not increase during LED irradiation experiment. Therefore, the influence of the initial anaerobic
condition on anoxification recovery and water environmental remediation are examined from

the following perspectives: 1) a healthy DO level, 2) phytoplankton growth,
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3) biochemical dynamics of DIN and DIP and temporal changes in oxidizable substances (sul-
fide and Fe?*), and 4) reductions in nitrogen, phosphorous, and organic carbon through DO
variations. The key point for considering the results in the third series is the discussion under
the experimental condition, which assumes that phytoplankton photosynthesis is strongly re-

stricted by optical limitation, unlike the second series.

1) Influence of initial anaerobic conditions on anoxification recovery effects

Case D-1 and Case D-2 require more time (26 d and 31 d, respectively) to shift from the
anoxic state to the aerobic state when compared to the cases of the first and second series.
Similar to other series, the anoxic state in the third series may be divided into two periods from
the viewpoint of the presence or absence of oxygen production by photosynthesis. First, the
production and consumption of DO are considered based on the temporal changes in the sulfide
content, which in both cases, increases to higher levels when compared to the initial concentra-
tions for few weeks after initiating LED irradiation (¢ <9 d for Case D-1 and ¢ <21 d for Case
D-2). In particular, sulfide content in Case D-1 exceeds 200 pg/L from ¢ =2 d to 7 d, and that
in Case D-2 reaches a maximum value of 68.0 pg/L at t =5 d. Thus, both cases show an anoxic
period wherein sulfate reduction progressed further under a continuous strong reductive state
due to the non-production of oxygen, regardless of LED irradiation. However, high sulfide con-
centration in Case D-1 rapidly decrease to a low level (approximately 10 pg/L) in a short term
from#=9dto 21 d, and sulfide disappears at =26 d. Additionally, in Case D-2, after a constant
low sulfide concentration (10 pg/L) from ¢ = 14 d to 21 d, sulfide concentration lower to zero
at t = 26 d. Because the decrease and disappearance of sulfide resulted from the oxidation reac-
tion under the presence of oxygen, oxygen production by photosynthesis is confirmed at # > 9
d in Case D-1 and 7 > 14 d in Case D-2. Therefore, until DO concentration increases, the anoxic
state could be divided into the first period, which represented the non-production of oxygen due
to the reduced photo-responsiveness of phytoplankton, and the second period, when the anoxic
state resulted from the complete consumption of oxygen produced by phytoplankton during
photosynthesis for the oxidation reaction.

Thus, the anoxic state divided based on the temporal changes in sulfide is supported by
the scheduled measurement results of TFe and POs-P. Both TFe and POs-P concentrations in
Case D-1 gradually decreases since 1 = 9 d. Additionally, the temporal changes in TFe and PO4-
P concentrations in Case D-2 shift from high values to constant values at # = 12 d, after which

both concentrations abruptly start to decrease at ¢ = 23 d. Such decreases in TFe and PO4-P in
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both cases could have been mainly caused by the formation of an insoluble iron compound,
with high Fe*" content due to the oxidation of Fe?", along with phosphoric acid.

These results indicate that the oxygen required for iron reduction is acquired from the
DO that is slightly produced by photosynthesis after £ = 9 d in Case D-1 and ¢ = 23 d in Case
D-2. These results indicate that the oxygen required for oxidizing Fe*" is acquired from the DO
slightly produced by photosynthesis after # =9 d in Case D-1 and ¢ = 23 d in Case D-2. These
times correspond to the time required for oxygen consumption during sulfate reduction. There-
fore, the anaerobic state of DO = 0 is maintained because the oxygen consumption during the
oxidation of oxidizable substances would exceed the oxygen production during photosynthesis.

The time required for the anoxification recovery differ between Case D-1 and Case D-
2 because of differences in the mass balance between oxygen production and oxygen consump-
tion. In Case D-1, having extremely high concentrations of both sulfide and TFe, the oxygen
consumption during the oxidation of oxidizable substances is higher than that in Case D-2.
However, the anoxic state in Case D-1 is recovered faster than that in Case D-2. Therefore,
oxygen production in Case D-1 could be judged to be more than that in Case D-2, although Chl-
a concentrations in both cases remain approximately constant at a low level of approximately
3.5 pg/L until DO concentration start to increase. From the viewpoint of limiting factors (nutri-
ents, water temperature, and light intensity) for photosynthesis, the initial high concentrations
of NHs-N and PO4-P in Case D-1 stimulate the photosynthesis rate more than those in Case D-
2 because of differences only in the nutrient limiting factor between both cases. Therefore, un-
der similar weak light intensities, the time length for anoxification recovery in both cases de-
pend more strongly on the initial high concentration of nutrients than that of oxidizable sub-

stances.

2) Impacts of initial anaerobic conditions on water quality dynamics after anoxification recovery

Although the light intensity is approximately one-tenth of the lower limit of the opti-
mum light intensity required for photosynthesis, DO evidently increases after anoxification re-
covery with a fluctuation in the 24-hour cycle and shifted to the steady state after reaching the
peak value, regardless of initial anaerobic conditions. However, Case D-1 and Case D-2 differ
in the following aspects: the time required to reach the lower concentration limit (4 mg/L) re-
quired for a healthy DO level (z = 35 d for Case D-1, and ¢ = 46 d for Case D-2), average
increasing rate of DO until the maximum concentration is reached [0.5 mg/(L d) for Case D-1

and 0.2 mg/(L d) for Case D-2, DO concentration at the steady state (9.5 mg/L for Case D-1
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and 3.5 mg/L for Case D-2), and daily variation in DO (3.0 mg/L for Case D-1 and 1.0 mg/L
for Case D-2).

Thus, the results of Case D-1 can be summarized as follows: The photosynthesis rate is
promoted after the anoxification recovery; consequently, DO promptly increases to a peak con-
centration with a saturation of approximately 100% and a relatively high production of oxygen,
which exceeds the amount of oxygen consumed. Additionally, a healthy DO level is maintained
since ¢ =40 d. These findings are supported by the results of the temporal changes in DIN, DIP,
and Chl-a. First, NH4-N content decreases to almost zero from ¢# =28 d to 37 d after recovering
from the anoxic state. This decrease under increasing DO concentration might be attributable
to NHa4-N uptake by the phytoplankton. Further, after NO3-N significantly increases from the
zero level to approximately 0.2 mg/L from =30 d to 33 d, it reaches zero again during a short
time from 7 = 30 d to 37 d. The increase in NOs-N resulted from the aerobic decomposition of
organic matter (including the nitrification of NHs-N) after the anoxification recovery (Hsiao et
al. 2014). Compared with Case D-2, because the undecomposed organic matter in Case D-1 is
high due to the prolsonged anoxic condition until the irradiation experiments began, the initial
high values of TOC, DOC, and E254 are associated with the increase in NO3-N to approxi-
mately 0.2 mg/L. Further, the decrease in NO3-N to zero from ¢ =30 d to 37 d could be because
of its uptake via photosynthesis because NOs™ is a major nitrogen source for phytoplankton
growth. In particular, the nutritional status of phytoplankton in Case D-1 is strongly controlled
by nitrogen according to the N/P ratio (2.2) calculated by the initial TN and TP concentrations.
This nitrogen-control state derived from the initial high POs-P concentration is due to a strong
reductive potential when LED irradiation began. Therefore, Chl-a concentration increases by
approximately two times more than its initial concentration based on the rapid supply of NO3-
N and the initial high NH4-N concentration. Consequently, DO concentration reaches the satu-
rated steady state with increased oxygen production since ¢ = 40 d. Furthermore, PO4-P concen-
tration after the anoxification recovery decreases more slowly when compared to NO3-N and
NH4-N concentrations and is almost zero at = 51 d. Therefore, unlike DIN, determining the
temporal changes in POs-P corresponding to the increase in DO is difficult after the anoxifica-
tion recovery. POs-P concentration is maintained at a high level (over 0.1 mg/L) when DO
reaches the saturated steady state at 1 = 40 d. However, the temporal changes in PO4-P concen-
tration are similar to those of TFe. TFe decreased from approximately 2.0 mg/L after DO

reaches a peak concentration at = 37 d, and it finally decreases to a low level of 0.2 mg/L at ¢
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=47 d. This decrease in TFe indicates that Fe** generated by the oxidation of Fe** due to suffi-
cient DO concentration might combine with PO4*~ and change to insoluble phosphoric acid-
iron. In addition, POs-P available for photosynthesis (approximately 0.02 mg/L) remains in
water without being consumed by phytoplankton. The strong nitrogen-control state is main-
tained from the initial condition because the N/P ratio changed from 1.0 to 5.3 until the end of
LED irradiation. Therefore, POs-P mainly decreases due to the formation of insoluble phos-
phate compound, and the impact of its uptake by phytoplankton is relatively small.

The results of Case D-2 can be summarized as follows: The initial PO4-P concentration
(approximately 0.1 mg/L) is sufficient for phytoplankton, although it is lower than that in Case
D-1. The nutritional status in Case D-2 is estimated to be in the nitrogen-control state based on
the calculated initial N/P ratio of 8.0. Additionally, the initial NH4-N concentration (1.13 mg/L)
in Case D-2 is high from the viewpoint of the nitrogen source for photosynthesis, although the
concentration is lower than that in Case D-1. However, NH4-N concentration do not drastically
decrease with the increase in DO during a fluctuation in the 24-hour cycle from ¢ = 30 d to 42
d. Thus, NHs-N is not actively consumed as a nutrient by phytoplankton, and the increase in
DO from =30 d to 42 d is limited to a low level (<3.0 mg/L). Although NO3-N, a main nitrogen
source for phytoplankton photosynthesis, is maintained at zero for ¢ < 42, its concentration in-
creased from ¢ = 47 d to 51 d due to aerobic decomposition of organic matter (including the
nitrification of NH4-N). When comparing the temporal changes of NO3-N in Case D-2 with
those in Case D-1, the time required for the concentration to increase in the former case is 17 d
later than that in the latter; however, the maximum concentration in Case D-2 is approximately
less than half of that in Case D-1. Such a marginal increase in the NO3-N concentration is as-
sociated with the differences in the increasing concentrations of Chl-a and DO between Case
D-1 and Case D-2. That is, Chl-a in Case D-2 changes marginally from 3 pg/L to 5 pg/L and
do not increase much compared to its initial concentration. Consequently, DO production rate
via photosynthesis is low in Case D-2 and is strongly limited by lower NOs3-N concentration
compared to that in Case D-1; additionally, the aerobic state is preserved at a low level of DO
with approximately 45% saturation. Based on this, the influences of initial anaerobic conditions
on improving the anoxic environment could be determined from the viewpoint of the biochem-
ical dynamics of NO3-N. Both NH4-N and PO4-P decrease to almost zero from ¢ =44 d to 47 d,
and the concentration of the remaining nutrients is almost negligible. Therefore, the biochemi-
cal balance between the NH4-N and PO4-P uptake by photosynthesis and their supply into water

due to respiration and mineralization might shift to an equilibrium state after =44 d or 47 d.
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In addition, the N/P ratio reaches a value of approximately 14.0 due to the supply of NO3-N
from ¢t = 47 d to 51 d that represent a well-balanced state of nitrogen and phosphorous for
phytoplankton, implying that the nitrogen and phosphorous cycles among planktons, organic
substances, and nutrients reach an equilibrium state. Therefore, a healthy DO level could be
preserved at a low level of approximately 4 mg/L although underwater light intensity is one-

tenth of the lower limit of optimum light intensity required for photosynthesis.

3) Impacts of initial anaerobic conditions on reductions in nitrogen, phosphorous and organic matter

The reductions in TN, TP, TOC, DOC, and E254 are used to examine the effects of water
environmental remediation on anoxification recovery in Cases D-1 and D-2. Table 4.9 com-
pares the final and initial concentrations. In both cases, high TN and TP concentrations are
dramatically reduced in two months after their initial concentrations temporarily reached peak
values due to increase in PO4-P and NHas-N eluted from sediment. Therefore, the actual decreas-
ing rates of TN and TP are higher than the results shown in Table 4.9. Because the majority of
TN and TP are incorporated in the dissolved inorganic components until the end of irradiation
experiments, the decrease in PO4-P and NH4-N concentrations could be directly linked to the
decrease in TN and TP. As stated above, the nutritional statuses in both cases are in the nitrogen-
control state due to the initial high POs-P concentration. Consequently, the intake of PO4-P by
phytoplankton is restricted because the DIN available for photosynthesis do not remain in water.
Therefore, TP mainly decreases due to the formation of insoluble phosphoric acid-iron. Addi-
tionally, phytoplankton ingests NO3-N and NH4-N, and an abiotic particulate organism derived
from algal death settled on the bottom bed, which resulted in the disappearance of DIN and
particulate organic nitrogen (PON) from water. Thus, TN (=DIN+PON) is reduced via the aer-
obic matter cycle among planktons, organic substances, and nutrients. Therefore, LED irradia-
tion could be effective in reducing TN and TP concentrations although the oxygen production
is strongly restricted to approximately one-tenth of the lower limit of optimum photon intensity
required for photosynthesis.

In Case D-1, TOC and DOC increase after oxygen production at # = 9 d, and this in-
creasing trend continues until DO reaches a peak value at # = 40 d. Thus, the increase in TOC

corresponds to the growth period of phytoplankton. Both oxygen production and consumption
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Table 4.9 Comparisons of the final results with the initial concentrations of TN, TP,

TOC, DOC, and E254 in the third series

Case D-1
Water quality
parameters (@) (b) (b) /(a)
Start End
TN (mg/L) 1.33 0.26 0.20
TP (mg/L) 0.59 0.06 0.10
TOC (mg/L) 1.72 1.88 1.09
DOC (mg/L) 1.48 1.56 1.05
E254 0.24 0.11 0.46
Case D-2
Water quality
parameters (@) (b) (b) /(a)
Start End
TN (mg/L) 1.32 0.37 0.28
TP (mg/L) 0.15 0.03 0.20
TOC (mg/L) 1.67 2.40 1.44
DOC (mg/L) 1.50 2.05 1.37
E254 0.14 0.13 0.93
Case D-3
Water quality
parameters () (b) (b) /(a)
Start End
TN (mg/L) 1.00 0.46 0.46
TP (mg/L) 0.32 0.27 0.84
TOC (mg/L) 2.08 2.54 1.22
DOC (mg/L) 1.45 2.08 1.43
E254 0.15 0.19 1.23
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seemed to be high after DO increased at ¢ = 26 d because the daily variations in DO were high.
Thus, oxygen is sufficiently produced such that DO level reaches a saturation state, while oxy-
gen consumption is high because of mineralization of organic matter under aerobic oxidative
conditions. Consequently, TOC and DOC decrease since ¢ =40 d and finally reach a concentra-
tion same as the initial concentrations. Moreover, E254 level in Case D-1 reduces because of
the aerobic decomposition of barely decomposable dissolved organic matter without a tempo-
rary increase. Therefore, in Case D-1, maintaining a healthy DO level could effectively reduce
organic carbon.

Similar to Case D-1, TOC and DOC in Case D-2 show an increasing trend after oxygen
production at # = 14 d. However, although their concentrations later decrease by aerobic oxida-
tive decomposition after DO started increasing at ¢t = 31 d, the decreased levels in TOC and
DOC in Case D-2 is less than in Case D-1. As mentioned above, DO decreases to a low level
(approximately 4 mg/L) with a small daily variation after recovering from the anoxic state, and
the oxygen amount available for the aerobic oxidative reactions is insufficient. Therefore, TOC
and DOC concentrations by the end of LED irradiation are higher than their initial concentra-
tions, while E254 level is the same at the beginning and end of LED irradiation experiment.
However, the effect of water environmental remediation by the anoxification recovery is evi-
dent because two months of LED irradiation inhibit the increase in the undecomposed organic

matter stemming from the anaerobic state.

4) Effects of water environmental remediation under extremely low photon intensity

In Case D-3, DO level is zero until the end of LED irradiation experiment, unlike in
Cases D-1 and D-2. However, despite this, the temporal changes in the water quality are deter-
mined as follows based on the oxidation-reduction reaction. Although sulfide content that in-
creases immediately after starting LED irradiation experiment reaches a maximum concentra-
tion of 125 pg/L at t =9 d, it abruptly decreases and reaches a low level (< 10 pg/L) since ¢ =
9 d. Further, after TFe gradually increases from the beginning of irradiation experiment until ¢
=30 d, it gradually lowers to the same concentration as that observed initially. POs-P and NHa-
N concentrations shows a temporary similar changing pattern; that is, immediately after the
LED irradiations began, both drastically increase to a maximum level (POs-P: 0.37 mg/L and
NH4-N: 1.76 mg/L), which is maintained for approximately one month. Subsequently, both

PO4-P and NHs-N concentrations reduce since = 30 d and finally decrease to nearly 0.1 mg/L.
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These temporal changes indicate that anoxic state, which continues until the end of the
LED irradiation experiment, could be divided into two stages by a boundary line of # =26 d to
30 d based on the oxidation-reduction reactions. First, the strong reductive potential is main-
tained without oxygen production for approximately ¢ < 28 d, consequently, promoting iron
reduction and sulfate reduction. Moreover, since ¢ = 28 d, aerobic oxidative reactions are con-
firmed such that sulfide almost disappear and TFe decreases to nearly zero although the anoxic
state remains unchanged from the beginning to the end of LED irradiation. This indicates that
oxygen is produced due to phytoplankton photosynthesis since ¢ = 28 d. However, oxygen pro-
duction is extremely low possibly because POs-P and NHs-N concentrations reduce gradually
and their consumption rate by phytoplankton is low. Moreover, NO3-N is continuously main-
tained at zero level immediately after LED irradiations began; additionally, unlike Cases D-1
and D-2, NOs3-N concentration do not increase despite an extremely low concentration of 0.07
mg/L observed temporarily at # =44 d. Therefore, NO3-N, a major nitrogen source, do not assist
in phytoplankton photosynthesis because it is not sufficiently supplied in water via the aerobic
decomposition of organic matter due to lack of oxygen. Furthermore, Chl-a concentration in
Case D-3 do not clearly increase from the initial value. Therefore, it is possible to determine
the influence of extremely weak light intensity on oxygen production from the viewpoint of
NOs-N limitation for phytoplankton photosynthesis.

In addition, the oxidizable substances remarkably increase from the initial concentra-
tions as the strong reductive state progressed for # < 28 d, consequently, increasing the oxygen
consumption since ¢ > 28 d. Therefore, both decrease in the photosynthesis rate due to light
limitation and increase in the oxidizable substances due to prolonged strong reductive state
prevented the anoxification recovery in Case D-3. However, determining the anoxification re-
covery is possible in Case D-3 based on the water quality degradation as sulfide and nutrient
contents decreased to nearly zero, although a healthy DO level is not maintained to sustain
aquatic life. Furthermore, TN and TP concentrations at the end of irradiation experiment are
lower than those observed initially, as summarized in Table 4, and the decrease in the concen-
trations are similar to those observed in Case D-2. Although the final concentrations of TOC
and DOC are higher than the initial concentrations, the differences do not exceed 0.5 mg/L;
additionally, the increase in undecomposed organic matter is inhibited by two months LED
irradiation. Therefore, the spatial range is extended by the LED irradiation because the mini-
mum effects of water environmental remediation are observed although the light intensity is

one-twentieth of the optimum photon intensity required for phytoplankton photosynthesis.
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4.4 Conclusions

In this chapter, the effectiveness of anoxification recovery via oxygen production by
phytoplankton photosynthesis under the condition of underwater LED irradiation in anoxic wa-
ter is proved on the water tank-scale experiment from three viewpoints. Firstly, the influence
of each RGB spectrum on maintaining a healthy DO level is evaluated according to the single-
color irradiations, which are sufficient for phytoplankton photosynthesis despite their marginal
light intensity. Secondly, the effects for remediating long-term anoxic water environment with
a strong reductive state are proved considering the influence of photon intensity on the oxygen
production rate. Finally, the influences of initial anaerobic conditions on the anoxification re-
covery are cleared up under mixed RGB irradiation having extremely low photon intensity
compared to the optimal photon intensity required for photosynthesis. The significant findings
of the three series of irradiation experiments have been summarized below.

Red and blue spectra largely contribute to the stable maintenance of a healthy DO level,
although the oxygen production rate and maximum and stationary DO levels differ between the
two spectra; further, the green spectrum plays an auxiliary role in oxygen production. Thus, red
and blue spectra are essential to maintain a healthy DO level to ensure aquatic environmental
conservation.

RGB irradiation (R:B:G = 1:1:1) assists healthy aerobic state preservation even though
the light intensity is as low as one-fifth of the optimum photon for phytoplankton photosynthe-
sis. Also, the water quality improvement by solving long-term anoxification under both strong
and weak light intensity conditions are reflected in decreased TN and TP because of the reduc-
tion of DIN and DIP through the aerobic matter cycle, in which phytoplankton plays a leading
role. In conclusion, the spatial effect of water quality improvement via LED irradiation is ap-
plicable to a wide range and is not limited to the vicinity of the light source. In addition, mixed
RGB irradiations maintained a healthy DO level despite the light intensity being one-tenth of
the lower limit of the optimum intensity necessary for performing photosynthesis. Moreover,
under extremely weak light intensity, which is one-twentieth of the optimum intensity, large-
scale reductions of sulfides and nutrients resulted from marginal oxygen production. These are
regarded as minimum effects of water quality improvement, although anoxification recovery is
absent. The initial anaerobic condition influences the oxygen production rate through high nu-

trient concentration stemming from long-term anoxification. The effects of optical conditions
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and initial anaerobic conditions on maintaining a healthy DO level are determined by balanced
nitrogen and phosphorous cycles via biochemical reactions.

The study findings could be applied to design the optimal spectral condition of LED
irradiation. In an actual organically polluted reservoir, the area that requires water quality im-
provement because of long-term anoxification could be determined as a distance in the irradi-
ating direction from the LED lamp. The required photon intensity of a light source can be esti-
mated using the Beer—Lambert law, while considering that the light intensity for the furthermost
separated point from the LED lamp should be 4-8 umol/(m? s) as the minimum amount to
maintain a healthy DO level. This estimation requires the light extinction coefficient value to
be according to the water turbidity. The basic light energy required for a LED lamp can be set
mainly using red and blue spectra, and the total photon intensity of visible light from a light
source can be determined by supplying a shortage with the green spectrum, to be close to the
estimated result. In this study, the effect of water quality improvement by LED irradiation is
examined for the anoxic water under a strong nitrogen-control state stemming from an increase

of PO4>~ due to long-term anoxification.
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Chapter 5 General Conclusion

In a closed water body with an excessive inflow of organic matter, a low transparency
causes an anoxification in the deeper layer due to low DO levels in hot seasons. Anoxic water
occurs not only because of inhibited oxygen production through phytoplankton photosynthesis
under poor underwater light intensities, but also because of suppressed vertical transport of DO
through thermal stratification. Anoxification leads serious environmental issues, such as the
death of aquatic life because of oxygen deficiency, the pathogenic bacterial growth due to pu-
trefaction of organic matter, the acceleration of eutrophic state by the elution of nutrients from
the bottom sediment, the generation of toxic hydrosulfide, and the accumulation of sludge in-
cluding metal sulfides and undecomposed organic matter on the bottom bed. Therefore, for the
environmental conservation and restoration of water in organically polluted water bodies, it is
important to develop effective counter measures against anoxification, and establish a technique
to recover the anaerobic state.

This study focuses on a method for water environmental remediation using underwater
LED treatment in an organically polluted reservoir. Anoxification can be recovered by oxygen
production via phytoplankton photosynthesis via artificially improving the underwater light en-
vironment using an LED light source. In addition, this solution may be linked to the improve-
ment of water and bottom sediment environments with recovery from anaerobic to aerobic
states. The objective of this study is to examine, at the laboratory level, how much RGB full-
color underwater LED lamp irradiation contributes to the quality improvement via the anoxifi-
cation recovery, by considering the influences of two factors, optical spectrum of light source
and initial anaerobic condition of water, on the anoxification recovery and water environmental
remediation. In this study, water quality parameters, such as DO, chlorophyll-a, DIN, and DIP,
are monitored via beaker and water tank experiments while using LED irradiation for 24 hour
(12 hour-on/12 hour-off) for 2 months in anoxic water, where the anaerobic decomposition of
organic matter progressed under reductive conditions. The knowledge and outcomes acquired
by the LED irradiation experiments can be summarized as follows from four viewpoints.

In single-color irradiations, having marginally sufficient photon intensity of approxi-
mately 50 pmol/(m? s), the green spectrum required more time to recover from the anoxic state
because of the lower photosynthesis rate compared to red and blue spectra. Additionally, the
influence of oxygen production rate on the time required for the anoxification recovery is al-

most negligible between red and blue spectra. In these spectra, the equilibrium between nitrogen
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and phosphorous cycles for phytoplankton and nutrients is linked to a healthy DO level without
an overgrowth of phytoplankton; moreover, TN and TP concentrations decrease considerably
because of the reductions in DIN and DIP. The red and blue spectra are essential to maintain a
healthy DO level to ensure aquatic environmental conservation, although green spectrum irra-
diation plays an auxiliary role for oxygen production via phytoplankton photosynthesis.

The photo-responsiveness and photosynthesis rate of phytoplankton are enhanced in the
presence of the green spectrum regardless of light intensity, and the anoxic state could be
quickly recovered. In particular, LED irradiation with three-color mixed RGB spectra
(R:G:B=1:1:1) plays an important role in promoting oxygen production compared to mixed
light of red and blue color spectra under low light intensity of approximately 20 pmol/(m? s).
Under high intensity light of approximately 100 pmol/(m? s), DO rapidly increases to supersat-
uration after anoxification recovery due to the growth of green algae regardless of the green
spectrum. This is reflected by the possessing high photosynthetic capacity of green algae. Also,
LED irradiation, including the green color band, has an advantage such that the healthy DO
environment is preserved without a decrease to poor oxygen levels in the absence of light. The
water environmental remediation by solving long-term anoxification under both strong and
weak light intensity conditions are reflected in decreased TN and TP upon LED irradiation for
2 months. These results indicate the reduction of DIN and DIP through the aerobic matter cycle,
in which phytoplankton play a leading role. In particular, phosphate formed a particulate inor-
ganic chemical chelate with ferric ions generated by the oxidation of ferrous ions after recov-
ering the anaerobic condition, resulting in the reduction of TP. In addition, Environmental water

is remediated by anoxic state recovery and the inhibition of nutrient release from the sediment.

Although the light intensity of approximately 10 umol/(m? s) is one-tenth of the lower
limit of the optimum photon intensity required for photosynthesis, the anoxic state is finally
improved to a healthy DO level. Such an effective improvement in the DO level is attributed to
the equilibrated biochemical balance between the oxygen consumption during photosynthesis
and oxygen supply into water due to respiration and mineralization, regardless of initial anaer-
obic conditions. However, the initial anaerobic condition influences the oxygen production rate.
LED irradiation under high initial nutrient concentrations stemming from long-term anoxifica-
tion is advantageous regarding the time required to reach a healthy DO level, average increasing

DO rate, and maximum and stable concentrations. The oxygen production rate promoted by the
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initial high concentrations of NH4-N and PO4-P are associated with the early recovery of anox-
ification despite the high oxygen consumption due to the presence of many oxidative substances.
In addition, the rapid increase in the DO level to a saturated state due to increased oxygen
production rate produced NOs-N due to the aerobic decomposition of organic matter and the
oxidation of NH4-N. Further, the increase in NO3-N weakened the initial strong nitrogen-limi-
tation state required for phytoplankton photosynthesis. Consequently, a high supply of nutrients
is associated with a healthy DO environment.

Under extremely weak light intensity of approximately 5 pmol/(m? s), which is one-
twentieth of the optimum photon intensity, the photosynthesis rate decreases considerably due
to the strong limitation of light linked to marginal oxygen production, which is significantly
less than the oxygen consumed for oxidizing a large proportion of the oxidative substances.
Consequently, the anoxic state could not be recovered despite LED irradiation. However, the
minimum effects of water environmental remediation are observed wherein the marginal oxy-
gen production could restrict water quality degradation due to the anaerobic reductive reactions.

This study indicates the spatial effect of water environmental remediation via LED ir-
radiation is not limited to the vicinity of light source but is applicable to a wide range, in which
the light intensity contributes to one-twentieth of the optimum photon intensity for phytoplank-
ton photosynthesis. The study findings could be applied to design the optimal spectral condition
of LED irradiation. In an actual organically polluted reservoir, the water area that requires to
improve from long-term anoxification could be determined as setting up an irradiated distance
direction from LED lamp. The required photon intensity of a light source can be estimated using
the Beer—Lambert law, while considering that the light intensity for the furthermost separated
point from the LED lamp should be 4-8 pmol/(m? s) as the minimum amount to maintain a
healthy DO level. This estimation requires the light extinction coefficient value to be according
to the water turbidity. The basic light energy required for a LED lamp can be set mainly using
red and blue spectra, and the total photon intensity of visible light from a light source can be
determined by supplying a shortage with the green spectrum, to be close to the estimated result.
All of those results in this study could be used to design optimal LED irradiation techniques to

mitigate anoxification to sustain a healthy aquatic environment.
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