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ABSTRACT

In order to understand the phosphorus (P) removal characteristics, which is the main controlling
factor of eutrophication and algal blooms in a lake, the particle size distribution (PSD) and behavior
were investigated in the inflow water and trapped sediments of Lake Saemangeum. A series of
settling column tests (SCT) was carried out on the raw water taken from two influents of the lake
to evaluate the sedimentation efficiency and P removal using two types of settling tests, discrete
particle sedimentation (DPS) and flocculent particle sedimentation (FPS). In particular, the varia-
tion in the PSD and the P removal efficiency was traced to determine the impact of rain on the P
treatment characteristics for three periods: the summer rainy period and before and after the rainy
season. The PSD of the trapped sediments had increased in the rainy season, with a decrease after
the rainy season. Based on the SCT results of the suspended solids, a longer sedimentation time
for the DPS in the dry season was required than in the rainy season, whereas the sedimentation
times for the FPS were not much different for the three periods. However, the clarifying velocity
of the total phosphorus concentration was slower than the suspended solid concentration for both
DPS and FPS, which suggest the particles containing phosphorus settled much more slowly than
typical particles in both tests. The findings of this study will be important information in determin-
ing whether to add a coagulation process in the design of a sedimentation basin for the removal

of phosphorus to be constructed for eutrophication and removal of lakes.
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1. Introduction

Phosphorus (P) is a critical element controlling the pri-
mary production in a stagnant water body, which can be
classified into internal loadings, such as phytoplankton,
and external loading from sediments accumulated on the
bottom of the lake from upstream [1,2]. Because soluble
inorganic phosphate ion removal is challenging without
proper treatment such as chemical coagulation, phosphate
does not precipitate to the bottom of the lake unless it is
adsorbed onto phytoplankton or aquatic plants. However,

* Corresponding author.

particulate P precipitates and forms sediments on the bot-
tom of the lake and acts as a sink releasing P from sediments
under anoxic conditions [3]. Therefore, in order to con-
trol the eutrophication of the lake, the removal of particu-
late P by sedimentation should be considered. Otherwise,
when the removal of P is necessary to obtain much lower
concentrations, not only particulate P but also dissolved P
can be removed using chemical coagulation. Because P is
eventually removed by particles containing P, the behav-
ior of particles and the sedimentation characteristics are
required to treat the inflow water of the lake.
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Most of the previous papers [4,5] dealing with the pre-
cipitation of phosphorus in lakes have studied the elution
and precipitation of phosphorus from a geochemical point
of view, and studies on aggressive particulate phosphorus
precipitation or coagulation precipitation of water-solu-
ble phosphorus are very rare. A few previous studies have
shown that the chemical coagulation process was effec-
tive in controlling internal loading and algal growth [6].
Research over past decades has shown that Al permanently
binds P in sediment when using the capping method using
alum [7-9]. However, although whole-lake alum treatment
can be temporally effective for controlling P in the water,
it is not an effective alternative to prevent the return to
the pre-capping treatment state of P when external load-
ing influences the water quality. The P in inflow water
can be treated continuously using the chemical coagula-
tion process to solve this problem. Pilgrim and Brezonik
[10] have applied alum coagulation to remove the P from
inflow water and achieved 61%-84% of total phosphorus
(TP) removal efficiency in Tanners Lake. In the case of the
P immobilization conducted in the heavily eutrophic lake,
coagulation with polyaluminum chloride (PAC) resulted
in the complete removal of phosphates and a considerable
(up to 50%—-60%) reduction of total phosphorus in the lake
water [11]. Under an 11:1 AL:P weight ratio [12] or a molar
ALP ratio of minimally 10:1 [13], PAC coagulation could
effectively immobilize P in the lake water.

Lake Saemangeum, which is an artificial lake containing
a vast water surface area of 118 km?, had been constructed
as a national project. Nation-wide attention has been
focused on the water quality by preventing eutrophication
of Lake Saemangeum that dominates the developmental
fate of the reclamation area. After constructing the long sea
dike of 33.9 km, inflow pollutant control has emerged as
a challenging task to manage the extensive stagnant newly
formed water regime. First, understanding the sedimen-
tation characteristics of P has become essential because,
if not adequately removed from Lake Saemangeum,
the sediment containing P can be a source of nutrients
leading to algal blooming.

Although considerable research has been devoted to
understanding the behavior of P and particulate matters
in the water body of lakes, rather less attention has been
paid to the sedimentation characteristics and the correla-
tion between particle distribution and phosphorus con-
cerning the coagulated particle as well as the discrete par-
ticles in order to apply sedimentation. For the sedimenta-
tion process to remove inflow particles from pond-shaped
structures, the clarification efficiency for a settling tank
or pond is a function of the ratio of the particle sedimen-
tation velocity in the water to the areal hydraulic loading
rate. Considering the epilimnion of the lake as a completely
mixed box, the change in particle concentration can be
gained from the settling column test (SCT) of inflow par-
ticles in water [14]. For the design of the sedimentation
tank to remove coagulated particles, the design parameters
can be deduced through the interpretation of the graphical
technical drawing based on the data of SCT. The removal
efficiency of particles, hydraulic loading rate, and settling
velocity can be calculated and predicted based on the
graph [15]. Particularly, Zarczynski et al. [16] reported that

grain-size analysis is useful for more than the characteriza-
tion of the mineral components of biogenic lake sediments.

In order to conserve the water quality and to prevent
the eutrophication of Lake Saemangeum, this study aimed
to investigate the particle size distribution (PSD) change
influenced by rainfall and the behavior and characteris-
tics of particles with and without alum coagulation in the
sedimentation process. Field samples taken from two sites
were analyzed, and SCT experiments were conducted by
discrete particle sedimentation (DPS) and flocculent parti-
cle sedimentation (FPS) to determine the size distribution
of particles containing P in the two primary upper streams.
We considered the consequential P removal efficiency
and essential characteristics in the analysis of the series
of SCT experiments and tried to provide useful informa-
tion for the design of sedimentation processes to control
the inflow P of the lake. First of all, we tried to find out
how the removal rate of P varies by the precipitation effi-
ciency that appears according to the particle size distri-
bution. In particular, the relationship between the change
in the characteristics of particles flowing into the water
body due to rainfall on the removal efficiency of phospho-
rus was investigated and analyzed in comparison with
the dry season. The results of this study will be important
information on the determination of the form of coagula-
tion or independent sedimentation in the design of a sed-
imentation basin for the P removal, which is performed to
inhibit eutrophication in a lake.

2. Materials and methods
2.1. Sites and water quality of Lake Saemangeum

Two points from the Mankyung River and Dongjin River
inflows for Lake Saemangeum were selected to take the sam-
ples for sedimentation experiments and to measure water
quality and PSD. The two sites representing the monthly
water quality for each inflow water region are shown in
Fig. 1. Table 1 lists a summary of the results of water qual-
ity measurements made by a national monitoring network
[17] during 2011-2019 after the completion of the sea dike.

The upstream catchment of the lake has an area of
3,319 km? and of that area, the two rivers compose 78.5%.
The upstream catchment mostly consists of agricultural
(49.8%) and forest (34.6%) areas [18], with most of the agri-
cultural area located in the lower part of the catchment,
which is adjacent to Lake Saemangeum. Precipitation in
the watershed is concentrated in the summer, that is, July
to September [19]. The TP loading from the catchment is
3,751 kg/d, with nonpoint source pollution accounting for
83% [20].

The field measurements and samplings were con-
ducted three times in 2019, the dry period (May) in the
spring, rainy period (July), and dry period (August) in the
summer, to examine the impact of rainfall on the P concen-
tration and sedimentation characteristics. To analyze the
variation in the PSD, sediments, as well as water samples,
were taken from the sediment traps installed at the cen-
ter of inflow points of the two upper streams, as shown in
Fig. 2. The trapped sediments were sampled in the typical
manner [21] 7 d after the sediment trap installation.
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Fig. 1. Map and location of sampling site in Lake Saemangeum.
Table 1
Water quality at the two main monitoring sites of Lake Saemangeum
Site Month pH Temp.* Salinity DO COD SS TN TP Chl-a
O (PSU) (mg/L) ~ (mg/L)  (mg/l)  (mg/l)  (mg/L) (mg/m?’)
M-w January 8.09 3.54 11.54 12.81 10.08 18.69 5.01 0.17 28.34
February 8.03 4.70 10.34 12.51 10.16 21.09 6.11 0.15 31.94
March 8.31 7.40 10.06 11.65 12.30 29.33 5.48 0.17 50.76
April 8.16 14.20 6.10 11.09 9.75 27.90 4.74 0.20 37.43
May 8.28 19.96 6.75 9.42 12.00 38.84 3.09 0.15 62.55
June 8.04 23.19 3.86 8.34 11.90 47.29 3.67 0.20 45.01
July 8.34 27.61 2.96 8.84 9.32 35.84 3.49 0.21 37.15
August 8.61 30.34 2.39 9.05 9.33 34.28 2.88 0.20 40.31
September 8.29 25.36 1.99 9.44 8.26 33.76 2.40 0.13 38.04
October 8.06 20.73 7.74 8.85 9.44 31.89 3.35 0.19 50.98
November 7.88 14.73 10.78 9.65 7.52 21.93 3.52 0.13 32.40
December 7.99 6.30 6.54 11.36 9.00 19.24 3.95 0.18 41.63
Mean 8.17 16.50 6.75 10.25 9.92 30.01 3.97 0.17 41.38
D-w January 8.04 3.19 14.13 13.32 7.82 22.50 2.34 0.10 23.23
February 8.33 4.37 14.61 12.97 6.61 18.01 2.79 0.06 14.22
March 8.13 6.94 12.01 12.19 8.33 3291 2.53 0.07 29.23
April 8.30 13.63 14.56 9.54 10.37 35.35 3.23 0.11 28.51
May 8.47 19.32 6.99 10.23 9.06 31.53 2.13 0.07 39.14
June 8.41 24.20 6.00 8.70 10.98 43.93 2.57 0.20 54.08
July 8.19 27.66 2.57 8.84 8.91 41.91 2.90 0.16 36.71
August 8.51 30.16 2.93 8.11 9.79 37.90 2.46 0.18 37.93
September 8.35 25.65 2.84 10.10 7.83 33.41 2.03 0.14 28.33
October 8.14 20.85 9.29 8.98 7.58 24.65 2.01 0.10 34.75
November 8.15 15.34 11.19 11.61 8.01 27.50 2.75 0.10 42.75
December 7.88 6.64 12.20 11.85 9.76 31.70 2.55 0.15 111.35
Mean 8.24 16.50 9.11 10.54 8.75 31.78 2.52 0.12 40.02

“Water temperature.
TN - total nitrogen.
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Fig. 2. Schematic diagram of sedimentation experiment apparatus :

column and coagulation devices.

The water quality was measured at three layers of the
water depth using the Van Don Water Sampler, and the
dissolved oxygen (DO) and pH of the water was gauged
using a multi-parameter water quality analyzer (HL4,
Hydrolab Company, USA) in the field. The water quality
analyses were applied differently in freshwater and brack-
ish water, depending on the salinity content. The water
quality and sediment analysis following the Standard
Methods (American Public Health Association [22] included
the following techniques: total organic carbon (TOC), the
high-temperature combustion method; chemical oxygen
demand (COD,, ), the acidic (alkaline) potassium perman-
ganate method; total solids (TS), suspended solids (SS), and
fixed solid (FS), the gravimetric method; TP, the ammo-
nium molybdate spectrophotometric method; phosphate
(POY), the molybdenum-antimony (Mo-Sb) anti-spectro-
photometric method followed by 0.45 pm GF/C filtration;
Chlorophyll-a (Chl-a), the trichromatic spectrophotometric
method; moisture content, the dry oven method; ignition
loss, the furnace method; particle size, sieves and electrical
image analysis method (UPA-150 Micromeritics, USA). The
breach in the plastic basket was sealed under dark, cold con-
ditions after the sediment samples were visually examined,
and the samples were carried to the laboratory to measure
the water content. After drying and sieving at 2mm, the
powdered sediment samples were analyzed.
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2.2. Sedimentation experiments

The evaluation of sedimentation characteristics using
SCT is useful to understand the behavior characteristics
not only for typical particles but also specific particles
such as the submicron-sized aluminum oxide (a-AlLO,)
particles [23,24].

The water samples taken from the inflow sites were
filled into the settling column, and samples were col-
lected from the six ports of the column at the various
scheduled sedimentation times for the two types of SCT,
DPS (6 h—4 d) and FPS (10 min-3 h) as shown in Fig. 2.
The optimal coagulant dose determined by a jar test was
directly injected and agitated rapidly with the installed
flocculation paddle in the column, followed by slow
mixing to form flocs for FPS. The coagulant was PAC,
AlLCl,  (OH) -14H,O as ALO; 10%. Turbidity and SS
were measured simultaneously to compensate for an ana-
lytical error, and a correlation equation was derived. The
total suspended solids were measured in the range of
10-300 mg/L as dry weight of the suspended solids trapped
on a 0.45 mm micro-pore membrane filter [22]. Turbidity
was tested immediately using a turbidity meter (2100F,
Hach Company, USA) to avoid spoilage of the samples
or an interferential reaction, as per a previous study [25].

The fractional mass removal (X;) and SS removal effi-
ciency (R) were calculated to determine the percentage of
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solids removed from individual samples, which is given by
the below expression.

X, = 1—& x 100
] Co

where i = depth (m); j = time interval (min); C, = initial solid
concentrations (mg/L); C, = solid concentration at depth,
i (mg/L).

)

1
R:r0+BZ(AR~z,.) @)

where r, = removal percentage at retention time or inter-
cept from horizontal axis (min); D = column depth or
height of column (m); AR = interval between iso-removal
percentage curve (d/100); d = individual interval between
iso-removal curves from horizontal axis; Z = average
value reading for the points of bisection of with any
iso-removal curve line denoted as intervals Ak, ,Ah,,...,Ah .

3. Results and discussion

3.1. Particle distribution and composition of water
quality and sediment

The first measurement in the spring dry period was
conducted on May 8-9, 2019 (mean temperature 14.7°C),
when there had been no rainfall event for 10 d over
29 mm/d. The second measurement in the summer rainy
period was on June 29-30, 2019 (mean temperature 23.7°C),
in the middle of a rainfall event of 48 mm/d, and the third
measurement in the summer dry period was on August 2-3,
2019 (mean temperature 28.4°C), when there had been no
rainfall event for 5 d over 27 mm/d. The amount of rainfall
and temperature was cited from the Weather Information
System [26] of the Buan Meteorological Observation Station.

The change in water quality for the three periods was
similar to a typical pattern, as all water parameters had
increased by the rainfall of the second measurement, as

Table 2
Water quality of sampling sites in Lake Saemangeum
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shown in Table 2. Only the Chl-a concentration was an
exception, with the highest concentration displayed in the
first measurement. The mean volatile solids (VS)/TS ratios
representing organic content in the solids were 0.85, 0.58,
and 0.75 in order of measurement precedence (0.71 at M-s
site and 0.73 at D-s site), whereas the PO,-P/TP ratios
indicating the fraction of soluble inorganic P in TP were
0.18, 0.34, and 0.22 in order of measurement precedence.

The measurement results of the trapped sediment
samples are presented in Table 3. The change in sediment
composition was shown as similar to the changing pattern
of water quality except for the TOC and Chl-a concentra-
tions. The second measurement period was highest among
the three periods for organic content in the sediment,
which was similarly ranked as the Chl-a concentration.
The TP concentration in the sediment was in the range of
210-1,700 mg/kg in previous studies [27,28].

The effects of the PSD of the trapped sediments on
the sedimentation properties were evaluated under the
classification [29], as shown in Fig. 3. Coarse-grained sedi-
ments are basically non-cohesive, while fine-grained sed-
iments less than 62.5 pm are cohesive with each other or
other materials. The cohesiveness of the particle acts as
an essential physicochemical factor on the sedimentation
characteristics of the particles.

The PSD of the rainy period measurements had
increased by the influence of the period’s rainfall, as shown
in Fig. 3. The average value of PSD was within the bound-
aries of medium silt and coarse silt (34.7 um at M-s site
and 34.0 um at D-s site) and demonstrated cohesive particles.

3.2. Settling column test

The particles in a stagnant water body, such as a lake
or reservoir, have a tendency to have the adhesive charac-
teristics of cohesive particles that are similar to the artificial
coagulation in the water treatment process. Furthermore,
as a natural particle grows, the settling velocity is gradu-
ally increased due to natural aggregation [30]. Because of
the cohesiveness of the particles in the lake, the SCT experi-
ments were classified into two types of sedimentations, DPS

Site TOC TS SS \& TN TP PO,-P Chl-a
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/m’)

Dry season (May)

M-s 5.95 333.2 23.7 290.4 2.920 0.120 0.000 167.6

D-s 5.95 159.2 16.5 127.2 2.490 0.110 0.000 89.0

Rainy season (July)

M-s 6.10 204.5 34.0 93.3 3.888 0.137 0.050 53

D-s 8.80 187.5 224 91.5 3.389 0.149 0.043 4.5

Dry season (August)

M-s 4.15 4215 314 342.0 3.723 0.139 0.032 45.1

D-s 3.80 117.6 27.0 104.5 2.247 0.118 0.025 39.8
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Table 3

Y.-H. Jeong et al. / Desalination and Water Treatment 221 (2021) 303-315

Particle composition of sediment at the sampling sites of Lake Saemangeum

Site Solid content COD Organic conc. TOC TN TP Chl-a
(%) (mg/kg) (%) (%) (mg/kg) (mg/kg) (mg/kg)
Dry season (May)
M-s 25.0 44,216 7.4 2.42 1,921 855 89.8
D-s 26.0 74,600 7.2 2.09 1,435 700 48.1
Rainy season (July)
M-s 19.0 42,223 28.5 2.74 1,802 1,087 63.1
D-s 23.8 30,362 10.2 3.50 2,758 1,368 118.9
Dry season (August)
M-s 47.8 18,315 8.0 1.88 1,445 825 924
D-s 58.9 10,866 5.0 1.04 2,635 576 42.8
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Fig. 3. Cumulative particle size distribution in terms of particle diameter taken from sediment traps for each sampling site.

and FPS. The procedures and operations were examined in
accordance with the typical SCTs [31]. The sedimentation
time of DPS was extended by 96 h for the samples to be
clarified sufficiently, while 2 h was the maximum in FPS.
The SS concentration profiles by the depth of the set-
tling column in the first experiment in May (dry period)
show noticeable differences with July and August. These
variances imply that the required sedimentation time for
the dry season samples is longer for the periods affected
by heavy summer rain. However, the SS concentration pro-
files by the depth are clarified rapidly and have similar
sedimentation patterns in the FPS experiments, as shown
in Fig. 4. Furthermore, the variance range of the TP concen-
trations by depth is greater than that of the SS concentra-
tions, which also implies that the particle containing P is
precipitated much more slowly than SS. Furthermore, the
TP concentration by depth in the second experiment for
July (rainy period) presents a much wider fluctuation than
the dry period (May and August). The TP profile of the July
experiment in the rainy period verified that rainfall leads
to TP sedimentation highly variable. Additionally, the TP

particles formed with alum coagulation precipitated slower
than the SS particles.

From the TP removal of the SCT experiment slower than
the SS removal, the sedimentation tank should be larger
than typical sedimentation for particle separation in order
to obtain enough time to settle P particles when sedimen-
tation is applied to remove P. The difference of sedimen-
tation profiles between P particles and SS gave us useful
information to design and operate a sedimentation tank to
control P concentration in the lake.

Fig. 5 shows the SS and TP removal efficiencies in
terms of sedimentation time, which was calculated by
Eq. (2) based on the results of the SCT experiments. The
TP removal efficiency of DPS of 32.5% was substantially
lower than of FPS (57.4%). In the three periods, the TP
removal efficiency ratio from August was the highest as
39.9% in the DPS experiments, while July was highest as
63.3% in the FPS experiments similar to the TP removal
efficiency. Furthermore, there was no noticeable differ-
ence in the removal efficiency ratios of TP to SS; FPS
(0.66) was slightly higher than DPS (0.61). However, the
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Sedimentation time of DPS (hr)
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Fig. 5. Variation of SS and TP removal efficiency in terms of sedimentation time: (a) sedimentation curves for discrete particles
sedimentation and (b) sedimentation curves for flocculent particles sedimentation.

temporal aspect was also different than the removal effi-
ciency ratio of TP to SS. In August, the highest was 0.69 in
the DPS experiments, while July’s highest was 0.67 in the
FPS experiments, similar to the results of the TP removal
efficiency. The reason for the low TP removal in May and
high removal in July could be that the TOC concentration
was the highest in May, which can deteriorate TP removal
efficiency. Additionally, the high SS due to rainfall pro-
moted the TP removal efficiency in July. According to the
previous study [32], the P removal efficiency increased with
increasing SS concentrations because of non-point-source
pollution by rainfall, whereas the organic matter decreased
P removal.

The analysis of PSD was also investigated in the SCT
experiments, as shown in Fig. 6. For both DPS and FPS,

the PSD had increased in July, and that of August had
decreased much less than in May. The temporal change of
the PSD in the SCT, which was influenced by the rainfall,
was similar to the PSD of the trapped sediments.

3.3. Removal efficiency and relationship
between SS and phosphorus

The correlation between the TP removal efficiency and
SS removal efficiency is presented using the results of the
SCT experiments in Fig. 7, which is an indicator of the TP
removal fraction of particle sedimentation. The correlation
value of DPS is higher than of FPS, and the determination
coefficients (R?) of the rainy period is the highest among
the three periods. The correlation trend is in accordance
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Results of correlation analysis between observed values and observed values

Site Period Description Discrete sedimentation Flocculent sedimentation
Variables Observed SS Observed TP Observed SS Observed TP
May Observed SS - 0.999° - 0.957°
Predicted SS 0.999¢ 1.000¢ 0.968° 0.999°
M-s uly Observed SS - 0.948 - 0.970°
Predicted SS 0.880 0.971¢ 0.989° 0.995"
August Observed SS - 1.000" - 0.880
Predicted SS 1.000° 1.000° 0.908 0.998°
May Observed SS - 1.000° - 0.831
Predicted SS 1.000¢ 1.000¢ 0.843 1.000°
Observed SS - 0.987° - 0.992°
D-s July Predicted SS 0.992" 0.999" 0.994" 0.979°
Observed SS - 1.000° - 0.762
August Predicted SS 0.988° 0.990¢ 0.780 1.000"

*p>0.05; 'p > 0.01

with the SS concentration of the sampling sites, as shown
in Table 2. This correlation indicates that high SS concen-
trations can provide a much more substantial surface for
particles to adsorb so that it is favorable to achieve high
P removal. The previous studies [33,34] reported that
phosphate was readily adsorbed onto aluminum oxide
hydroxide because of the hydroxyl groups, and P sorption
had increased the surface area of the flocs.

This result implies that even if the phosphorus concen-
tration increases (particulate phosphorus and dissolved
phosphorus) during rainfall, the incoming SS particles pro-
vide a surface capable of adsorbing phosphorus removal,
thereby increasing the removal efficiency. In particular,
the results of this study revealed that the shortened sedi-
mentation efficiency could be compensated due to the pro-
viding of surface area to adhere P from the many particles
during the rainfall though the residence time in the sedi-
mentation basin may be shortened by the inflow amount
that increases with concentrated rainfall.

Based on the PSD data, the calculated values of TP
removal efficiency were compared with the observed val-
ues obtained by Eq. (2) in the SCT experiments. The rela-
tionship between the observed values and predicted val-
ues is presented in Table 4. The results of the correlation
analysis between the observed SS and observed TP show
high positive values in both DPS and FPS for all three peri-
ods, as shown in Table 4 and Fig. 8. In particular, the reli-
ability of the relationship in DPS was higher than in FPS
except for the rainy period. However, the correlation anal-
ysis between the data predicted for PSD and observed TP
was slightly lower than that of the inter-observed values.
Therefore, to predict the TP removal efficiency, the direct
measurement of SS or turbidity is more useful than the PSD
analysis, which needs a relatively long time to measure.

4. Conclusions

Based on the PSD analysis on the inflow particles and
the SCT experiments, SS and TP removal efficiency were

investigated to find the feasibility and characteristics of the
sedimentation process in the lake. A series of SCT exper-
iments and the analytical results of the PSD and examina-
tions in Lake Saemangeum for three periods revealed that
high SS concentrations from rainfall could improve TP
removal efficiency, and a simple measurement is more use-
ful than the PSD analysis of inflow water. A summary is as
follows.

¢ Most of the particles taken from the sediment trap were
cohesive, and the PSD of the trapped sediments had
increased in the rainy period; however, it decreased in
the dry period after rainfall more than the decrease in the
dry period before rainfall.

* A longer sedimentation time for the dry period before
rainfall was required than for the rainy period and the
dry period after rainfall in the DPS, whereas there was no
difference in the FPS.

e The TP removal in the SCT experiment was slower
than the SS removal, which means a longer sedimenta-
tion time is needed compared with SS sedimentation to
gain high TP removal efficiencies.

® The results of the SCT experiments for the three peri-
ods led us to conclude that the high SS concentration
of the rainy period provides an ample surface area of
particles to adsorb phosphate ions onto discrete par-
ticles or coagulated flocs so that a higher TP removal
efficiency can be achieved in the rainy season than in the
dry season.

® The correlation value between the SS removal efficiency
and TP removal efficiency in the DPS was higher than in
the FPS, and the determination coefficients were higher
in the rainy period than in the dry period.

In order to predict TP removal efficiency, a direct mea-
surement of SS or turbidity is more useful than the PSD
analysis, which requires a considerably long time to mea-
sure. Therefore, a continuous water measuring device like
a turbidity meter could be an alternative to monitor or to
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treat P in the sedimentation process of the lake regardless of
coagulation.

Acknowledgments

This study was supported by the National Research
Foundation of Korea with grants (NRF: NRF-2019R1A
2C1006441) from the Ministry of Education.

References

[1] D. Balasubramanian, K. Arunachalam, A.K. Das,
A. Arunachalam, Decomposition and nutrient release of
Eichhornia crassipes (Mart.) Solms. under different trophic
conditions in wetlands of eastern Himalayan foothills, Ecol.
Eng., 44 (2012) 111-122.

[2] A. Steinman, X.F. Chu, M. Ogdahl, Spatial and temporal
variability of internal and external phosphorus loads in
Mona Lake, Michigan, Aquat. Ecol., 43 (2009) 1-18.

[3] Y.-H. Jeong, D.-H. Kwak, Influence of external loading and
halocline on phosphorus release from sediment in an artificial
tidal lake, Int. J. Sediment Res., 35 (2020) 146-156.

[4] H. Kamiya, H. Ohshiro, Y. Tabayashi, Y. Kano, K. Mishima,
T. Good, M. Yamamuro, O. Mitamura, Y. Ishitobi, Phosphorus
release and sedimentation in three contiguous shallow brackish
lakes, as estimated from changes in phosphorus stock and
loading from catchment, Landscape Ecol. Eng., 7 (2011) 53-64.

[5] M. Dittrich, O. Gabriel, C. Rutzen, R. Koschel, Lake restoration
by hypolimnetic Ca(OH), treatment: impact on phosphorus
sedimentation and release from sediment, Sci. Total Environ.,
409 (2011) 1504-1515.

[6] B.J. Huser, S. Egemose, H. Harper, M. Hupfer, H. Jensen,
KM. Pilgrim, K. Reitzel, E. Rydin, M. Futter, Longevity
and effectiveness of aluminum addition to reduce sediment
phosphorus release and restore lake water quality, Water Res.,
97 (2016) 122-132.

[7] J. Lewandowski, I. Schauser, M. Hupfer, Long-term effects of
phosphorus precipitations with alum in hypereutrophic Lake
Stisser See (Germany), Water Res., 37 (2003) 3194-3204.

[8] B.J. Huser, Variability in phosphorus binding by aluminum
in alum treated lakes explained by lake morphology and
aluminum dose, Water Res., 46 (2012) 697-704.

[9] L. de Magalhdes, N.P. Noyma, LL. Furtado, E. Drummond,
V.B.G. Leite, M. Mucci, F. van Oosterhout, V.L. de Moraes
Huszar, M. Liirling, M.M. Marinho, Managing eutrophication
in a tropical brackish water lagoon: testing lanthanum-modified
clay and coagulant for internal load reduction and cyano-
bacteria bloom removal, Estuaries Coasts, 42 (2019) 390—402.

[10] K.M. Pilgrim, PL. Brezonik, Treatment of lake inflows with
alum for phosphorus removal, Lake Reservoir Manage.,
21 (2005) 1-9.

[11] M. Lopata, H. Gawronska, Phosphorus immobilization in Lake
Gleboczek following treatment with polyaluminum chloride,
Oceanol. Hydrobiol. Stud., 37 (2008) 99-106.

[12] E. Rydin, Potentially mobile phosphorus in Lake Erken
sediment, Water Res., 34 (2000) 2037-2042.

[13] I de Vicente, H.S. Jensen, F.J. Andersen, Factors affecting
phosphate adsorption to aluminum in lake water: implications
for lake restoration, Sci. Total Environ., 389 (2008) 29-36.

[14] CR. O'Melia, Coagulation and sedimentation in lakes,
reservoirs and water treatment plants, Water Sci. Technol.,
37 (1998) 129-135.

[15] M.S. Ramatsoma, E.M.N. Chirwa, Computational simulation of
flocculent sedimentation based on experimental results, Water
Sci. Technol., 65 (2012) 1007-1013.

[16] M. Zarczyniski, ]. Szmanida, W. Tylmann, Grain-size distribution
and structural characteristics of varved sediments from Lake
Zabinskie (Northeastern Poland), Quaternary, 2 (2019) 1-15.

[17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

Water Information System, Water Quality Monitoring Network,
Korea Ministry of Environment, 2019. Available at: http://water.
nier.go.kr/

J.-Y. Jung, Y.-R. Shin, ].-H. Choi, I.-K. Choi, C.-G. Yoon, Y.-K. Son,
Characteristics of pollutant loads in Saemangeum watershed
using HSPF, Korean National Committee Irrig. Drain., 18 (2011)
55-65.

C.S. Oh, J.H. Choi, Consideration on changes of density
stratification in Saemangeum reservoir, J. Korean Soc. Mar.
Environ. Energy, 18 (2015) 81-93.

National Institute of Environmental Research, Monitoring
and Investigation of Pollutant Loads in Non-Point Sources
Management Areas: Focusing on Saemangeum and Goljicheon
Watersheds, Report NIER-SP2017-182, 2017.

O.P. Dubovskaya, A.P. Tolomeev, G. Kirillin, Z. Buseva,
K.W. Tang, M.I. Gladyshev, Effects of water column processes
on the use of sediment traps to measure zooplankton non-
predatory mortality: a mathematical and empirical assessment,
J. Plankton Res., 40 (2018) 91-106.

APHA, AWWA, WEF, Standard Methods for Examination
of Water and Wastewater, 22nd ed., American Public Health
Association, Washington, 2012, p. 1360.

J.O. Samaniego, M.A.N. Tanchuling, Sedimentation tests of
small scale gold mining wastewater, Int. ]. Sci. Technol. Res.,
7 (2018) 73-80.

L.M. Vuki¢, PM. Gvero, M.D. Maksimovié, Gravitational
sedimentation — an efficient chromium removal method from
the tanning industry wastewaters, APTEFF, 39 (2008) 121-129.
J.J. Packman, K.J. Comings, D.B. Booth, Using Turbidity to
Determine Total Suspended Solids in Urbanizing Streams in
the Puget Lowlands: In Confronting Uncertainty: Managing
Change in Water Resources and the Environment, Canadian
Water Resources Association Annual Meeting, Vancouver,
BC, 27-29 October 1999, pp. 158-165.

Weather Information System, Weather Information, Korea
Meteorological Administration, 2019. Available at: http://www.
kma.go.kr/

W.Z. Tang, H. Zhang, W.Q. Zhang, B.Q. Shan, X.L. Zhu,
Z.X. Song, Dynamics of heavy metals and phosphorus in the
pore water of estuarine sediments following agricultural
intensification in Chao Lake Valley, Environ. Sci. Pollut. Res.,
22 (2015) 7948-7953.

A.J. McComb, S. Qui, E.I. Paling, N.A. Hill, Sediments of the
Leschenault inlet: a comparison with other estuaries in south-
western Australia, J. R. Soc. West. Aust., 83 (2000) 275-284.

ISO, Geotechnical Investigation and Testing — Identification and
Classification of Soil - Part 1: Identification and Description, ISO
14688-1:2002, International Organization for Standardization,
Geneva, 2002.

K. Delwiche, ]. Gu, H. Hemond, S.P. Preheim, Vertical transport
of sediment-associated metals and cyanobacteria by ebullition
in a stratified lake, Biogeosciences, 17 (2020) 3135-3147.

A. Ozer, Simple equations to express settling column data,
J. Environ. Eng.-ASCE, 120 (1994) 677-682.

D.H. Kwak, Phosphorus removal characteristics of chemical
coagulation process to decrease phosphorus loadings in stream
water from agricultural area, Desal. Water Treat., 169 (2019)
268-278.

J. Berkowitz, M.A. Anderson, C. Amrhein, Influence of aging
on phosphorus sorption to alum floc in lake water, Water Res.,
40 (2006) 911-916.

S. Tanada, M. Kabayama, N. Kawasaki, T. Sakiyama,
T. Nakamura, M. Araki, T. Tamura, Removal of phosphate by
aluminum oxide hydroxide, J. Colloid Interface Sci., 257 (2003)
135-140.



	_Hlk55221539
	_Hlk55226167
	_Hlk55220782
	_Hlk57988412
	_Hlk57990630
	_Hlk57992211
	_Hlk57990037

