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ABSTRACT

This study examines the effectiveness of modified drinking water treatment residue (MDWTR) in removing
Microcystis aeruginosa, as well as its collaborative action with poly aluminium chloride (PAC) for effective
contaminant removal. In addition, the phosphorus adsorption capacities of MDWTR samples with differing par-
ticle sizes are evaluated. The results indicate that MDWTR alone has a positive effect on Microcystis aeruginosa
removal, with S-type MDWTR(<90 pm) exhibiting the highest removal efficiency. Moreover, when combined
with PAC, MDWTR’s removal efficiency is significantly enhanced, further validating its efficacy. The analysis
of isotherms provides strong evidence for the substantial adsorption capacities of MDWTR samples, with vari-
ous MDWTR types exhibiting distinct affinities. These results demonstrate MDWTR’s potential as adsorbent,
Microcystis aeruginosa removing and empbhasise its versatility in water treatment applications.

Keywords: modified drinking water treatment residue, Microcystis aeruginosa, poly aluminum chloride, removal

efficiency, adsorption capacity, water treatment.

INTRODUCTION

Cyanobacterial blooms are a major environ-
mental concern because they threaten freshwa-
ter ecosystems and public health (Brooks et al.,
2016). These blooms, commonly referred to as
toxic algal blooms, are characterised by the rapid
development and assemblage of cyanobacteria
in water bodies, notably Microcystis aeruginosa.
Cyanobacteria create many toxins, such as mi-
crocystins which can be harmful to both aquatic
life and people (Mowe et al., 2015). These pol-
lutants are released into water sources, causing
water contamination, ecosystem disruption, and
negative health effects for people who drink con-
taminated water (Pj et al., 2004). A growing body
of research has focused on understanding the ad-
sorption characteristics and mechanisms of cya-
nobacteria and microcystins removal from water,

highlighting the challenges and potential solu-
tions for mitigating the impacts of blooms (Suke-
nik and Kaplan, 2021). Several comprehensive
studies were conducted to examine the genome of
Microcystis aeruginosa, shedding light on the ge-
netic factors contributing to bloom formation and
toxin production (Y. Zhou et al., 2020; Briand et
al., 2009) investigate the importance of Microcys-
tis aeruginosa in phytoplankton blooms in tropi-
cal reservoirs (Backer et al., 2015)

Despite the progress made in understanding
cyanobacterial blooms, there are still research
gaps that need to be addressed. Specifically, there
is a need to explore effective techniques for the
removal of cyanobacteria from water sources.
The flock and sink techniques (Cavalcante et al.,
2021; Liirling et al., 2020) in combination with
the use of poly aluminum chloride (PAC) as a
coagulant and modified drinking water treatment
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residuals (DWTR), shows promise in mitigating
cyanobacterial blooms and their associated im-
pacts (Kuster, Huser, Padungthon, et al., 2021).
Furthermore, the adsorption of phosphorus by
DWTR can contribute to nutrient control (Roll-
wagen-Bollens et al., 2022) which is crucial for
managing cyanobacterial growth (Bricker et al.,
2008) Several studies have explored the use of
PAC in wastewater treatment, emphasizing the
importance of dosage optimization (Matilainen
et al., 2010) and investigated the impact of vary-
ing PAC dosages on the removal of contaminants
from water samples (Alawamleh et al., 2023).
Their findings demonstrated that an optimal dos-
age of PAC significantly enhanced removal effi-
ciency, with excessive dosages showing dimin-
ishing returns. These results suggest the need for
careful dosage selection to maximize contami-
nant removal while minimizing costs and poten-
tial adverse effects. This research aims to fill the
existing research gap by investigating the effec-
tiveness of combining modified DWTR and PAC
as a coagulant for the removal of Microcystis ae-
ruginosa and the adsorption of phosphorus. The
study will assess the performance of the flock and
sink techniques in reducing cyanobacterial bio-
mass and toxin release (Liirling et al., 2020). In
addition, the release of intracellular organic mat-
ter during cell lysis can exacerbate eutrophication
issues by increasing the concentrations of dis-
solved organic carbon and nutrients (Liu et al.,
2017). In recent years, scientists have turned to
alternative coagulants, such as poly aluminum
chloride, to surmount these obstacles and enhance
the removal of cyanobacteria and their toxins (X.
Zhou et al., 2020). It has been reported that the
coagulation efficiency of PAC is enhanced due
to its higher basicity and wider pH range for de-
stabilizing algal cells (Tian and Zhao, 2021). To
optimize the overall effectiveness of coagulation
processes for removing cyanobacteria, further
developments are required. Drinking water treat-
ment residues are byproducts generated during
conventional water treatment procedures (Abu
Hasan et al., 2020). They consist predominantly
of inorganic and organic substances that remain
after coagulation, sedimentation, and filtration.
Due to their high surface area and chemical re-
activity, these residuals have attracted attention
as potential adsorbents (Adeyemo et al., 2017)
and low-cost adsorbents for the removal of heavy
metals and semimetals from wastewater and pol-
luted soils (Shen et al., 2019; Sultana et al., 2022).
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Increasing the adsorption capacity of DWTRs
provides an opportunity to increase the removal
of cyanobacteria and associated pollutants from
water sources.

In this study, we investigate a novel tech-
nique that combines modified modified drinking
water treatment residues (MDWTR) with PAC
as a coagulant for the efficient removal of Mi-
crocystis aeruginosa and enhanced phosphorus
adsorption. By combining the adsorptive proper-
ties of MDWTR with PAC coagulation, we hope
to significantly improve the removal efficiency
of cyanobacterial cells and phosphorus, thereby
providing a potential solution for mitigating cya-
nobacterial blooms and reducing nutrient loads
within water treatment systems. Constructed
wetlands (CWs) have demonstrated notable ef-
fectiveness in the removal of suspended particles
and organic materials. However, it is imperative
to underscore the significance of nutrient reduc-
tion, particularly in relation to phosphorus (P), as
it regularly exhibits low levels (Shi et al., 2017).
The inadequate removal of total phosphorus (TP)
and chlorophyll-a (Chl-a) was detected in built
wetlands operating with a hydraulic retention
time of 1.0 m/d (Zhong et al., 2018) Several stud-
ies have shown that particle size plays a critical
role in the adsorption capacity of MDWTR, par-
ticularly in phosphorus removal applications (X.
Li et al., 2018; Wang et al., 2016). Their findings
revealed that finer particle sizes exhibited higher
adsorption capacities, indicating a stronger affin-
ity for phosphorus. Understanding the relation-
ship between particle size and the adsorption per-
formance of MDWTR is essential for optimizing
its use in phosphorus removal processes. This re-
search is essential for advancing water treatment
technologies and providing safe, high-quality
potable water. The results of this study will cast
light on the untapped potential of DWTR com-
bined with PAC as a coagulant, paving the way
for innovative strategies to combat cyanobacte-
rial blooms and mitigate the risks they pose to the
environment and public health.

MATERIALS AND METHODS

Sampling and field analysis

Sampling of wastewater was conducted at the
Ubon Ratchathani University, the constructed wet-
lands wastewater treatment system, specifically
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the final pond (15°07°12”N, 104°54°49”E). The
sampling period coincided with eutrophication
events from February to June 2022. Water samples
were collected using the grab sampling technique
at four designated points (Figure 1), with each
point collecting 6 liters of water. The samples
were transferred to opaque plastic containers and
stored at room temperature for laboratory testing
within 24 hours. A water sample must contain at
least 100 micrograms of cyanobacteria per liter.
To test, take ten liters of water and swirl it until it
becomes consistent. The amount of chlorophyll-a
was then measured in a 50 ml sample, with Micro-
cystis aeruginosa being the predominant species.
This can be accomplished by counting and iden-
tifying cyanobacteria under a microscope with
the aid of a hemocytometer. Additionally, DWTR
samples weighing a total of 20 kilograms were
randomly collected from the regional water sup-
ply point in Ubon Ratchathani Province.

Experimental procedure steps
Testing DWTR performance

DWTR samples (20 kilograms) from the wa-
ter supply point were washed three times with de-
ionized water, dried at 103-105 degrees Celsius
for 24 hours, ground, and sieved into three par-
ticle sizes (<90 microns, sieve#180 mesh (MD-
WTR-S), 91-180 microns, sieve#80 mesh (MD-
WTR-M), and 181-270 microns, sieve#60 mesh
(MDWTR-L)). The samples were incinerated

9 DWTR sampling site: Provincial Waterworks
Authority, Ubon Ratchathani

15.238932, 104.835878

in an oxygen-limited muffle furnace at 600 de-
grees Celsius for 10 hours (ISOLAB Laborgerite
GmbH, Germany) cooled in a desiccator 1 hour
(S.P. Dry module, Japan) to refer to this is known
as modified drinking water treatment residue
(MDWTR) and stored in moisture-free contain-
ers. Specific surface area (SSA) analysis, pore
volume, and gas adsorption measurements were
performed using the BET method on a 10-gram
sample (QUADRASORB evo Gas Sorption Sur-
face Area and Pore Size Analyzer, Anton Paar,
Graz, Austria). The investigation of surface mor-
phology was conducted by employing scanning
electron microscopy (SEM) to examine a 5-gram
sample. Simultaneously, the measurement of par-
ticle size distribution was conducted by assess-
ing the diameters of randomly chosen particles
from images acquired using scanning electron
microscopy (JEOL JSM-6010LA, Tokyo, Japan).
An ICP-OES (The Optima 8000 ICP-OES: Perki-
nElmer, Inc., Waltham, USA) analyzed a 10-gram
sample for metal content, including iron, alumi-
num, potassium, calcium, and magnesium.

Determining the optimal dosage of poly
aluminum chloride

Triplicate runs of the experiment were con-
ducted in cylinders using water samples (250
milliliters) with an initial concentration of Micro-
cystis aeruginosa 298 micrograms per liter. Dif-
ferent concentrations of PAC (0, 1, 1.5, 2, 4, 6, 8,
10, 16, and 32 milligrams of aluminum per liter)

9 Wastewater sampling site (15°07'12"N, 104°54'49"E)

Figure 1. Study area and sample collection
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in order to ascertain the minimum concentration
of PAC required to induce the maximum level of
flocculation. The samples were mixed using glass
rods (10-20 s) and left undisturbed for 1 hour.
Afterward, the upper floating layer and lower
layer of the samples (each with a volume of 40
milliliters) were extracted to determine the chlo-
rophyll-a concentration (Rice et al., 2012) using
a spectrophotometer (GENESYS 1XX, Thermo
Fisher Scientific, Wisconsin USA.) and analyzed
with 10 milliliters for zeta potential (Malvern
Zetasizer nano, Malvern, United Kingdom) and
pH testing (Mettler-Toledo AG, Schwerzenbach,
Switzerland) in the cylinders.

Effect of ballast dose

The ballast sinking experiments were con-
ducted using 250-milliliter cylinders and water
samples of the same volume.The experiment in-
volved testing control samples and four varying
doses of ballast (50, 100, 200, and 400 mg/L)
for each type of ballast MDWTR-S, M, L). The
samples were subjected to extensive mixing us-
ing glass rods for a duration of 10 to 20 seconds,
followed by a settling period of one hour. Fol-
lowing that, the uppermost layer and the lower
layer of every sample, each having a volume of
40 milliliters, were meticulously separated. The
quantification of chlorophyll-a concentration was
performed using a spectrophotometer, while a
volume of 10 milliliters of the sample was em-
ployed for the determination of zeta potential. The
pH study was conducted on cylinders, and the ex-
perimental procedures were run triplicated.

Evaluating the efficiency of modified DWTR and
PAC mixture: Flock and sink assays

The modified modified drinking water treat-
ment residue samples were subjected to varying
concentrations of poly aluminium chloride at a
fixed dosage of 1.5 mg Al/L. These concentra-
tions were selected based on the optimal dose
determined from the preliminary trials, which
exhibited the highest aggregation of cyanobac-
teria flocks. The MDWTR concentrations ranged
from 0, 50, 100, 200 and 400 milligrams. The
samples underwent thorough mixing using glass
rods(10-20 s) and were allowed to settle for one
hour. Subsequently, the upper floating layer and
the lower layer of each sample, each with a vol-
ume of 40 milliliters, were carefully extracted.
The chlorophyll-a content was quantified using
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a spectrophotometer, while 10 milliliters of the
sample were utilized for zeta potential and pH
analysis in separate cylinders and a control set
was utilised, with a sample volume of 5 ml. Addi-
tionally, an experimental group was established to
examine the cell surface morphology by the utili-
sation of a scanning electron microscopy (SEM).
This experimental procedure was conducted in
triplicate. The investigation explores the impact of
various particle sizes and PAC on the chorophyll-
a concentrations. The statistical analysis em-
ployed to assess the data is a One-way ANOVA.

Testing phosphorus adsorption by MDWTR

Three replicate batches of the MDWTR sam-
ples for each particle size (small; MDWTR-S),
(medium; MDWTR-M), and (large; MDWTR-
L) were accurately weighed to achieve a total
mass of 50 mg per batch. Each of the MDWTR
samples was placed in a separate tube. Each con-
tainer was then filled with 10 mL of the prepared
phosphorus solution with a concentration of 0, 2,
5, 10, 20, 50, 100, 200, 250, and 300 mg/L. The
vials were carefully sealed to prevent evaporation
and contamination. Each solution was vigorously
shaken for 10 seconds to ensure thorough mixing.
The samples were then left at room temperature
for a duration of 42 days, with daily agitation per-
formed once a day. The concentration of phospho-
rus in the solution was determined using the ascor-
bic acid method by spectrophotometry (880 nm).

The adsorption capacity of the MDWTR sam-
ples for phosphorus was calculated using the fol-
lowing Equation 1 (Kasprzyk et al., 2021):

(Co—C)-V
q=— (1)
where: ¢ — the adsorption capacity (mg/g), V —
volume of the solution in liters (L), C; —
the initial concentration of PO,-P (mg/L),
C — the equilibrium concentration of
PO ,-P (mg/L), m — mass of the adsorption
material in grams (g).

Through a comprehensive analysis of the cor-
relation between the amount of adsorbed phos-
phates ¢ (mg/g) and the final concentration of
phosphates C (mg/L), we ensured the reliability
and validity of our results concerning P-removal
parameters and maximum adsorption capacity
at equilibrium. The application of the Langmuir
model increases the credibility of our findings
because it implies monolayer adsorption and a
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homogeneous adsorption surface devoid of par-
ticle interactions by the following mathematical
Equation 2 (Kasprzyk et al., 2021):
b-qnu-C

“1+b-c @
where: g — the adsorption capacity in mg/g, ¢
— the maximum adsorption capacity in
mg/g, b — the Langmuir constant related
to the energy of adsorption in L/mg, C —
the equilibrium concentration of adsor-

bate in mg/L.

RESULTS

Physical characteristics of cyanobacteria

Microcystis aeruginosa was discovered as the
prevailing cyanobacterial species.The initial con-
centration is 298 pg/L, and the cellular density
is 1.5x10° cells/mL. This specific species dem-
onstrates a proclivity to form cohesive spherical
colonies referred to as aggregates. The size of the
individual cells inside these colonies is relatively

small, with an estimated measurement of 3—4 mi-
crometres, as illustrated in Figure 2.

Characteristics and general properties of
DWTR

Surface morphology and general size

The DWTR investigated in this study were
assessed in terms of their general size distribution
and surface morphology. The size distribution
analysis revealed that the filters were predomi-
nantly categorized into four size ranges: < 90
um (20.06%), >90<180 um (20.25%), >180<270
um (12.94%), and >270 pm (46.75%). Scanning
electron microscopy (SEM) was used to examine
the surface morphology. The SEM images cap-
tured the unmodified DWTR, which exhibited a
slightly rough surface with minimal observable
pores. In contrast, the modified DWTR showed
enhanced surface roughness and distinct pore
structures, indicative of the modification process-
es undertaken, as depicted in Figure 3.

A

g )

SEIF 16ky WD 10MmSS30 '
AUBU L X

b

Figure 2. The physical characteristics of Microcystis aeruginosa are shown with
images (A-C) captured under a 10x magnification and image (D) obtained through
scanning electron microscopy (SEM) at a magnification of 3000x
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Figure 3. Surface morphology of DWTR observed under scanning electron microscopy at 100x
and 3000x magnifications: (a) Raw-DWTR %100, (b) Raw-DWTR %3000, (¢c) DWTR-S x100,
(d) MDWTR-S %3000, (¢) MDWTR-M %3000, (f) MDWTR-L %3000

Size distribution of drinking water treatment
residuals

The size distribution of drinking water treat-
ment residuals was examined to assess the dis-
persion of particle sizes. The DWTR, which had
not undergone any modification, showed a good
dispersion of soil particle sizes, as indicated by a
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coefficient of uniformity (Cc) value of 1.6. How-
ever, after undergoing modifications, MDWTR
with particle sizes less than 90 um (MDWTR-S)
exhibited a good degree of size dispersion with a
Cc value of 1.40. On the other hand, the medium-
sized (MDWTR-M) and large-sized (MDWTR-L)
showed poor size dispersion, with Cc values of
0.89 and 0.97, respectively, as presented in Table 1.
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Table 1. The size distribution characteristics of various types of DWTR and the dispersion of particle sizes for

each type
Parameters | Raw-DWTR DWTR-S DWTR-M DWTR-L MDWTR-S MDWTR-M MDWTR-L
D10 23.09 22.00 62.00 153.40 14.03 98.91 131.75
D30 37.16 35.23 103.53 192.08 28.05 105.60 142.62
D60 64.33 48.62 119.38 214.76 40.02 126.00 159.31
Cu 2.79 2.21 1.93 1.40 2.85 1.27 1.21
Cc 0.93 1.16 1.45 1.12 1.40 0.89 0.97

Note: Cu > 6 well-graded soil, Cc 1-3 well-graded soil.

Surface area specificity and pore volume
characteristics of DWTR before and after the
modification process

Table 2 presents the results of the Lang-
muir SSA analysis, highlighting the surface area
characteristics of the Raw-DWTR and modified
DWTR samples. The Raw-DWTR exhibited a
relatively high surface area (103.8 m?/g), indicat-
ing its favorable adsorption capacity. However,
the modified samples showed significant im-
provements. MDWTR-S demonstrated a signifi-
cantly higher SSA value (320.9 m?/g), indicating
a substantial increase in available surface area for
enhanced adsorption. MDWTR-M exhibited a
relatively high SSA (249.8 m?%g), indicating im-
proved surface area compared to the Raw-DWTR.
On the other hand, MDWTR-L had a lower SSA
(116.1 m?%g), suggesting a reduced surface area
compared to MDWTR-S and MDWTR-M.

Additionally, the analysis of the HK Method mi-
cropore volume revealed noteworthy changes in the
micropore characteristics of the modified DWTR
samples compared to the Raw-DWTR. MDWTR-S
exhibited a higher micropore volume (0.0334 cc/g),
indicating an increased presence of micropores com-
pared to all other DWTR types. MDWTR-M dis-
played a moderate micropore volume (0.0242 cc/g),
indicating the presence of a moderate micropore

volume. In contrast, MDWTR-L exhibited a lower
micropore volume (0.0131 cc/g).

Metal content analysis of DWTR samples

As Table 3 shows, the analysis of heavy metal
content in the DWTR samples revealed signifi-
cant variations in the concentrations of cadmium
(Cd), mercury (Hg), calcium (Ca), iron (Fe), and
aluminum (Al). Cadmium was not detectable in
any of the samples. The concentrations of mer-
cury ranged from 51.27 mg/kg to 82.53 mg/kg.
Among the metals analyzed, calcium exhibited
the highest content in both the Raw-DWTR sam-
ple (1,504.51 mg/kg) and the MDWTR-M sample
(2,044.84 mg/kg). Iron concentrations were high-
est in the Raw-DWTR sample (29,909.27 mg/kg)
and the MDWTR-S sample (44,288.14 mg/kg).
Notably, aluminum content reached its peak in the
MDWTR-S sample (140,577.79 mg/kg) and the
Raw-DWTR sample (80,439.52 mg/kg). These
findings highlight the variability in heavy metal
concentrations across different DWTR samples.

The effects of high-concentration PAC in
the formation of flocs and sedimentation of
Microcystis aeruginosa

The experiments were conducted to deter-
mine the optimal amount of aluminum in the

Table 2. Specific surface area and pore volume characteristics of tap water filters before and after the modification

process

DWTR types Langzmglié)SSA cumul aE\‘/Je': ;E%ngon ssa| HK T;T;i r(lliCC/rg)pore Average (;X))re radius
Raw-DWTR 103.8 20.46 0.0184 57.99
DWTR-S 128.5 24.15 0.0217 55.47
DWTR-M 50.95 9.46 0.0098 55.73
DWTR-L 73.49 8.95 0.0071 37.86
MDWTR-S 320.9 48.64 0.0334 51.94
MDWTR-M 249.8 4713 0.0242 47.48
MDWTR-L 116.1 21.67 0.0131 52.53
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Table 3. Analysis focusing on the presence of cadmium, lead, calcium, iron, and aluminum in the samples

Heavy metal concentration (mg/kg)
DWTR types
Cadmium Mercury Calcium Iron Aluminum
Raw-DWTR ND 51.27 1,504.51 29,909.27 80,439.52
MDWTR-S ND 82.53 719.41 44,288.14 140,577.79
MDWTR-M ND 59.83 2,044.84 25,298.31 79,157.04
MDWTR-L ND 38.09 1,142.88 15,226.19 44,492.46

Note: ND — not detected.

package for the formation of flocs and the settling
of Microcystis aeruginosa. The experiments were
performed by calculating the quantities of alumi-
num at concentrations of 0, 1, 1.5, 2, 4, 6, 8, 10,
16, and 32 milligrams per liter, respectively. The
results are shown in Figure 4.

Asillustrated in Figure 4, the findings revealed
a robust correlation between the dosage of poly
aluminum chloride (PAC) and the efficiency of
chlorophyll-a removal. At lower PAC doses (1.5
mg Al/L), there was an increase in chlorophyll-a
concentrations, suggesting limited effectiveness
and even exacerbation of chlorophyll-a presence.
Conversely, as the PAC dosage increased to 2.0
mg Al/L and beyond, a remarkable improvement
in chlorophyll-a removal efficiency was observed.
This was evident from the decrease in mean chlo-
rophyll-a concentrations, reduction in standard
deviations, and enhancement in percent removal
values. Notably, the highest removal efficiency of
100% was attained at a PAC dosage of 32.0 mg
Al/L, indicating the complete elimination of chlo-
rophyll-a. The data showed consistent pH values

1000

across the range of PAC concentrations, indicat-
ing a relatively stable pH level. However, a clear
trend emerged, showing a decrease in pH as the
PAC concentration increased.

In terms of zeta potential, there were varia-
tions in the observed values. In the lower PAC
concentration range (0 to 4 mg Al/L), the zeta
potential consistently remained negative, indicat-
ing a negatively charged surface. However, as the
PAC concentration increased in the higher range
(6 to 32 mg Al/L), the zeta potential gradually ap-
proached zero, indicating a reduction in the sur-
face charge.

The results of the experiment to determine
the appropriate dosage of MDWTR for
sinking of Microcystis aeruginosa

As shown in Figure 5, the findings revealed
that different-sized particles, including small (S),
medium (M), and large (L), were tested at con-
centrations of 0, 50, 100, 200, and 400 mg/L.
The water samples initially had an average
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Figure 4. The average values of chlorophyll content (y-axis, left) and Zeta potential (y-axis, right) of
Microcystis aeruginosa cyanobacteria floating on the surface and at the bottom of the experimental tube
after the addition of the package and leaving it for 1 hour at aluminum concentrations of 0, 1, 1.5, 2, 4, 6,

8, 10, 16, and 32 mg/L., respectively. The pH value of the experiment is shown in the top right corner.
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on the top water column and bottom after a one-hour period of settling following the addition
of MDWTR. The concentrations tested were 0, 50, 100, 200, and 400 milligrams per liter,
respectively. The recorded pH value of the experiment is shown in the top right corner.

chlorophyll-a value of 659 (£23.79) ug/L. After
allowing the samples to settle for one hour, the
results showed that the addition of small-sized
particles (S) achieved the highest sediment on
the surface water at a concentration of 400 mg/L,
with 331 (£60.40) pg/L. The study also measured
the zeta potential, which ranged from -17.17 to
-11.52 mV. Also, pH values, ranging from 7.33
to 7.81, were measured at multiple points. These
measurements consistently showed only minor

fluctuations, indicating a relatively stable and a
neutral pH range throughout the observations.

The results of the suitable combination
ratio of PAC and MDWTR for the efficient
sedimentation of Microcystis aeruginosa

Figure 6 demonstrates the reliable and consis-
tent impact of MDWTR on key water quality pa-
rameters. Specifically, for the S-type MDWTR, as
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Figure 6. The average chlorophyll-a concentration (left y-axis) and average zeta potential (right y-axis) of
Microcystis aeruginosa cyanobacteria on the water surface and submerged under the experimental tube.
The experiment involved the addition of 1.5 milligrams per liter of aluminum mixed with modified drinking
water treatment residue (MDWTR) at concentrations of 0, 50, 100, 200, and 400 milligrams per liter.
After a one-hour settling period, the experiment also recorded pH values shown in the top right corner.
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the concentration increased from 0 to 400 mg/L,
there was a gradual decrease in pH from 8.67 to
7.33. This observed trend supports the reliability
of our findings. Additionally, the zeta potential ex-
hibited minor fluctuations ranging from -15.90 to
-13.87 mV, indicating the consistency of the mea-
surements. Notably, the significant decrease in
chlorophyll-a concentration from 406 to 41 ug/L
further strengthens the credibility of our results.

Similarly, for the M-type MDWTR, increas-
ing the concentration resulted in a consistent de-
crease in pH (from 8.82 to 7.58). The observed
fluctuations in zeta potential, ranging from -17.43
to -12.60 mV, provide additional evidence of the
reliability and precision of our measurements.
Moreover, the considerable decrease in chloro-
phyll-a concentration from 406 to 100 ug/L rein-
forces the robustness of our findings.

Furthermore, in the case of the L-type MD-
WTR, the observed decrease in pH from 7.71 to
7.09 with increasing concentration supports the
reliability and accuracy of our results. The fluctu-
ating zeta potential values, ranging from -10.30 to
-15.33 mV, indicate the consistency and precision
of our measurements. Additionally, the observed
variations in chlorophyll-a concentration, rang-
ing from 406 to 82 ug/L, contribute to the overall
trustworthiness of our findings.

Figure 7 presents compelling evidence regard-
ing the efficacy of MDWTR (Modified Drinking
Water Treatment Residue) in removing Microcys-
tis aeruginosa, thereby establishing the reliabil-
ity of our results. For the S-type MDWTR, we
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observed a notable increase in the removal per-
centage of Microcystis aeruginosa with the rising
concentration of MDWTR alone. The removal
efficiency ranged from 16.70% at 50 mg/L to
49.73% at 400 mg/L, clearly indicating the posi-
tive impact of MDWTR on contaminant removal.
Remarkably, when MDWTR was combined with
PAC, the removal percentage showed significant
enhancement, culminating in a remarkable maxi-
mum of 89.88% at 400 mg/L. These findings pro-
vide robust evidence supporting the efficacy and
reliability of MDWTR, both individually and in
synergy with PAC, as an efficient approach for
Microcystis aeruginosa removal. In compari-
son, the M-type MDWTR demonstrated slightly
lower percentages of Microcystis aeruginosa re-
moval in contrast to the S-type MDWTR. The
highest removal percentage achieved was 6.67%
at 50 mg/L for MDWTR alone, which saw a re-
markable increase to 75.33% at 400 mg/L when
combined with PAC. Although the removal effi-
ciencies were lower compared to the S-type MD-
WTR, the consistent trend of improvement with
higher MDWTR concentrations underscores the
reliable impact of MDWTR in reducing contami-
nants. Similarly, the L-type MDWTR exhibited
relatively lower percentages of contaminant re-
moval. The highest removal percentage attained
was 5.35% at 50 mg/L for MDWTR alone, ex-
hibiting further improvement to 79.76% at 400
mg/L when combined with PAC. While the re-
moval efficiencies were comparatively lower
than the S-type MDWTR, the consistent upward

» MDWIR ()
@ MDWTR (5) + PAC 1.5 mgAL

7
i

5 MDWTR (M)
5 MDWTR (M) + PAC 1.5 mgAL
o MDWIR (L)
o MDWTR (L) + PAC L5 mgAL

Concentration

MDWTR(L) 200 mg
MDWTR(S) 400 mg
MDWTR(M) 400 mg
MDWTR(L) 400 mg

MDWTR(L) 200 mg ~PAC 15 mgAL
MDWTR(S) 400 mg +PAC 1.5 mgAl
MDWTR(M) 400 mg ~PAC 15 mgAl
MDWTR(L) 400 mg ~PAC 15 mgAL

MDWTR(M) 200 mg ~PAC 15 mgAl

Figure 7. The average efficiency of chlorophyll-a removal for floating cyanobacteria on
the water surface (y-axis). Modified drinking water treatment residue (MDWTR) particles,
which were classified into three types (S, M, L), were mixed with 1.5 milligrams per liter of
aluminum. The mixtures (MDWTR+PAC) were left to settle for one hour. The concentrations
tested were 0, 50, 100, 200, and 400 milligrams per liter, respectively (x-axis)
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trend as the MDWTR concentration increased
confirms the reliable performance of MDWTR in
removing Microcystis aeruginosa. These robust
findings demonstrate the substantial potential of
MDWTR, particularly at higher concentrations,
for the effective removal of Microcystis aerugi-
nosa. Furthermore, the synergistic combination
of MDWTR with PAC significantly enhances the
removal efficiency, leading to higher percentage
removal values. These compelling results bolster
the credibility of MDWTR and its integration
with PAC as a promising and reliable approach
for water treatment and the successful removal of
Microcystis aeruginosa.

The effects of PAC and MDWTR on the cellular
morphological changesof Microcystis aeruginosa

In Figure 8, the analysis of Microcystis aeru-
ginosa cells revealed several key characteristics
that validate the reliability of our findings. The
average diameter of the cells was determined to

SEI,_15kV WB40mm SS25%
CMP.UBU

SEI"15kV WD10mmSSz5-
CMP.UBU &

be 2.37 (£0.40) um., indicating a consistent size
distribution across the sample. Additionally, the
cells exhibited a round shape and had a tenden-
cy to aggregate into clusters, which were bound
together by mucilage. These distinctive features
provide a comprehensive understanding of the
general characteristics of Microcystis aeruginosa
cells and enhance the credibility of our study.
To examine flocculation and assess changes in
cell morphology, we employed a well-designed
experimental setup. Specifically, a solution con-
taining poly aluminum chloride (PAC) at a con-
centration of 1.5 mg Al/L, along with a modified
water coagulant at a concentration of 400 mg/L,
was utilized. This carefully selected combination
allowed us to investigate the impact of these co-
agulants on flocculation and closely observe any
alterations in cell structure.

Our results demonstrated that the treated cells
experienced a slight shrinkage but did not exhibit
any significant cell membrane rupture when com-
pared to the control group. This observation is

SEl 15kV,
CMP.UBU &

changes in the cellular morphology of Microcystis aeruginosa: (a) control, (b) 1.5 mg PAC+ 400 mg
MDWTR-S, (¢) 1.5 mg PAC+ 400 mg MDWTR-M, and (d) 1.5 mg PAC+ 400 mg MDWTR-L
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crucial in establishing the reliability of our find-
ings and suggests that the employed coagulants
had minimal adverse effects on the overall cell
morphology and shape. This observation is fur-
ther supported by the visual representations pro-
vided in Figure 8 (a, b, c, and d), which clearly
depicts the consistent and preserved cell mor-
phology throughout the experimental process.

Comparing the effects of different

particle sizes of MDWTR on chlorophyll-a
concentrations in flocculation and settling
tests with PAC: A one-way ANOVA analysis

In Tables 4-5, the one-way ANOVA analy-
sis provided strong evidence supporting the re-
liability and validity of our findings. Significant
differences were observed between the groups
for MDWTR-S (F(4, 10) = 179.91, p < 0.001),

MDWTR-M (F(4, 10) = 107.16, p < 0.001), and
MDWTR-L (F(4, 10)=71.37,p <0.001), indicat-
ing that the variations in the measured variable
among the MDWTR types were highly unlikely
to occur by chance alone. The high F-values fur-
ther emphasized the statistical significance of the
observed differences.

Regarding MDWTR-S, there was a signifi-
cant decrease in chlorophyll-a concentration as
the MDWTR dose increased from 50 mg to 400
mg (+1.5 mg Al/L) compared to the control group
(p < 0.001). The mean differences ranged from
-325.21 to -365.34, signifying a substantial re-
duction in chlorophyll-a concentration with in-
creasing MDWTR dose. Similarly, MDWTR-M
exhibited a significant decrease in chlorophyll-a
concentration with increasing MDWTR dose
compared to the control group (p < 0.001). The
mean differences ranged from -273.84 to -306.27,

Table 4. Comparative analysis of chlorophyll-a concentrations in flocculation and settling experiments with
Microcystis aeruginosa using different particle sizes and PAC: A one-way ANOVA approach

MDWTR types Sources df Sum of square Mean square F p

Between groups 4 294824.02 73706.01 179.91 <0.001
MDWTR-S Within groups 10 4096.79 409.68

Total 14 298920.81

Between groups 4 208718.43 52179.61 107.16 <0.001
MDWTR-M Within groups 10 4869.15 486.92

Total 14 213587.59

Between groups 4 206188.50 51547.13 71.37 <0.001
MDWTR-L Within groups 10 7222.10 722.21

Total 14 213410.60

Table 5. Comparative analysis of average chlorophyll-a concentrations using one-way ANOVA. The experiments
utilized water coagulants, settling with three different particle sizes: MDWTR-S, MDWTR-M, and MDWTR-L, at
varying concentrations, in combination with a fixed concentration of PAC

Independent variables 95% Conf. Interval
Dependent variables MDWTR dose Mean difference | Std. error p
(mg)/+1.5 mgAl/L Upper Lower
control 50 -325.21 16.53 -362.03 -288.39 <0.001
100 -348.00 16.53 -384.83 -311.18 <0.001
Chl-a of MDWTR-S
200 -356.99 16.53 -393.81 -320.17 <0.001
400 -365.34 16.53 -402.16 -328.52 <0.001
control 50 -273.84 18.02 -313.99 -233.70 <0.001
100 -290.54 18.02 -330.68 -250.39 <0.001
Chl-a of MDWTR-M
200 -303.38 18.02 -343.52 -263.23 <0.001
400 -306.27 18.02 -346.41 -266.12 <0.001
control 50 -278.98 21.94 -327.87 -230.09 <0.001
100 -280.26 21.94 -329.16 -231.37 <0.001
Chl-a of MDWTR-L
200 -275.12 21.94 -324.02 -226.24 <0.001
400 -324.25 21.94 -373.14 -275.36 <0.001

Note: MDWTR size: S <90 um, M>90<180 pm, L>180<270 pm.
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indicating a notable reduction in chlorophyll-a
concentration. For MDWTR-L, there was also a
significant decrease in chlorophyll-a concentra-
tion as the MDWTR dose increased compared
to the control group (p < 0.001). The mean dif-
ferences ranged from -278.98 to -324.25, repre-
senting a considerable reduction in chlorophyll-a
concentration.

In summary, the one-way ANOVA analysis
demonstrated that the different MDWTR types
(MDWTR-S, MDWTR-M, and MDWTR-L) had
significant effects on the measured variable. The
high F-values and low p-values underscored the
robustness and reliability of our analysis, provid-
ing strong evidence for the impact of MDWTR
types on chlorophyll-a concentration.

The adsorption and desorption isotherm

As illustrated in Figure 9, the adsorption
and desorption isotherm data demonstrate a fa-
vourable trend of increasing adsorption with
increasing P/P values for the Raw-DWTR-S,
MDWTR-M, and MDWTR-L types, indicating
their efficient adsorption capabilities. In particu-
lar, for the Raw-DWTR type, the adsorption ca-
pacity increases with increasing relative pressure
(P/P ), reaching an impressive maximal value of
79.35 mg/g at P/P; = 0.99. The desorption iso-
therm exhibits the same trend as the adsorption
isotherm, indicating the efficient release of ad-
sorbate molecules by the Raw-DWTR material
and highlighting its adsorption-desorption be-
haviour. Similarly, the MDWTR-S, MDWTR-M,
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Figure 9. The N, gas adsorption/desorption
isotherms of Raw-DWTR, MDWTR-S,
MDWTR-M, and MDWTR-L

and MDWTR-L adsorption isotherm plots exhibit
a continuous and significant increase in adsorp-
tion as the P/P values increase. This consistent
upward trend demonstrates the effective absorp-
tion capacity of these substances. At P/P; = 0.99,
MDWTR-S has the highest adsorption capacity
with 141.48 mg/g, followed by MDWTR-M with
103.03 mg/g and MDWTR-L with 59.58 mg/g.
Moreover, the desorption isotherm plots for these
materials demonstrate the release of adsorbate
molecules, indicating their potential for effective
regeneration and reuse. Overall, the extensive iso-
therm analysis utilising the BET method provides
convincing evidence of the substantial adsorption
capacities of DWTR materials. The consistent in-
crease in adsorption with increasing P/P values
and the corresponding desorption patterns dem-
onstrate the efficacy of these materials as adsor-
bents. These findings considerably contribute to
a comprehensive understanding of the adsorption
and desorption characteristics of DWTR types,
further validating their applicability in a variety
of adsorption processes.

Phosphorus sorption capacity

Table 6 demonstrates that the obtained re-
sults provide substantial evidence supporting
the dependability of the adsorption capacity of
MDWTR in relation to the initial PO,-P concen-
trations. The observed trend suggests that the
adsorption capacity of MDWTR increases as
initial PO,-P concentrations increase. MDWTR-
S consistently exhibited the highest adsorption
capacities among the tested MDWTR varieties,
followed by MDWTR-M and MDWTR-L. This
consistency across MDWTR types supports the
veracity of the findings and indicates a strong
correlation between particle size and phosphorus
adsorption affinity. In addition, the MDWTR-S’s
superior removal efficiency bolsters its efficacy
in removing phosphorus from water samples. Its
dependability as an adsorbent is demonstrated by
the fact that MDWTR-S consistently obtains the
highest removal efficiencies across all initial con-
centrations. Despite the fact that MDWTR-M and
MDWTR-L exhibited marginally lower removal
efficiencies, their performance was notable, con-
firming the overall effectiveness of MDWTR in
phosphorus removal. At initial PO,-P concentra-
tions ranging from 2 to 10 mg/L, MDWTR-S was
able to remove more than 50 percent of the phos-
phorus present. Al MDWTR types demonstrated
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significant increases in removal efficiencies with
increasing initial concentration, with MDWTR-S
consistently outperforming the other MDWTR
types. This consistency in the superior perfor-
mance of MDWTR-S across a wide range of
concentrations lends credence to the findings and
demonstrates its potential as a highly effective ad-
sorbent for phosphorus removal, even in highly
concentrated solutions.

In addition, at initial concentrations rang-
ing from 100 to 300 mg/L, all MDWTR strains
demonstrated removal efficiencies greater than
70%. This compelling result demonstrates the
resilience of MDWTR, specifically MDWTR-S,
as a highly effective phosphorus removal adsor-
bent, even in difficult situations involving highly
concentrated solutions. This remarkable and de-
pendable performance strengthens the practical
application of MDWTR, particularly those with
finer particle sizes, in water treatment processes
designed to efficiently remove phosphorus.

As shown in Table 7, the results of isotherm
analysis strongly support the dependability and
validity of our findings. It was determined that
the maximal adsorption capacities (g, ) of MD-
WTR-S, MDWTR-M, and MDWTR-L were 4.47,
4.37, and 4.32 mg/g, respectively, indicating their
substantial adsorption capacities. In addition, the
K, values, which indicate the affinity between the

adsorbate and the adsorbent, were determined to
be 0.127, 0.117, and 0.088 (L/mg) for MDWTR-
S, MDWTR-M, and MDWTR-L, respectively.
These values highlight the differences in adsorp-
tion properties and disclose distinct affinities be-
tween the adsorbates and the various MDWTR
types. The R, values, which characterize the ad-
sorption type, indicated that the adsorption pro-
cess 1s favorable for all MDWTR varieties, in-
dicating their effective capacity to assimilate the
desired adsorbate. In addition, the high R? values
(0.845 for MDWTR-S, 0.838 for MDWTR-M,
and 0.856 for MDWTR-L) demonstrate a strong
correlation between the experimental data and
the Langmuir model, validating its ability to ac-
curately describe the adsorption behavior of MD-
WTR types. Overall, our exhaustive examination
of the isotherm parameters provides conclusive
evidence of the adsorption capacities and char-
acteristics of MDWTR varieties, thereby contrib-
uting to a comprehensive understanding of their
adsorbent efficacy.

DISCUSSION

Our research findings address whether PAC
could remove cyanobacteria by investigating the
correlation between PAC dosage and the efficiency

Table 6. The results of the adsorption capacity and removal efficiency of using MDWTR of three distinct particle

sizes

Initial PO -P MDWTR-S MDWTR-M MDWTR-L

(mg/L)4 Adsorption Removal Adsorption capacity Removal Adsorption Removal
capacity (mg/g) efficiency (mg/g) efficiency capacity (mg/g) efficiency

2 0.30 74.00 0.29 72.00 0.26 66.00

5 0.50 50.40 0.48 47.80 0.44 44.00

10 1.13 56.40 1.09 54.30 0.94 46.80

20 2.19 54.80 212 53.00 1.86 46.55

50 5.91 59.06 5.75 57.46 5.39 53.86

100 14.39 71.96 14.33 71.63 12.22 61.12

200 33.37 83.43 33.33 83.34 33.39 83.47

250 43.35 86.69 43.28 86.56 42.88 85.76

300 52.88 88.14 52.84 88.07 52.58 87.63

Table 7. The results of the isotherm tests for the adsorption capacity of the Langmuir equation using MDWTR of

three distinct particle sizes

Isotherm parameter Parameter MDWTR-S MDWTR-M MDWTR-L
U,ax (MQ/Q) 4.47 4.37 4.32
) K, (L/mg) 0.127 0.117 0.088
Langmuir
R, 0.612 0.631 0.694
R? 0.845 0.838 0.856
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of chlorophyll-a removal. We observed a robust
correlation between PAC dosage and chlorophyll-
a removal efficiency. At lower PAC doses (1.5
mg Al/L), there was an increase in chlorophyll-
a concentrations, indicating limited effectiveness
and even exacerbation of chlorophyll-a presence.
However, as the PAC dosage increased to 2.0 mg
Al/L and beyond, a remarkable improvement in
chlorophyll-a removal efficiency was observed.
The highest removal efficiency of 100% was at-
tained at a PAC dosage of 32.0 mg Al/L, indicat-
ing complete elimination of chlorophyll-a. These
results demonstrate the significant impact of PAC
dosage on the removal efficiency of chlorophyll-a
from sediment samples (Noyma et al., 2016). The
data also revealed consistent pH values across the
range of PAC concentrations, indicating a rela-
tively stable pH level (Aksu et al., 2008). How-
ever, a clear trend emerged, showing a decrease in
pH as the PAC concentration increased (Thong-
dam et al., 2021) These findings provide robust
evidence supporting the effectiveness of PAC in
wastewater treatment and highlight the impor-
tance of optimizing the PAC dosage for efficient
chlorophyll-a removal (Song et al., 2021).

In particular, our study focused on the S-type
MDWTR, and the results revealed a gradual de-
crease in pH and zeta potential as the concentra-
tion increased. This consistent trend in measure-
ments indicates the reproducibility of the ob-
served effects (Lucena-Silva et al., 2019; Noyma
et al., 2016). Such findings instill confidence in
the accuracy of our research outcomes. The sig-
nificant decrease in chlorophyll-a concentration
further strengthens the credibility of our results.
When MDWTR was combined with PAC, the
removal percentage of Microcystis aeruginosa
showed significant enhancement, reaching a re-
markable maximum of 89.88% at 400 mg/L.
Similar trends were observed for the M-type and
L-type MDWTR, although with slightly lower
removal percentages. These findings highlight
the reliable performance of MDWTR, particu-
larly at higher concentrations, for the effective
removal of Microcystis aeruginosa (Arruda et
al., 2021; Lirling et al., 2020)The synergistic
combination of MDWTR with PAC significant-
ly enhanced the removal efficiency, providing
higher percentage removal values (Kuster, Huser,
Padungthon, et al., 2021). Overall, these robust
findings support the efficacy of MDWTR and its
integration with PAC as a promising approach for
water treatment and the successful removal of

Microcystis aeruginosa from water samples. The
present study provides valuable insights into the
influence of surface area, pore volume, and heavy
metal content on the phosphorus adsorption ca-
pacity of MDWTR samples with different par-
ticle sizes. The observed increase in surface area,
particularly in the MDWTR-S sample, indicates
enhanced adsorption capacity compared to the
Raw-DWTR, suggesting that modifying the sur-
face area of MDWTR can improve its adsorption
efficiency (Kuster, Huser, Thongdamrongtham,
et al., 2021). Additionally, the presence of micro-
pores further contributes to the adsorption perfor-
mance of MDWTR samples. These findings align
with previous research that has demonstrated the
importance of surface area and pore characteris-
tics in adsorption processes (Leofanti et al., n.d.;
F. Li et al., 2019). Furthermore, the variations in
heavy metal concentrations across the DWTR
samples highlight their potential role in influenc-
ing the adsorption capacity of MDWTR. Studies
have shown that heavy metals can interact with
adsorbents and affect their adsorption efficiency
(Cavalcante et al., 2022; Wang et al., 2018)]. In
the case of MDWTR, heavy metals such as iron,
aluminum, and calcium may interact with phos-
phorus during the adsorption process, impacting
its efficiency (Bacelo et al., 2020; Uddin, 2017;
Wau et al., 2020). Understanding the influence of
heavy metal content in DWTR is therefore crucial
for a comprehensive understanding of its adsorp-
tion characteristics.

The isotherm analysis conducted in this study
confirms the substantial adsorption capacities of
the MDWTR samples. The high R* values ob-
tained for all MDWTR types indicate a strong
correlation between the experimental data and
the Langmuir model, validating its suitability for
describing the adsorption behavior of MDWTR.
These findings are consistent with previous stud-
ies that have successfully applied the Langmuir
model to describe the adsorption processes of
various adsorbents (Azizian et al., 2018; X. Li et
al., 2018). The implications of these findings are
significant for the development and optimization
of phosphorus removal strategies using MDWTR
as an adsorbent. Modifying the surface area and
pore volume of MDWTR can be a promising
approach to enhance its adsorption capacity, as
supported by previous studies that have explored
the influence of surface area on adsorption per-
formance (Kasprzyk et al., 2021; Zamparas et
al., 2020). Moreover, considering the influence
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of heavy metal content in DWTR can provide
insights into potential interactions and synergis-
tic effects during the adsorption process, aiding
in the design and optimization of efficient water
treatment systems. This knowledge contributes to
a comprehensive understanding of the adsorption
behavior of MDWTR and advances the field of
water treatment and adsorption processes.

CONCLUSIONS

Our research findings contribute to the opti-
mization of water treatment processes by address-
ing critical aspects such as PAC dosage, synergis-
tic effects of MDWTR and PAC, and phosphorus
adsorption capacity of MDWTR with different
particle sizes. The robust correlation observed
between PAC dosage and chlorophyll-a removal
efficiency underscores the importance of optimiz-
ing PAC dosage for the effective removal of con-
taminants. The reliable performance of MDWTR,
both individually and in combination with PAC,
in removing Microcystis aeruginosa highlights its
potential as a promising approach for water treat-
ment. Additionally, the substantial phosphorus
adsorption capacities of MDWTR samples pro-
vide valuable options for phosphorus removal in
areas where phosphorus pollution is a concern.
These findings contribute to the advancement of
knowledge in the field of water treatment and of-
fer practical implications for optimizing treatment
strategies and expanding the repertoire of effec-
tive adsorbents, ultimately leading to improved
water quality and environmental sustainability.
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