INTERNATIONAL JOURNAL OF MULTIDISCIPLINARY: APPLIED

BUSINESS AND EDUCATION RESEARCH
2025, Vol. 6, No. 6,3070 - 3092
http://dx.doi.org/10.11594 /ijmaber.06.06.32

Box-Behnken Design-Based Optimization of Treatment Parameters for
Soluble Reactive Phosphorus Removal of Synthetic Wastewater using
Immobilized Spirulina platensis Beads

Sean Andre D. Calajate, Francis Edric M. Robles, Maria Francesca I. Rojas, Tristan Josef A.
Tolentino, Angela Nicole S. Masongsong, John Ray C. Estrellado*

Department of Science, Technology, Engineering, and Mathematics, The Academy, De La Salle Uni-
versity, 2401 Taft Ave., Malate, Manila, 1004, Philippines

Article history: ABSTRACT

Submission 03 May 2025

Revised 31 May 2025 Soluble reactive phosphorus (SRP), a bioavailable phosphorus form,

Accepted 23 June 2025 contributes to over-eutrophication by stimulating uncontrolled algal
growth. This study aims to determine the optimum treatment parame-

*Corresponding author: ters for the SRP removal from synthetic wastewater using the alginate-

E-mail: john.ray.estrel- immobilized cyanobacteria Spirulina platensis. S. platensis was immo-

lado@dlsu.edu.ph bilized in alginate beads with varying alginate concentrations (2.5%,

3%, and 3.5% w/v), and subjected to varying operation time (1, 2, and
3 days), and bead dosage (1.5, 2, and 2.5 beads/mL) for SRP removal
using Box-Behnken experimental design. Resulting model indicated a
strong predictive relationship with R2 = 0.9253 and p = 0.0212. Main
effects of bead dosage (p = 0.01372), its quadratic effect (p = 0.01643),
and its interaction with alginate concentration (p = 0.00465) were
found to be statistically significant. Predicted optimum parameters
(2.5% w/v alginate, 3 days, and 1.5 beads/mL) were validated and re-
sulted in alower SRP removal 0f 92.80 + 0.73% with a percent error of
5.22% relative to a predicted SRP removal of 97.91%. Extrapolation of
the prediction model to 100% outside the experimental region was
verified resulting in SRP removal 0of 97.39 *+ 0.08% with a percent error
of 2.61% was achieved by adjusting the operation time to 3.4 days. The
study shows promising potential of immobilized S. platensis beads in
addressing over-eutrophication through significant phosphorus reduc-
tion.

Keywords: Alginate, Immobilization, Soluble reactive phosphorus,
Spirulina platensis, Wastewater treatment

How to cite:

Calajate, S. A. D., Robles, F. E. M,, Rojas, M. F. I, Tolentino, T. . A, Masongsong, A. N. S,, & Estrellado, J. R. C. (2025). Box-
Behnken Design-Based Optimization of Treatment Parameters for Soluble Reactive Phosphorus Removal of Synthetic
Wastewater using Immobilized Spirulina platensis Beads. International Journal of Multidisciplinary: Applied Business and
Education Research. 6(6), 3070 - 3092. doi: 10.11594 /ijmaber.06.06.32


mailto:john.ray.estrellado@dlsu.edu.ph
mailto:john.ray.estrellado@dlsu.edu.ph

Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

Subculturing of Spirulina platensis

A

(ALY

Growing and Subculiuring of 5.
plztensis in Zarrouk medium

Monitaring of Exponential
Algal Grawth

Optimization and Validation of SRP Removal

> 4 ¢

Response Surface Oplimization

Ascorbic Acid
Method

92.80 £ 0.73%

> SRP removal
/.
¥ i Fy
S A e
L
~ Qptimum "
S E—— s By | o i 97-39 £ 0.08%
Strong predictive relationship L gk SRP remaoval
{R*=10.93; p-value = 0.0212)
Exlrapolated
(ZE% wiv algnate. 2.4
ciays, and 1 = Fandaimi )
Introduction

Polluted water bodies containing excessive
amounts of nutrients, such as nitrates and
phosphates, can disrupt aquatic ecosystems by
fueling an overabundance of algal blooms,
which leads to hypoxia and “dead zones” for
aquatic organisms (Malone & Newton, 2020).
Soluble reactive phosphorus (SRP), such as or-
thophosphates, comprise a fraction of phos-
phorus directly taken in by algae, establishing
it as a relevant indicator of potential algal
growth as well as eutrophication. Though ni-
trates contribute significantly to eutrophica-
tion, SRP is often more prioritized due to its
role as a limiting nutrient in freshwater sys-
tems, with its concentration directly propor-
tional to algal growth (Paerl, 2009). In addition,
nitrates can be converted to nitrogen gas to be
released into the atmosphere through a pro-
cess called denitrification (Huno, 2018),
whereas some orthophosphates such as SRP do
not have such natural mitigation mechanisms
(Velusamy et al,, 2021), emphasizing the need
for efficient mitigation mechanisms.

In the Philippine context, the legally ac-
cepted amount of phosphorus in coastal waters
classified as Class SB for “Phosphate as Phos-
phorus” is 2 mg/L (Department of Environ-
ment and Natural Resources, 2021, Sec. 5.3).
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However, elevated SRP levels above 0.1 mg/L P
already indicate severe eutrophication (Calvo-
Lopcaez et al,, 2021). Thus, there is a critical
need to control and reduce SRP in wastewater
to prevent further water quality degradation
and mitigate the risks of eutrophication in
aquatic ecosystems (Karydis, 2009).

Existing SRP removal methods, such as sed-
iment dredging and chemical precipitation, of-
ten result in ecological disturbances due to the
release of trapped nutrients. Although sedi-
ment dredging is effective in nutrient removal,
it is consequentially problematic due to the
large volume of disposable sludge it deposits
into marine-vulnerable areas (Oldenborg &
Steinman, 2018) and due to its high usage of
chemicals (Domini & Bertanza, 2022), which is
also similar to the case for chemical precipita-
tion in which chemical precipitating agents
used in converting dissolved substances into
solid particles leave residues that affect water
quality (Mazur et al,, 2018).

Alternative methods, such as biological nu-
trient removal (BNR) have incorporated micro-
algae in biofilters due to their capability in bio-
accumulation and bioremediation, processes in
which nutrients are absorbed and converted
into biomass and are supplemented by their
photosynthetic capabilities (Branddo et al,
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2023), and due to their renewable characteris-
tics through subculturing (Chai et al, 2021).
Among various saltwater microalgae species,
Spirulina platensis exhibits a high affinity for
phosphorus through bioremediation, the pro-
cess in which living organisms remove pollu-
tants from their surrounding environment (Os-
man et al,, 2011), adaptability for varying envi-
ronmental conditions, a fast growth rate, bio-
mass activity, and robustness towards various
contaminants, ensuring efficiency in nutrient
removal despite polluted environments
(Ghaeni & Roomiani, 2016)—making it suitable
for SRP removal. Although the commonly used
biofilters fall short in its usage of free microal-
gae, aerated, and trickling methods resulting in
microalgae instability due to its susceptibility
to environmental fluctuations and sensitivity to
clogs and clumps (Molinuevo-Salces et al,
2019), sustainability due to its difficulty in re-
covery and operational costs (Gichana et al,
2020), and lastly, targeted precision attributed
to uncontrolled algal growth (Shpigel & Amir,
2007). To mitigate the issue, immobilization is
typically used to ensure the microorganism re-
mains in the biofilter (de-Bashan & Bashan,
2010), control growth rate, and improve re-
moval efficiency due to the stability provided
upon immobilization, reducing its fluctuation
vulnerabilities due to environmental changes
(Lietal,, 2024).

The immobilization of S. platensis offers
several advantages in the abatement of SRP in
wastewater, such as cost effectivity in the effi-
cient usage of organic carbon from
wastewaters supplementing microalgal photo-
synthesis; enhanced stability that leads to con-
sistent and sustained SRP uptake as opposed to
free microalgae (Erogly, et al, 2015); and a re-
duced need for heavy chemical treatments and
energy-intensive processes that further con-
tribute to carbon footprints (Xu et al.,, 2024). In
this study, the immobilization matrix to be used
determines the efficiency of nutrient removal
due to the mechanical factors associated, such
as porosity, stability, and nutrient uptake. Thus,
for this research, sodium alginate is utilized for
its non-toxicity and biological compatibility
with S. platensis (Purev et al.,, 2023).

As previous studies mainly focused on nu-
trient removal done by different species of

algae, whether it be immobilized or free-sus-
pension, there appears to be a lack of studies
maximizing the removal efficiency and poten-
tial of immobilized S. platensis in terms of pa-
rameters such as alginate concentration, bead
dosage, and operation time. Consequently, the
researchers aim to optimize the treatment pa-
rameters for SRP. To achieve the general
research objective, the following specific objec-
tives have been prepared:

e Subculture S. platensis in Zarrouk’s me-
dium and plot the growth curve;

e Immobilize S. platensis in alginate beads
using ionotropic gelation with varying al-
ginate concentrations;

e Determine the effects of alginate bead con-
centration (2.5, 3.0, 3.5 %w/v), operation
time (1, 2, 3 days), bead dosage (1.5, 2.0,
2.5 beads/mL), and their interactions in
SRP removal using response surface meth-
odology; and

e Validate the predicted optimum and ex-
trapolated treatment parameters for SRP
removal with actual experiments.

Scope and Delimitations

Within the study, S. platensis was the
only species utilized for treating wastewater. S.
platensis was grown within Zarrouk’s medium,
which was adapted from Rajasekaran et al.
(2015), in a closed system. Within these sys-
tems, other growth parameters such as temper-
ature, pH level, and humidity were not adjusted
for analysis. Further, only subcultures within
the exponential phase of growth were subject
for immobilization, due to the higher metabolic
activity and nutrient uptake exhibited by the
microalgae during this phase, adapted from
Khatoon et al. (2021). In immobilization, three
parameters for alginate beads—alginate con-
centration, operation time, and bead dosage—
and their interactions are the sole factors to be
modified, tested, and evaluated for SRP re-
moval. The effects of bead size, temperature,
pH level, humidity, and other unmentioned mi-
croalgal growth and environmental factors on
SRP removal served as extraneous variables
and were not measured and evaluated. SRP
concentration is measured using the ascorbic
acid method from Khatoon et al. (2021). Mean-
while, the preparation and composition of the
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dedicated synthetic wastewater for treatment
is based on Halim and Wan Haron (2021). In
the context of this research, the Box-Behnken
design was utilized in identifying the optimized
parameters, as used in the study of Hossain et
al. (2018) that optimized Chlorella vulgaris
growth using three factors, allowing more
specificity in optimization factors to use in
maximizing SRP removal by accounting for
multiple variables relevant to the experiment.

Significance of the Study

In identifying the optimal conditions in the
process of SRP removal, future processes re-
lated to water treatment of nutrient removal
can be made more efficient and cost-effective,
reducing the need for excessive amounts of re-
sources and taking into consideration the re-
sources to be used. Establishing optimized pa-
rameters can augment the sustainability and
efficiency of alginate-immobilized S. platensis.
With the known optimal conditions, it is possi-
ble for future initiatives to design the process
that allows more effective SRP removal of im-
mobilized S. platensis in wastewater treatment.

Moreover, numerous groups may also put
the findings to good use, including, but not lim-
ited to, biofiltration system manufacturers,
other communities prone to wastewater con-
tamination, environmentalists, governmental
and non-governmental organizations on envi-
ronmental conservation, waterworks manage-
ment, and climate change mitigation.

Methods
Research Design

Under Box and Wilson’s response surface
methodology (RSM), the researchers utilized
the JMP software to create a Box-Behnken de-
sign of experiment with 15 experimental runs
and three center points. This design was gener-
ated to optimize alginate concentration, opera-
tion time, and bead dosage towards optimum
percentage SRP removal.

This design was notably used by multiple
water treatment studies, optimizing their re-
spective parameters for the most advantageous
treatment output. For instance, Chaieb et al.
(2023) utilized the Box-Behnken design as they
optimized the use of natural bio-sorbent and S.
algae B29 in CI Reactive Red 66 removal from
artificial seawater using seven, three-leveled
factors: dyes concentration, salinity, peptone,
pH, algae C, cuttlebone and agitation. Another
study, by You et al. (2025), sought to optimize
the treatment of mariculture wastewater with
Phaeodactylum tricornutum using three pa-
rameters, light intensity, illumination time, and
temperature. From their Box-Behnken design,
they concluded that only illumination time had
a significant impact on COD and NH4+-N re-
moval, whereas light intensity and tempera-
ture significantly affected microalgal cultiva-
tion. From their R2 value of 0.98, experimental
data and predicted values showed a high corre-
lation, with experimental data resulting in 70%
COD removal, 96% NH4+-N removal, and 90%
TP removal under optimum conditions. Lastly,
Hossain et al. (2021) used the Box-Behnken de-
sign to optimize three treatment variables,
temperature, light-dark cycle, and nitrogen-to-
phosphate ratio, for the removal of nitrogen
and phosphorus from tertiary municipal
wastewater using Chlorella kessleri, yielding
optimized removal of 99.7% and 93.48% for ni-
trogen and phosphorus respectively.

In line with the cited literature, the re-
searchers employed the Box-Behnken design to
statistically assess the interactions between al-
ginate concentration, operation time, and bead
dosage, and how they impact percentage SRP
removal through the generation of response
surface plots. In the study, the researchers op-
timized the aforementioned parameters for
their best percentage SRP removal using algi-
nate-immobilized Spirulina platensis. The three
parameters and their low, middle, and high val-
ues are seen in Table 1.

Table 1. Box-Behnken optimization parameters with low, middle, and high values

Parameter Low (-1) Middle (0) High (+1)
Alginate Concentration (% w/v) 2.5 3 3.5
Operation Time (days) 1 2 3
Bead Dosage (beads/mL) 1.5 2 2.5
IJMABER 3073 Volume 6 | Number 6 | June | 2025
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The researchers used the design to test the
effect of three factors: alginate concentration
(2.5%, 3.0%, and 3.5% w/v), operation time (1,
2, and 3 days), and bead dosage (1.5, 2.0, and
2.5 beads/mlL), on the response variable, per-
centage SRP removal (%). The alginate
concentration values were modified from
Banerjee et al. (2019), who tested for the
optimal alginate concentration for municipal
secondary effluent wastewater nutrient re-
moval using 1.5, 2, 3, 4, and 4.5% concentra-
tions of alginate-immobilized Chlorella vul-
garis. Alginate concentration was optimized
due to its effect on nutrient adsorption rate.
Meanwhile, the low, middle, and high values for
operation time and bead dosage were based on
Khatoon et al. (2021), who highlighted the ef-
fects of bead concentration and retention time
on nutrient removal. Their results graphically
depict differences in percentage SRP removal
across durations of 1, 2, and 3 days, and Tetra-
selmis sp. bead dosages of 0.5, 1.0, 1.5, 2.0, and
2.5 beads/mlL.

Alginate concentration was a considered
factor due to its potential effects on nutrient
uptake (Banerjee et al., 2019), whereas opera-
tion time, which focused on the duration of
treatment, and bead dosage, involving the num-
ber of beads used for treatment, was consid-
ered for its potential impact on percentage SRP
removal efficiency (Khatoon et al. 2021; Cruz et
al, 2013).

In this study, the researchers immobilized
S. platensis in varying alginate concentrations
to treat synthetic wastewater at different bead
dosages and durations. This set-up differs from
the aforementioned literatures that utilized al-
ginate-immobilized Chlorella vulgaris for
municipal secondary effluent wastewater nu-
trient removal (Banerjee et al., 2019), Tetra-
selmis sp. for artificial and aquaculture
wastewater treatment (Khatoon et al, 2021),
and jointly immobilized Chlorella vulgaris and
Azospirillum brasilense for secondary munici-
pal wastewater treatment (Cruz et al., 2013).

Experimental Phases

The methodology of the study is divided
into five phases, beginning with the growth and
subculturing of S. platensis, which involves
monitoring the S. platensis subcultures for

eventual immobilization once the ideal cell con-
centration is reached. Following this, the im-
mobilization of S. platensis in alginate beads
proceeds the growth phase, wherein S. platen-
sis samples are subjected to immobilization
within alginate beads at varying alginate con-
centrations. Next, synthetic wastewater setups
were treated with alginate beads at varying op-
eration times and bead dosages. Afterward, this
phase was followed by the determination of the
percentage SRP removal of each run. Finally,
concluding the phases is the optimization of the
parameters using response surface methodol-
ogy in order to determine the optimum param-
eters for maximized percentage SRP removal. A
flowchart of the methodology phases of the re-
search is seen in Figure 1.

S. platensis

I

Growth and Subculturing of I

Preparation of
Alginate-Immobilized
S. platensis Beads

T

Treatment of Synthetic I

Wastewater using
Alginate-Immobilized
S. platensis Beads

T

Determination of Soluble
Reactive Phosphorus Removal

T

Model Fitting and
Effect Estimates

¥

Validation of Optimum and
Extrapolated Parameters

Figure 1. Experimental phases for treatment pa-
rameter optimization for SRP removal
using immobilized S. platensis

Growth and Subculturing of S. platensis

The researchers subcultured the S. platensis
culture in Zarrouk's medium (Z Cy67), ob-
tained from the University of the Philippines
Los Banos Microbial and Algal Culture Collec-
tion (Los Bafios, Laguna, Philippines), into four
empty 10 L distilled water bottles using Zar-
rouk’s medium, consisting of the following
chemicals based on the study of Rajasekaran et
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al. (2015): sodium bicarbonate (Dalkem Corpo-
ration, Philippines), sodium nitrate (Merck
KGaA, Germany), sodium chloride (RCI Labscan
Ltd., Thailand), potassium dihydrogen phos-
phate (Univar Solutions, USA), sodium sulfate
(Ajax Finechem, Australia), magnesium sulfate
heptahydrate (Suvchem Laboratory Chemicals,
India), calcium chloride dihydrate (Duksan
Pure Chemicals, South Korea), ferrous sulfate
heptahydrate (Loba Chemie Pvt. Ltd., India),
ethylenediaminetetraacetic (EDTA) acid salt

dihydrate (Qualikems Lifesciences Pvt., Ltd., In-
dia), and B6 trace elements solution. The re-
searchers measured the said chemicals with a
Shimadzu UniBloc analytical balance (Shi-
madzu Corporation, Japan) and magnetically
stirred on a Torrey Pines Scientific stirring hot-
plate (Torrey Pines Scientific, Inc., USA). The
composition of the Zarrouk’s medium used by
the researchers was adopted from Rajasekaran
et al. (2016) and is seen in Table 2.

Table 2. Chemical composition of Zarrouk’s medium

Chemical Name Chemical Formula Concentration
Sodium bicarbonate NaHCO3 16.80 g/L
Sodium nitrate NaNO3 2.50 g/L
Sodium chloride NacCl 1.00 g/L
Potassium dihydrogen phosphate KH2PO4 0.41 g/L
Potassium sulfate K2S04 1.00 g/L
Magnesium sulfate heptahydrate MgS04:7H,0 0.20 g/L
Calcium chloride dihydrate CaClz*2H;0 0.04 g/L
Ferrous sulfate heptahydrate FeS04:7H,0 0.01 g/L
Ethylenediaminetetraacetic acid disodium salt C10H14N2Naz0g 0.08 g/L

B, trace element solution 1.0 mL

The researchers subjected the four
subcultures to frequent dilution with Zarrouk’s
medium in order to provide the microalgae
with ample nutrients for continuous growth.

The experimental setup of the S. platensis
subculture vessels with the aeration pump and
lighting is illustrated at Figure 2.

Figure 2. Experimental setup of the S. platensis subculture vessels

The experimental setup consisting of the
four S. platensis subculture vessels was contin-
uously aerated through an air pump airstone, a

fine bubble aeration system, to ensure evenly
distributed oxygen to enhance cell growth (Lin
& Tanaka, 2006). Yang et al. (2018) stressed the
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importance of a subculture bubble aeration
system for proper nutrient mixing and even
carbon dioxide distribution. Additionally, it
prevents drastic pH changes, oxygen overaccu-
mulation, and cell damage. A white LED light
was used to provide the subcultures with am-
ple light for photosynthetic activity.
Meanwhile, the ventilation of the subcultures
consisted of silicone tubings and an air pump
with a flow rate of 25 liters per minute.

-

(a)

Samples of each subculture were dropped
into a Marienfield Superior Neubauer counting
chamber (Marienfield Superior, Germany) and
then observed under an Olympus B201 micro-
scope (Olympus Corporation, Japan) to deter-
mine its cell concentration via cell counting.
The hemocytometer used for cell counting, as
well as drawings of the hemocytometer and its
dimensions, are seen in Figure 3.

(b)

Figure 3. (a) Actual hemocytometer and (b) orthographic and isometric drawings of the hemocytom-

eter

The researchers used Equation 1, derived
from the hemocytometer dimensions, to deter-
mine the number of cells present in a S. platen-
sis subculture per milliliter of subculture,
where cell count is the average number of cells
counted in each grid of the hemocytometer
counting chamber, similar to the method used
by Halim and Wan Haron (2021) to measure
the cell concentration of Chlorella vulgaris.

n
Csp (cells/mL) = 5P - (Eq. 1)

9 X 107*m
Wherein:

C_SP is the cell concentration
n_SP is the number of cells

The cell count in the equation is obtained by
counting the number of S. platensis cells per 1

mm by 1 mm grid and finding the average num-
ber of cells of the nine grids. Meanwhile, the
denominator of the equation is the volume of
the chamber with an area of 9 mm2 and a depth
of 0.1 mm.

Preparation of Alginate-Immobilized S.
platensis Beads

The alginate immobilization techniques
used in this study were adopted from Halim &
Wan Haron (2021). The researchers subjected
ten milliliters of S. platensis samples in the ex-
ponential phase to 15-minute centrifugation at
4000 rpm with a Vision Scientific LTD VS-4000i
centrifuge (Vision Scientific Co., USA), after
which the microalgae were removed from the
residual medium. The concentrated S. platensis
cells are seen in Figure 4.
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Figure 4. Concentrated S. platensis cells after centrifugation

After, the researchers prepared 20 millili-
ters of alginate solutions at 2.5, 3.0, and 3.5 %
w/v, and were then mixed with the centrifuged
S. platensis. Then, the solution was aspirated
into a Indoplas 10 cc syringe (Indoplas Philip-
pines Inc. Philippines) for extrusion into a
consistently stirring 250 mL 2 M calcium chlo-
ride ionic crosslinking solution for bead crea-
tion (Patnaik et al, 2001). The beads were left

submerged and stirred in the calcium chloride
solution for an additional 30 minutes before
they were filtered in a wire mesh and rinsed
with distilled water. Lastly, the researchers
stored the beads in a refrigerator at 4°C for syn-
thetic wastewater treatment. An image of the
alginate-immobilized S. platensis beads in the
calcium chloride solution is seen in Figure 5.

Figure 5. Preparation of immobilized S. platensis beads
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Treatment of Synthetic Wastewater using Al-
ginate-Immobilized S. platensis

The chemicals used for the synthetic
wastewater preparation, as cited in Halim &
Wan Haron (2021), include glucose (HiMedia

Laboratories Pvt,, Ltd., India), ammonium chlo-
ride (Unichem Specialty Chemicals, LLC., USA),
and potassium dihydrogen phosphate (Univar
Solutions, USA).

Table 3. Chemical composition of synthetic wastewater (Halim & Wan Haron, 2021)

Chemical Name Chemical Formula Amount (mg/L)
Glucose CeH1206 256.41
Ammonium chloride NH.4CI 35.33
Potassium dihydrogen phosphate KH,PO, 43.80

The researchers prepared one hundred
milliliters of synthetic wastewater for each ex-
perimental run in the Box-Behnken design. The
prepared beads with adjusted alginate concen-
tration, operation time, and bead dosage de-
pending on the run were incorporated in

synthetic wastewater for SRP removal. The ex-
periment setup involves 100 mL of wastewater
within a glass container for each run,
continuously being aerated with an air pump.
An image of the synthetic wastewater treat-
ment setup is seen in Figure 6.

Figure 6. Synthetic wastewater setups with immobilized S. platensis beads

Determination of Soluble Reactive Phospho-
rus Removal

The determination of the percentage SRP
removal of the alginate-immobilized S. platen-
sis was done through the ascorbic acid method
for phosphate determination as described in
Khatoon et al. (2021). The process begins with
the centrifugation of 10 mL synthetic
wastewater samples for 15 minutes at 4000
rpm to separate the insoluble precipitates from
the wastewater.

The following chemicals were used for the
preparation of the reagents for the ascorbic
acid method, as cited in Khatoon et al. (2021):
analytical reagent grade ammonium para-
molybdate, sulfuric acid (J.T. Baker, New Jersey,
United States), ascorbic acid (Dalkem Corpora-
tion, Philippines), and potassium antimonyl
tartrate. The composition of the reagent used

for the ascorbic acid method is summarized in
Table 4.
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Table 4. Solution compositions for the ascorbic acid method

Chemical Name Chemical Formula Concentration
Ammonium paramolybdate (NH4)6Mo07024 15 g/500 mL
Sulfuric acid H>S04 140 mL/900 mL
Ascorbic acid CeHgOs 27 g/500 mL
Potassium antimonyl-tartrate CgH10K2015Sb; 0.34 g/250 mL

The researchers mixed the reagents for the
ascorbic acid method to create the phosphate
indicator reagent. To make 500 mL of reagent
that is usable for fifty 100 mL wastewater sam-
ples, the following solutions were stirred in a
dark area: 100 mL of ammonium molybdate so-
lution, 250 mL of sulfuric acid solution, 100 mL
of potassium antimonyl-tartrate (tartar
emetic) solution, and 50 mL of ascorbic acid so-
lution. The reagent is freshly prepared prior to
analysis.

Ten milliliters of reagent were dropped for
every 100 mL of synthetic wastewater sample,
and five minutes were allotted for the comple-
tion of the reaction. Once the reaction duration
elapsed, the absorbances of the reacted
wastewater samples were read using a UV-Vis
spectrophotometer at 885 nm. Wastewater
samples were tested in triplicates following the
Box Behnken design of experiment. The syn-
thetic wastewater samples after the reaction,
as well as their absorbance readings, are seen
in Figure 7.

Figure 7. Synthetic wastewater samples after the reaction

To calculate the percentage SRP removal of
the treated wastewater samples given absorb-
ance, the researchers constructed a calibration
curve (Parsons et al,, 1984, as cited in Khatoon
et al, 2021) by analyzing the average of tripli-
cate samples of ten phosphorus solutions (1, 2,
3,4,5,6,7,8,9,and 10 mg/L) obtained from an
8.788 mg/200 mL KH2P04 stock solution. Af-
ter subjecting the samples to the ascorbic acid
method, their absorbance values were read by
a spectrophotometer, and a graph was made
depicting absorbance as a function of phospho-
rus concentration (mg/L).

Once the percentage SRP removal of each
experimental run was obtained, the
researchers used JMP Software to create the re-
sponse surface plots depicting the most suita-
ble values of alginate concentration, operation
time, and bead dosage for optimal percentage
SRP removal.

Model Fitting and Effects of Treatment Pa-
rameters on Soluble Reactive Phosphorus
Removal

From the treated wastewater samples from
the fifteen runs, the actual percentage of SRP
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removal is plotted against the predicted per-
centage of SRP removal with the JMP software.
The coefficients of the prediction expression
are to be fitted and estimated using the
quadratic model shown in Equation 2. The

y = bo + blxl + bzxz + b3x3 + b11x12 + bzz.xZ2

The coefficients of the equation were repre-
sented by b0 for the constant term; b1, b2, and
b3, referring to the linear effects of alginate
concentration, operation time, and bead dos-
age, respectively; b11, b22, and b33 for their
quadratic effects; and b12, b13, and b23 for the
interaction effects between alginate concentra-
tion and operation time, alginate concentration
and bead dosage, and operation time and bead
dosage, respectively. Furthermore, the R2
value, adjusted R2 value, root mean square er-
ror (RMSE), and p-value (p < 0.05) are to be de-
termined. These dictate the statistical signifi-
cance, precision of the prediction model, and
the predictive relationship from the parameter
effects.

Validation of Optimum and Extrapolated Pa-
rameters

After the generation of the response surface
plots using the Box-Behnken design, the re-
searchers obtained the optimum factor param-
eters with the maximum percentage SRP re-
moval. Additionally, the predicted extrapolated
parameters, parameters that are outside of the
low, middle, and high values, but are predicted
to yield a 100% percentage SRP removal, were
also obtained within the JMP software. Valida-
tion of these parameters and their predicted
percentage SRP removal was conducted
through two sets of synthetic wastewater treat-
ment runs at triplicates: one set using the opti-
mum parameters and another set for the ex-
trapolated parameters. The average of the re-
sulting percentage of SRP removal from the
three trials of both runs is to be obtained, and
the percent error of the actual percentage of
SRP removal relative to the predicted

+ b33x§ + bi3x1%3 + byox1Xy + by3x3x,

coded variables for the three parameters in the
equation are the following: Y = SRP Removal
(%), X1 = Alginate Concentration, X2
= Operation Time (days), and X3 = Bead Dos-
age.

(Eq. 2)

percentage of SRP removal will also be re-
ported to verify the accuracy of the prediction.

Ethics Statement

Throughout the research, the researchers
observed proper ethical standards and consid-
erations to the fullest extent. Certifications
were acquired for the authorized use of facili-
ties, equipment, laboratories, and chemicals.
The researchers regularly wore personal pro-
tective equipment and conducted laboratory
activities under the supervision of profession-
als and pursuant to standardized laboratory
regulations. Agendas were carried out with re-
spect to sustainability and environmental
stewardship; activities were done with the ut-
most consideration for proper waste mitiga-
tion, management, and disposal. Data acquired
throughout the study were collected authenti-
cally, and no modifications were made to the
results obtained. These protocols were consist-
ently followed for the conduction of ethical re-
search endeavors.

Results and Discussion
Growth and Subculturing of Spirulina platen-
sis

The researchers set up the four 10-L dis-
tilled water bottles containing the cultures of S.
platensis as shown in Figure 8. All subcultures
show periods of growth and decline in rising
and falling concentrations, reflective of envi-
ronmental factors such as light intensity, access
to nutrients, or temperature.

The cell concentration in cells/mL of the
four S. platensis subcultures measured on 13
separate days from Day 1 to Day 67 is depicted
in Figure 9.
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Figure 8. S. platensis vessel setups with subculture samples
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Figure 9. Cell concentration growth of S. platensis subcultures for 67 days

The four subcultures were prepared 20 days
before the labeled Day 0, with the cell concentra-
tions at 2.33 x 104 cells/mL, 4.67 x 104 cells/mL,
6.11 x 104 cells/mL, and 1.56 x 104 cells/mL, re-
spectively, from subcultures 1 to 4.

The cell concentrations of the four subcultures
lie between 3.33 x 104 cells/mL and 1.29 x 105
cells/mL range in the latter stage of subculturing
from Days 30 to 40, similar to El-Sheekh et al.
(2020) with their Zarrouk’s medium-grown S.
platensis cell concentration sitting between the 5.0
x 104 cells/mL and 1.5 x 105 cells/mL range from
Days 28 to 42.

The period in which the graph showed a gen-
eral decline in growth could be attributed to the
depletion of nutrients, given the extended period
before the subcultures were replenished with

Zarrouk’s medium, as highlighted by Vonshak
(1997), emphasizing nutrient imbalance attributed
to the utilized media. Other reasons attributed to
the troughs in growth can be attributed to human
error in counting the number of S. platensis cells
and power outages due to natural calamities, af-
fecting the subcultures’ aerator and light source.
Moreover, increases in cell concentration imply
higher biomass accumulation, possibly hindering
the subcultures’ exposure to light and subsequent
photosynthetic activity due to self-shading. As
such, higher cell concentrations may decrease in
the following days due to reduced photosynthetic
activity (Maali et al., 2024). Meanwhile, the non-
linear, curvy trend of the subculture graphs is com-
parable to Taqiyyah et al. (2022) and the cell den-
sity of their S. platensis subcultured in aquaculture

IJMABER

3081

Volume 6 | Number 6 | June | 2025



Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

wastewater with Zarrouk’s medium for eight days.
In their graph, all subcultures with varying me-
dium concentrations were found to overlap and
fluctuate while following a gradual increase in cell
density, similar to the fluctuating yet gradually in-

40X%

SP-1

SP-2

SP-3

SP-4
. e

100x

creasing cell concentration of the S. platensis sub-
cultures of the study. The images of the S. platen-
sis subcultures were viewed under a microscope at
40x, 100x, 200x, and 400x magnifications, as
shown in Figure 10.

200x

<

400x

g

Figure 10. Microscopic images of four S. platensis subcultures

Preparation of Alginate-Immobilized S. platensis
Beads

The average bead sizes and shapes of the algi-
nate-immobilized S. platensis beads are summa-
rized in Table 5. As the concentration increases,
the shape of the beads upon immobilization varies
from spherical to teardrop shaped. Shape varia-
tions, such as spherical to tear-drop shaped are de-
termined from the viscosity of the alginate concen-
trations, which increases as more alginate is used
in the solution. The macroscopic images of the al-
ginate-immobilized S. platensis beads with differ-
ent concentrations are shown in Figure 11.

The average bead sizes and observed shapes of
the alginate-immobilized S. platensis beads are
summarized in Table 5.

According to Klokk and Melvik (2002), algi-
nate concentration and viscosity are directly pro-
portional to bead diameter. However, in contrast,

an inversely proportional relationship between
bead diameter and alginate concentration was
stated by Lee et al. (2013), due to less surface ten-
sion with higher viscosities and concentrations.
The researchers observed similar findings,
wherein bead size decreased with the increase in
alginate concentration, as shown in the results. In
contrast, although the study of Lee et al. (2013)
accurately explains the results in terms of size, the
results had a contradicting trend for bead shape,
wherein bead deformations occurred at lower con-
centrations. The bead deformations and inconsist-
encies in bead shape are possibly due to the
differences in collecting distance, which is said to
affect bead shapes (Lee et al. 2013) when dripping
the alginate solution into the calcium chloride so-
lution, as this was not strictly controlled by the re-
searchers.
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(a)

(b)

(©

Figure 11. Beads with (a) 2.5%, (b) 3.0%, and (c) 3.5% alginate concentrations

Table 5. Average sizes and shapes of the immobilized S. platensis beads at different alginate concen-

trations (%)
Alginate Concentration (%) Bead Size (mm) Bead Shape
2.5 3.49 +0.19 Mostly spherical
3.0 3.39+0.16 Spherical to teardrop-shaped
3.5 3.18 £ 0.33 Spherical to teardrop-shaped

Moreover, smaller beads are found to be
more efficient in nutrient removal, as seen in
Run 10, which had a percentage SRP removal of
95.63% using 3.5% alginate beads that bore the
smallest size. whilst larger beads allow for bet-
ter algal growth (Porkka, 2021); however,
upon experimentation, a significant difference
in the consistency of SRP removal as per algi-
nate concentration is observable.

Treatment of Synthetic Wastewater using Al-
ginate-Immobilized S. platensis

The calibration curve of phosphorus con-
centration was prepared in accordance with

251 s

2.0

Absorbance

the methods outlined by Parsons et al. (1984),
as cited in Khatoon et al. (2021). The research-
ers experienced errors and limitations in creat-
ing the calibration curve, such as slight mis-
measurements in the dilution of the phospho-
rus solutions, as well as excess reaction time to
the phosphate indicator reagent due to the
lengthy process of UV-Vis spectrophotometry.
These conditions may have contributed to the
deviations of the absorbance values from the
trendline. In Figure 12, the plotted calibration
curve for phosphorus concentration is shown.

| = Absorbance
Trendline

0 2 4

T T

8 10

Phosphorus Concentration (mg/L)

Figure 12. Calibration Curve for phosphorus concentration
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From the scatter plot, the equation of the
trendline of the graph of absorbance (y) as a
function of phosphorus concentration in mg/L
(x) is denoted by Equation 3. Given the absorb-
ance, the equation was used to determine the
phosphorus concentration (mg/L) of the
wastewater samples from the experimental
runs.

Aggs = 0.124 X Cspp(mg/L) + 1.04

Wherein:
A_885 is absorbance at 885 nm
C_SRP is SRP concentration

The researchers obtained percentage SRP
removal (%) by acquiring the average phos-
phorus concentration (mg/L) of three un-
treated synthetic wastewater samples. This

(Eq. 3)

yielded an average phosphorus concentration
of 10.2661 mg/L, which was used for the for-
mula for percentage SRP removal (%) seen in
Equation 4.

10.2661 — Csp (mg)/L
%SRP = 1022’;P1( 9/L o 10

0 (Eq. 4)

Wherein:
%SRP is percentage SRP removal

After the calibration curve was made and
the necessary equations calculated, the re-
searchers conducted the fifteen experimental
runs from the Box-Behnken Design. The corre-
sponding percentage (%) SRP removal of the
fifteen runs with their set parameters from the
Box-Behnken design is seen in Table 6.

Table 6. SRP removal of immobilized S. platensis beads at varying treatment parameters

Run Alginate Concentra- Operation Time, Bead Dosage, SRP Removal, %
tion, %w/v (X1) days (X2) beads/mL (X3) (Y)
1 2.5 2 2.5 82.71
2 3 3 2.5 95.45
3 2.5 3 2 88.06
4 3 2 2 82.16
5 3 2 2 84.52
6 3 2 2 77.58
7 3 1 1.5 78.79
8 3.5 3 2 73.97
9 3 1 2.5 89.77
10 3.5 2 2.5 95.63
11 2.5 1 2 79.85
12 2.5 2 1.5 91.34
13 3 3 1.5 86.54
14 3.5 2 1.5 72.69
15 3.5 1 2 77.33

Based on the experimental data from the 15
runs, the range of SRP removal has a minimum
of 72.69% and a maximum of 95.63%. Run 10
with an alginate concentration of 3.5%, opera-
tion time of 2 days, and bead dosage of 2.5
beads/mL shows a maximum SRP removal of
95.63%. In contrast, a minimum SRP removal
of 72.69% was achieved with Run 14 with an
alginate concentration of 3.5%, operation time
of 2 days, and bead dosage of 1.5 beads/mL. No-
ticeably, the only difference between Run 10
and Run 14 is the bead dosage, indicating that

separately changing the bead dosage results in
the most significant effect in SRP removal com-
pared to individual changes in alginate concen-
tration or operation time. This is to be ex-
pounded on in the next subsection.

Some limitations were noted when using
synthetic wastewater compared to real
wastewater. While the researchers created
synthetic wastewater with a defined composi-
tion, real wastewater varies with climate, indi-
cating periodic changes in trace element, min-
eral, vitamin, precipitate and organic substance

[JMABER

3084

Volume 6 | Number 6 | June | 2025



Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

concentrations (Chen et al, 2022; Wang et al,
2023). As such, SRP removal may differ when
used in real wastewater applications. Moreo-
ver, the S. platensis beads may not be entirely
responsible for SRP removal because the pres-
ence of other microorganisms in real
wastewater results in competitive nutrient up-
take (Sajid et al.,, 2022).

Additionally, prior to application of the
phosphorus indicator reagent, the researchers
centrifuged the treated synthetic wastewater
samples to separate the insoluble phosphates.
These precipitates can be further be repur-
posed for other uses, such as fertilizer produc-
tion from struvite, a phosphate mineral with
high fertilizer value and low environmental
risk (Santos et al, 2024). However, further
characterization must be conducted on the
study's accumulated precipitates to determine
their type and eventual application.

Effect of Alginate Concentration, Operation
Time, and Bead Dosage on SRP Removal

95
90

85

Within this section of the paper, the signifi-
cance and interactions of the three parameters
were analyzed. Additionally, the precision of
the regression analysis and the equation for
percentage of SRP removal are stated. In Figure
13, the plot of the actual percentage of SRP re-
moval versus the predicted percentage of SRP
removal can be seen. The model fits a quadratic
model in relation to alginate concentration,
bead dosage, and operation time, with an R2
value of 0.9253 and an adjusted R2 value of
0.799883. The R2 value indicates that the pre-
diction of SRP removal from the model is pre-
cise, and its p-value of 0.0212 (p < 0.05) indi-
cates its statistical significance, signifying a
strong predictive relationship of SRP removal
with treatment parameters. The RMSE is also
indicated to be 3.251835, implying potential
variations in the percentage of SRP removal
from the prediction model.

The parameter estimates of the bead pa-
rameters and their linear, quadratic, and inter-
action effects is located in Table 7.

80

% SRP Removal Actual

75

70 75 80

85 90 95

% SRP Removal Predicted RMSE=3.2518
RSq=0.93 PValue=0.0212

Figure 13. Regression analysis plot of actual percentage of SRP removal vs. predicted percentage of

SRP removal

Table 7. Estimates of bead parameters and their parameter effects

Parameter Uncoded Estimate p-value
Intercept
by 258.16 <0.0001
Linear
by -13.24 0.05939
b 20.84 0.10361
b3 -180.17 0.01372
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Parameter Uncoded Estimate p-value
Quadratic
b1 -7.32 0.32887
b2, 0.22 0.90311
b33 24.01 0.01643
Interaction
b1z -5.79 0.13529
b1z 31.58 0.00465
b23 -1.03 0.76446

Among the three parameters, bead dosage
is the only statistically significant parameter
out of the three, which had the least p-value of
0.01372, while the alginate concentration (p =
0.05939) and operation time (p = 0.10361) are
both statistically insignificant. Despite this, the
p-value of alginate concentration indicated that
it is almost statistically significant. In addition,
alginate concentration significantly affects SRP
removal when interacting with bead dosage,
and the interactions of these two parameters
produce the lowest p-value of 0.00465 conse-
quently—and are thus statistically significant.
Based on the analysis, bead dosage, inde-

pendently, and the interaction between this pa-
rameter and alginate concentration produce
enough evidence to indicate that they affect the
percentage of SRP removal. Bead dosage also
has a significant quadratic effect, with a p-value
of 0.01643.

The interactions between alginate concen-
tration, operation time, and bead dosage are
further explored in the succeeding paragraphs
with the analysis of their response surface
plots. In Figure 14, the response surface plots
of the parameters from the Box-Behnken de-
sign can be seen. The interactions between two
parameters are observed in these plots.

(a) (b)

(©)

Figure 14. Response surface plots of (a) operation time vs. alginate concentration, (b) bead dosage
vs. alginate concentration, and (c) bead dosage vs. operation time

In the surface plot of operation time vs. al-
ginate concentration (Figure 14a), the percent-
age of SRP removal is maximum at 88% when
the alginate concentration is 2.5% and the op-
eration time is 3 days. However, regardless of
the operation time, the trend of the plot implies
that SRP removal below 80% remains with the
alginate concentration at 3.5%, demonstrating
that lower alginate concentrations are more
ideal for augmenting the percentage of SRP

removal. Moreover, the minimum percentage
of SRP removal of 76% is attained at an alginate
concentration of 3.5% and an operation time of
3 days.

The surface plot of bead dosage vs. alginate
concentration (Figure 14b) indicates that high
bead dosage (2.5 beads/mL) and high alginate
concentration (3.5%) reduces that amount of
SRP the most, with a percentage of SRP removal
of 95%. However, decreasing bead dosage with
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a constant alginate concentration of 3.5% has
more effect on SRP removal than reducing the
alginate concentration with a constant bead
dosage of 2.5 beads/mL, and high alginate
concentration (3.5%) with low bead dosage
(1.5 beads/mL) has the least percentage of SRP
removal of all parameter configurations, which
falls below 71% SRP removal, regardless of the
operation time. Further, low alginate concen-
tration and bead dosage still produces a fairly
high percentage of SRP removal of above
90%—and accompanying such interaction
with a high operation time is predicted to pro-
duce the most optimal percentage of SRP re-
moval within the Box-Behnken design, which
will be discussed more within the next subsec-
tion of the paper.

For the surface plot of operation time and
bead dosage (Figure 14c), the highest percent-
age of SRP removal of 94% is obtained when
both parameters are set to high (3 days and 2.5
beads/mL), while the lowest percentage of SRP
removal is at 1 day of operation time and ap-
proximately 1.8 beads/mL of dosage. Adjusting
operation time does not produce a notable ef-
fect in improving SRP removal compared to al-
tering the bead dosage.

Alginate concentration and operation time
merely influence bead formation as opposed to
nutrient removal efficiency (Halim & Haron,
2021). These two parameters are considered
statistically insignificant but still have trends
that affect the SRP removal. The increase in
bead dosage significantly improved the re-
moval of SRP due to its greater algal surface
area and adsorption capacity (Hameed, 2007),
which is demonstrated by its statistical signifi-
cance. As stated by the study of Khatoon et al.
(2021), wherein alginate-immobilized Tetra-
selmis sp. was used in treating artificial
wastewater, SRP concentration was reduced by
100.0% for 2.5 beads/mL (98.7% and 99.4% at
1.5 and 2.0 beads/mL, respectively) after two
days. After three days, SRP concentration was
reduced by 100.0% for 1.5, 2.0, and 2.5
beads/mL. The results from Khatoon et al.’s
(2021) study suggest that higher bead dosage
results in better nutrient removal, which is sim-
ilar to the results gathered from this experi-
ment wherein the maximum SRP removal of
94.97% at 2 days is obtained at a concentration

of 3.5% and 2.5 beads/mL. However, the effect
of adjusting alginate concentration was not fur-
ther explored within the cited study.

Similarly, in a study by Tam and Wong
(2000) that used sodium alginate beads with
multiple rounds, it was found that a concentra-
tion of 11.89ml-1 was optimal for phosphate
removal in wastewater. It effectively removed
94.3% of phosphate in the first 8 hours and lev-
eled offto 93.9% after 24 hours. The key differ-
ence is that the study used Chlorella vulgaris as
their species. Their study yields similar results
to this experiment as the phosphate removal
levels are only differentiated by 1.4% and that
higher bead dosage leads to higher phosphate
removal due to their highest run having the
highest bead concentration. The study did not
explore treatment times longer than 24 hours
and had no further explanations on the effects
of alginate concentrations in wastewater treat-
ment.

As stated by Mollamohammada (2020), ex-
posure over an extensive period of time can
lead to the degradation of the beads and nutri-
ent release. This was similarly deduced in the
study of Banerjee et al. (2019). Within the ex-
periments of said study, the alginate-immobi-
lized microalgae bead systems (AIMS) were
subject to an operation time of 15 days, which
resulted in bead leakages for lesser alginate
concentrations. The AIMS of Chlorella vulgaris
were indicated to have an optimal alginate con-
centration for uptake rate and productivity at
3% concentration, different from the study’s
results where 2.5% concentration resulted as
the most optimal. It was indicated that alginate
concentrations higher than 3% had an integrity
that lasted throughout the whole trial and had
less cell leakage in return. However, upon fur-
ther analysis, alginate concentration also di-
rectly impacts efficiency, as extremely high lev-
els of concentration tend to reduce nutrient dif-
fusion into the beads, thereby affecting its re-
moval efficiency.

The tradeoff from minimizing cell leakage
by increasing alginate concentration is less nu-
trient adsorption, which consequently de-
creases nutrient removal. Since there is a
higher risk of cell leakage with higher opera-
tion times, marrying lower alginate concentra-
tions with relatively lesser operation times
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(compared to the mentioned study) may be uti-
lized to achieve a higher and more optimal SRP
removal without running the risk of cell leak-
ages. Further, this validates the trend in which
high operation time enhances SRP removal
when alginate concentration is set to low. This
also supports the findings that high alginate
concentration and operation time produce the
minimal percentage of SRP removal, which may
be caused by less nutrient adsorption due to
more concentration.

Validation of Optimized Treatment Parame-
ters

Within the Box-Behnken design, a maxi-
mum predicted SRP removal of 97.91% is
achieved by the optimum run with parameters
setat 2.5% alginate concentration, 3 days of op-
eration time, and 1.5 beads/mL. An SRP re-
moval of 100% is predicted to be achieved by
an extrapolated run with the same parameters
except with an operation time of 3.4 days. To
verify the accuracy of these predictions, the re-
searchers set up two runs: one for the maxi-
mum SRP removal with optimum parameters
and one for extrapolated parameters. The re-
sults of these runs are to be found in Table 8.

Table 8. Actual and predicted SRP removal of optimum and extrapolated parameter runs

Alginate Concen- Operation Time Bead Dosage Predicted SRP Actual SRP Re- Percent Error
tration (%w/v) (in days) (beads/mL) Removal (%) moval (%) (%)
2.5 3 1.5 97.91 92.80+£0.73 5.22
2.5 3.4 1.5 100 97.39+0.08 2.61

Based on the results from the optimum pa-
rameter runs, an average of 92.80 + 0.73 per-
centage SRP removal from 2.5% alginate con-
centration, 3 days of operation time, and 1.5
beads/mL of bead dosage was achieved, while
an average of 97.39 + 0.08 percentage SRP re-
moval resulted from the extrapolated parame-
ter run with the same parameters except with
an adjusted operation time of 3.4 days. The op-
timum parameter runs did not reach their re-
spective predicted percentage of SRP removal.
However, it is worth noting that the extrapo-
lated run with an operation time beyond the ex-
perimental region of 3.4 days managed to
achieve the highest SRP removal of all com-
bined runs from the experiment and outper-
formed the run with a maximum SRP removal
0f 95.63% in the original 15 runs from the Box-
Behnken design. Further, due to the nature of
the Box-Behnken design and RSM, the extrapo-
lation of parameters beyond the experimental
design region may produce errors in the pre-
dictions, resulting in higher or lower values
than expected, as demonstrated from the re-
sults.

The disparities in values can be attributed
to environmental variables such as pH level],
nutrient concentration, and temperature, simi-
lar to a study by Bouabidi et al. (2018), wherein

the cells’ adsorption is influenced by varying
electrokinetic potential. In a study by Hossain
et al. (2022), three parameters: temperature,
light-dark cycle, and nitrate-to-phosphate ra-
tio, were tested for nitrogen and phosphorus
removal efficiency in treating municipal
wastewater. Utilizing different soft computing
approaches, RSM resulted in relatively high
percent errors compared to Artificial Neural
Network (ANN) and Support Vector Regression
(SVR) after confirming the prediction accura-
cies of such models for nitrogen and phospho-
rus removal with experimental data. Notably,
the phosphorus removal model from RSM re-
sulted in an R2 value of 0.8293, indicating that
a higher accuracy for prediction in the results
of this study was achieved, possibly due to the
differences in operational parameters. Alt-
hough RSM was considered to still be a reliable
prediction model, the researchers suggest that
further research on other prediction models
are explored as these may potentially result in
more accurate predictions about SRP removal,
especially with the better overall performance
of SVR within Hossain et al's (2022) study.

Conclusion
To summarize, the researchers grew sub-
cultures of Spirulina platensis with constant
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aeration and light exposure, resulting in ex-
pected fluctuations in cell concentrations due
to nutrient depletion and imbalance, human er-
rors, and biomass accumulation. These micro-
algae were subjected to immobilization with al-
ginate beads of adjusted alginate concentra-
tion, operation time, and bead dosage, and
were incorporated into an experimental setup
for synthetic wastewater treatment after-
wards, resulting in the reduction of SRP. Upon
analysis, bead dosage resulted to be statisti-
cally significant, as well as the interaction ef-
fects of alginate concentration and bead dosage
and the quadratic effect of bead dosage. How-
ever, alginate concentration and operation
time were statistically insignificant, including
other quadratic and interaction effects, but still
possessed trends in affecting percentage of SRP
removal. Observable effects were due to in-
creased algal surface area with higher bead
dosages, bead instability and cell leakage with
lower alginate concentrations accompanied
with lengthy operation times, and higher nutri-
ent diffusion for lower alginate concentrations.
Upon validating the optimum and extrapolated
runs for maximized percentage of SRP removal,
the predicted SRP removal rates were not met
and had a percent error of 5.22% and 2.61%,
which may be due to unconsidered extraneous
parameters, systematic errors within the ex-
periments, or estimation inaccuracies from the
prediction model.

Additional research may be done when it
comes to investigating extrapolation predic-
tions in RSM and the usage of other prediction
models like ANN and SVR for higher predictive
precision. Moreover, the researchers suggest
that the cultivation of S. platensis, as well as
other microalgae species like Chlorella sp. and
Scenedesmus sp., with other controlled param-
eters, such as varying photoperiod, light wave-
length, and pH levels, is further explored, as
these are expected to differ in algal growth. In
immobilization, other immobilization matrices,
whether natural or synthetic, may also be uti-
lized in immobilizing microalgae. Further, the
treatment of actual wastewater sampled from
natural bodies of water instead of synthetic
wastewater, along with increased treatment
time, may additionally be researched since
these may possibly produce different removal

efficiency due to the presence of other organ-
isms that may compete with the SRP removal of
microalgae in a natural setting. Lastly, the pre-
cipitate from the -centrifuged synthetic
wastewater of the experiments within the
study, especially insoluble phosphates or phos-
phorus, may be characterized deeper and ex-
plored for their potential in being repurposed
into useful chemicals like fertilizers.

References

Abdel Hameed, M. S. (2007). Effect of algal den-
sity in bead, bead size, and bead concen-
trations on wastewater nutrient removal.
African Journal of Biotechnology, 6(10),
1185-1191. https://www.ajol.info/in-
dex.php/ajb/article/view/57139

Banerjee, S., Tiwade, P. B. Sambhav, K,
Banerjee, C., & Bhaumik, S. K. (2019). Ef-
fect of alginate concentration in
wastewater nutrient removal using algi-
nate-immobilized microalgae beads: Up-
take kinetics and adsorption studies. Bio-

chemical Engineering Journal, 149,
107241.
https://doi.org/10.1016/j.bej.2019.1072
41

Bouabidi, Z. B., El-Naas, M. H.,, & Zhang, Z.
(2018). Immobilization of microbial cells
for the biotreatment of wastewater: A re-
view. Environmental Chemistry Letters,

17(1), 241-257.
https://doi.org/10.1007/s10311-018-
0795-7

Brandio, B. C. S,, Oliveira, C. Y. B,, Santos, E. P,,
Abrey, J. L. D, Oliveira, D. W. S,, Cabral da
Silva, S. M. B., & Galvez, A. 0. (2023). Mi-
croalgae-based domestic wastewater
treatment: A review of biological aspects,
bioremediation potential, and biomass
production with biotechnological high-
value. Environmental Monitoring and As-

sessment, 195(1384).
https://doi.org/10.1007/s10661-023-
12031-w

Calvo-Lépez, A., Ymbern, 0. Puyol, M., &
Alonso-Chamarro, J. (2021). Soluble reac-
tive  phosphorus determination in
wastewater treatment plants by auto-
matic microanalyzers. Talanta, 221,
121508.  https://doi.org/10.1016/j.ta-
lanta.2020.121508

Chai, W. S., Tan, W. G., Munawaroh, H. S. H,,
Gupta, V.K, Ho, S. H,, & Show, P. L. (2021).

IJMABER

3089

Volume 6 | Number 6 | June | 2025


https://www.ajol.info/index.php/ajb/article/view/57139
https://www.ajol.info/index.php/ajb/article/view/57139
https://doi.org/10.1016/j.bej.2019.107241
https://doi.org/10.1016/j.bej.2019.107241
https://doi.org/10.1007/s10311-018-0795-7
https://doi.org/10.1007/s10311-018-0795-7
https://doi.org/10.1007/s10661-023-12031-w
https://doi.org/10.1007/s10661-023-12031-w
https://doi.org/10.1016/j.talanta.2020.121508
https://doi.org/10.1016/j.talanta.2020.121508

Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

Multifaceted roles of microalgae in the ap-
plication of wastewater biotreatment: A
review. Environmental Pollution, 269,
116236. https://doi.org/10.1016/j.en-
vpol.2020.116236

Chaieb, K., Kouidhi, B., Ayed, L., Hosawi, S. B,
Abdulhakim, J. A,, Hajri, A., & Altayb, H. N.
(2023). Enhanced textile dye removal
from wastewater using natural bio-
sorbent and Shewanella algae B29: Appli-
cation of Box Behnken design and ge-
nomic approach. Bioresource Technology,

374, 128755.
https://doi.org/10.1016/j.biortech.2023.
128755

Chen, X., Lee, Y, Yuan, T. Lei, Z.,, Adachi, Y.,
Zhang, Z., Lin, Y., & Van Loosdrecht, M. C.
(2022). A review on recovery of extracel-
lular biopolymers from flocculent and
granular activated sludges: Cognition, key
influencing factors, applications, and chal-

lenges. Bioresource Technology, 363,
127854.
https://doi.org/10.1016/j.biortech.2022.
127854

Crugz, I, Bashan, Y., Hernandez-Carmona, G., &
De-Bashan, L. E. (2013). Biological deteri-
oration of alginate beads containing im-
mobilized microalgae and bacteria during
tertiary wastewater treatment. Applied
Microbiology and Biotechnology, 97(22),
9847-9858.
https://doi.org/10.1007/s00253-013-
4703-6

de-Bashan, L. E., & Bashan, Y. (2010). Immobi-
lized microalgae for removing pollutants:
Review of practical aspects. Bioresource

Technology, 101(6), 1611-1627.
https://doi.org/10.1016/j.biortech.2009.
09.043

Department of Environment and Natural Re-
sources. (2021). Water quality guidelines
and general effluent standards of 2016
(DENR Administrative Order No. 2021-
XX, Sec. 5.3). https://www.denr.gov.ph/

Domini, M., Abba, A, & Bertanza, G. (2022).
Analysis of the variation of costs for sew-
age sludge transport, recovery, and dis-
posal in Northern Italy: A recent survey
(2015-2021). Water Science & Technol-
ogy, 85(4), 1167-1175.
https://doi.org/10.2166/wst.2022.040

El-Sheekh, M., Morsi, H., & Hassan, L. (2020).
Growth Enhancement of Spirulina platen-
sis through Optimization of Media and

Nitrogen Sources. Egyptian Journal of

Botany, 0(0), 0.
https://doi.org/10.21608/ejb0.2020.279
27.1487

Eroglu, E., Smith, S. M,, & Raston, C. L. (2015).
Application of various immobilization
techniques for algal bioprocesses. In Bio-
mass and Biofuels from Microalgae (pp.

19-44). Springer.
https://doi.org/10.1007/978-3-319-
16640-7 2

Ghaeni, M., & Roomiani, L. (2016). Effects of
Spirulina, microalgae. Journal of Advanced
Agricultural Technologies, 3(2), 114-117.
https://doi.org/10.18178 /joaat.3.2.114-
117

Gichana, Z., Liti, D., Drexler, S., Zollitsch, W.,
Meulenbroek, P., Wakibia, J., Ogello, E.,
Akoll, P., & Waidbacher, H. (2019). Effects
of aerated and non-aerated biofilters on
effluent water treatment from a small-
scale recirculating aquaculture system for
Nile tilapia (Oreochromis niloticus L.). Die
Bodenkultur Journal of Land Management
Food and Environment, 70(4), 209-219.
https://doi.org/10.2478 /boku-2019-
0019

Halim, A. A,, & Haron, W.N. a. W. (2021). Immo-
bilized Microalgae using Alginate for
Wastewater Treatment. Pertanika Journal
of Science & Technology, 29(3).
https://doi.org/10.47836 /pjst.29.3.34

Hossain, S. M. Z., Alnoaimi, A, Razzak, S. A,
Ezuber, H., Al-Bastaki, N., Safdar, M., Al-
kaabi, S., & Hossain, M. M. (2018). Multi-
objective optimization of microalgae
(Chlorella sp.) growth in a photobioreac-
tor using Box-Behnken design approach.
The Canadian jJournal of Chemical Engi-
neering, 96(9), 1903-1910.
https://doi.org/10.1002/cjce.23168

Hossain, S. M. Z. Sultana, N., Jassim, M. S,
Coskuner, G., Hazin, L. M., Razzak, S. A, &
Hossain, M. M. (2022). Soft-computing
modeling and multiresponse optimization
for nutrient removal process from munic-
ipal wastewater using microalgae. Journal
of Water Process Engineering, 45, 102490.
https://doi.org/10.1016/j.jwpe.2021.10
2490

Huno, S. K,, Rene, E. R, van Hullebusch, E. D., &
Annachhatre, A. P. (2018). Nitrate re-
moval from groundwater: a review of nat-
ural and engineered processes. Journal of

[JMABER

3090

Volume 6 | Number 6 | June | 2025


https://doi.org/10.1016/j.envpol.2020.116236
https://doi.org/10.1016/j.envpol.2020.116236
https://doi.org/10.1016/j.biortech.2023.128755
https://doi.org/10.1016/j.biortech.2023.128755
https://doi.org/10.1016/j.biortech.2022.127854
https://doi.org/10.1016/j.biortech.2022.127854
https://doi.org/10.1007/s00253-013-4703-6
https://doi.org/10.1007/s00253-013-4703-6
https://doi.org/10.1016/j.biortech.2009.09.043
https://doi.org/10.1016/j.biortech.2009.09.043
https://www.denr.gov.ph/
https://doi.org/10.2166/wst.2022.040
https://doi.org/10.21608/ejbo.2020.27927.1487
https://doi.org/10.21608/ejbo.2020.27927.1487
https://doi.org/10.1007/978-3-319-16640-7_2
https://doi.org/10.1007/978-3-319-16640-7_2
https://doi.org/10.18178/joaat.3.2.114-117
https://doi.org/10.18178/joaat.3.2.114-117
https://doi.org/10.2478/boku-2019-0019
https://doi.org/10.2478/boku-2019-0019
https://doi.org/10.47836/pjst.29.3.34
https://doi.org/10.1002/cjce.23168
https://doi.org/10.1016/j.jwpe.2021.102490
https://doi.org/10.1016/j.jwpe.2021.102490

Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

Water Supply: Research and Technology—
AQUA, 67(8), 885-902

Karydis, M. (2013). Eutrophication assessment
of coastal waters based on indicators: a lit-
erature review. Global NEST Journal,
11(4), 373-390.
https://doi.org/10.30955/gnj.000626

Khatoon, H., Penz, K. P., Banerjee, S., Rahman,
M. R,, Minhaz, T. M,, Islam, Z., Mukta, F. A,
Nayma, Z. Sultana, R., & Amira, K. L
(2021). Immobilized Tetraselmis sp. for
reducing nitrogenous and phosphorous
compounds from aquaculture
wastewater. Bioresource Technology, 338,
125529.
https://doi.org/10.1016/j.biortech.2021.
125529

Klokk, T. I, & Melvik, ]J. E. (2002). Controlling
the size of alginate gel beads by use of a
high electrostatic potential. Journal of Mi-

croencapsulation, 19(4), 415-424.
https://doi.org/10.1080/026520402101
44234

Lee, B, Ravindra, P., & Chan, E. (2013). Size and
shape of calcium alginate beads produced
by extrusion dripping. Chemical Engineer-
ing & Technology, 36(10), 1627-1642.
https://doi.org/10.1002/ceat.20130023
0

Li, Y., Wu, X, Liu, Y, & Taidi, B. (2024). Immobi-
lized microalgae: Principles, processes,
and its applications in wastewater treat-
ment. World Journal of Microbiology and

Biotechnology, 40(150).
https://doi.org/10.1007/s11274-024-
03930-2

Lin, Y., & Tanaka, S. (2006). Oxygen transfer
and mixing in bioreactors: A review.
Biochemical Engineering Journal, 30(1), 1-
7.
https://doi.org/10.1016/j.bej.2005.11.01
0

Maali, A., Gheshlaghi, R, & Mahdavi, M. A.
(2024). Maximizing key biochemical
products of Spirulina platensis: optimal
light quantities and best harvesting time.
OCL, 31, 21.
https://doi.org/10.1051/0cl/2024019

Malone, T., & Newton, A. (2020). Effects of nu-
trient pollution in marine ecosystems are
compounded by human activity. Frontiers
in Marine Science.
https://phys.org/news/2020-08-effects-
nutrient-pollution-marine-ecosys-
tems.html

Molinuevo-Salces, B., Riafio, B., Hernandez, D.,
& Garcia-Gonzalez, M. C. (2019). Microal-
gae and wastewater treatment: Ad-
vantages and disadvantages. In M. Alam &
Z. Wang (Eds.), Microalgae biotechnology
for development of biofuel and wastewater

treatment (pp. 505-533). Springer.
https://doi.org/10.1007/978-981-13-
2264-8 20

Mollamohammada, S. (2020). Nitrate and herb-
icides removal from groundwater using
immobilized algae (Doctoral disserta-
tion). University of Nebraska-Lincoln.
https://digitalcommons.unl.edu/civi-
lengdiss/154

Mazur, L. P., Cechinel, M. A,, De Souza, S. M. U,,
Boaventura, R. A., & Vilar, V. ]J. (2018).
Brown marine macroalgae as natural cat-
ion exchangers for toxic metal removal
from industrial wastewaters: A review.
Journal of Environmental Management,
223, 215-253.
https://doi.org/10.1016/j.jen-
vman.2018.05.086

Oldenborg, K. A., & Steinman, A. D. (2019). Im-
pact of sediment dredging on sediment
phosphorus flux in a restored riparian
wetland. Science of the Total Environment,
650,1969-1979.

Osman, G. A, Ali, M. S,, Kamel, M. M., & Amber,
S. G. (2011). The role of Cladophora sp.
and Spirulina platensis in the removal of
microbial flora in Nile water. New York
Science  Journal, 4(3), 8-17, 4(3).
http://www.sciencepub.net/newyork

Paerl, H. W. (2009). Controlling eutrophication
along the freshwater-marine continuum:
Dual nutrient (N and P) reductions are es-
sential. Estuaries and Coasts, 32(4), 593-
601. https://doi.org/10.1007 /s12237-
009-9158-8

Parsons, T. R, Maita, Y., & Lalli, C. M. (1984). De-
termination of phosphate. In Elsevier
eBooks pp- 22-25).
https://doi.org/10.1016/b978-0-08-
030287-4.50015-3

Porkka, T. (2021). Optimization of microalgal
immobilization for cultivation in aquacul-
ture wastewater (Master's thesis). Uni-
versity of Eastern Finland.
https://erepo.uef.fi/items/19¢c210d8-
376e-4ee2-82f2-6071d70371bb

Purev, 0., Park, C,, Kim, H., Myung, E., Choi, N., &
Cho, K. (2023). Spirulina platensis immobi-
lized alginate beads for removal of Pb(ll)

IJMABER

3091

Volume 6 | Number 6 | June | 2025


https://doi.org/10.30955/gnj.000626
https://doi.org/10.1016/j.biortech.2021.125529
https://doi.org/10.1016/j.biortech.2021.125529
https://doi.org/10.1080/02652040210144234
https://doi.org/10.1080/02652040210144234
https://doi.org/10.1002/ceat.201300230
https://doi.org/10.1002/ceat.201300230
https://doi.org/10.1007/s11274-024-03930-2
https://doi.org/10.1007/s11274-024-03930-2
https://doi.org/10.1016/j.bej.2005.11.010
https://doi.org/10.1016/j.bej.2005.11.010
https://doi.org/10.1051/ocl/2024019
https://phys.org/news/2020-08-effects-nutrient-pollution-marine-ecosystems.html
https://phys.org/news/2020-08-effects-nutrient-pollution-marine-ecosystems.html
https://phys.org/news/2020-08-effects-nutrient-pollution-marine-ecosystems.html
https://doi.org/10.1007/978-981-13-2264-8_20
https://doi.org/10.1007/978-981-13-2264-8_20
https://digitalcommons.unl.edu/civilengdiss/154
https://digitalcommons.unl.edu/civilengdiss/154
https://doi.org/10.1016/j.jenvman.2018.05.086
https://doi.org/10.1016/j.jenvman.2018.05.086
http://www.sciencepub.net/newyork
https://doi.org/10.1007/s12237-009-9158-8
https://doi.org/10.1007/s12237-009-9158-8
https://doi.org/10.1016/b978-0-08-030287-4.50015-3
https://doi.org/10.1016/b978-0-08-030287-4.50015-3
https://erepo.uef.fi/items/19c210d8-376e-4ee2-82f2-6071d70371bb
https://erepo.uef.fi/items/19c210d8-376e-4ee2-82f2-6071d70371bb

Calajate et al, 2025 / Box-Behnken Design-Based Optimization of Treatment Parameters

from aqueous solutions. International
Journal of Environmental Research and

Public Health, 20(2), 1106.
https://doi.org/10.3390/ijerph2002110
6

Patnaik, S., Sarkar, R, & Mitra, A. (2001). Algi-
nate immobilization of Spirulina platensis
for wastewater treatment. Indian journal
of experimental biology, 39(8), 824-826.
https://pub-
med.ncbi.nlm.nih.gov/12018590/

Rajasekaran, C., Ajeesh, C. P. M., Balaji, S,
Shalini, M,, Siva, R, Das, R., Fulzele, D.P., &
Kalaivani, T. (2015). Effect of Modified
Zarrouk’s Medium on Growth of Different
Spirulina Strains. Walailak Journal of Sci-
ence and Technology (W]ST), 13(1), 67-
75. https://www.researchgate.net/publi-
cation/291699334 Effect of Modi-
fied Zarrouk's Me-
dium on Growth of Different Spir-
ulina Strains

Sajid, M., Asif, M., Baig, N., Kabeer, M., Thsanul-
lah, I., & Mohammad, A. W. (2022). Carbon
nanotubes-based adsorbents: Properties,
functionalization, interaction mecha-
nisms, and applications in water purifica-
tion. Journal of Water Process Engineering,

47, 102815.
https://doi.org/10.1016/j.jwpe.2022.10
2815

Shpigel, M., Neori, A. (2007). Microalgae,
Macroalgae, and Bivalves as Biofilters in
Land-Based Mariculture in Israel. In: Bert,
T.M. (eds) Ecological and Genetic Implica-
tions of Aquaculture Activities. Methods
and Technologies in Fish Biology and
Fisheries, vol 6. Springer, Dordrecht.
https://doi.org/10.1007/978-1-4020-
6148-6 24

Taqiyyah, A. M., Risjani, Y., Prihanto, A. A,
Yanuhar, U., & Fadjar, M. (2022). Effect of
Aquaculture Wastewater And Zarrouk in
Increasing Biomass, Protein, and Carote-
noids levels of Spirulina platensis. Jurnal
Ilmiah  Perikanan  Dan  Kelautan.
https://doi.org/10.20473 /jipk.vi.40822

Velusamy, K., Periyasamy, S., Kumar, P. S, Vo, D.
V. N,, Sindhu, ., Sneka, D., & Subhashini, B.
(2021). Advanced techniques to remove
phosphates and nitrates from waters: A
review. Environmental Chemistry Letters,
19, 3165-3180.
https://link.springer.com/arti-
cle/10.1007/s10311-021-01239-2

Vonshak, A. (1997). Spirulina platensis arthro-

spira. In CRC Press eBooks.
https://doi.org/10.1201/978148227297
0

Wang, L., Liu, X, Li, Z, Wan, C, & Zhang, Y.
(2023). Filamentous aerobic granular
sludge: A critical review on its cause, im-
pact, control and reuse. Journal of Environ-

mental Chemical Engineering, 11(3),
110039.
https://doi.org/10.1016/j.jece.2023.110
039

Xu, S, Li, Z,, Yu, S., Chen, Z, Xu, ], Qiu, S., & Ge, S.
(2024). Microalgal-bacteria biofilm in
wastewater treatment: Advantages, prin-
ciples, and establishment. Water, 16(18),
2561.
https://doi.org/10.3390/su162411196

Yang, Z., Pei, H,, Han, F,, Wang, Y,, Hou, Q., &
Chen, Y. (2018). Effects of air bubble size
on algal growth rate and lipid accumula-
tion using fine-pore diffuser photobiore-
actors. Algal Research, 32, 293-299.
https://doi.org/10.1016/j.al-
gal.2018.04.016

Santos, A. F,, Mendes, L. S, Alvarenga, P, Gando-  You, F,, Fan, Y., Tang, L., Liu, X,, Jin, C, Zhao, Y.,
Ferreira, L. M., & Quina, M. ]. (2024). Nu- Wang, Y., & Guo, L. (2025). Optimization of
trient Recovery via Struvite Precipitation Phaeodactylum tricornutum cultivation
from Wastewater Treatment Plants: Influ- for enhancing mariculture wastewater
ence of Operating Parameters, Coexisting treatment and high value product recov-
Ions, and Seeding. Water, 16(12), 1675. ery using Box-Behnken design. Process
https://doi.org/10.3390/w16121675 Safety and Environmental Protection,

Tam, N., & Wong, Y. (2000). Effect of immobi- 107022.
lized microalgal bead concentrations on https://doi.org/10.1016/j.psep.2025.107
wastewater nutrient removal. Environ- 022
mental Pollution, 107(1), 145-151.
https://doi.org/10.1016/s0269-
7491(99)00118-9

[JMABER 3092 Volume 6 | Number 6 | June | 2025


https://doi.org/10.3390/ijerph20021106
https://doi.org/10.3390/ijerph20021106
https://pubmed.ncbi.nlm.nih.gov/12018590/
https://pubmed.ncbi.nlm.nih.gov/12018590/
https://www.researchgate.net/publication/291699334_Effect_of_Modified_Zarrouk's_Medium_on_Growth_of_Different_Spirulina_Strains
https://www.researchgate.net/publication/291699334_Effect_of_Modified_Zarrouk's_Medium_on_Growth_of_Different_Spirulina_Strains
https://www.researchgate.net/publication/291699334_Effect_of_Modified_Zarrouk's_Medium_on_Growth_of_Different_Spirulina_Strains
https://www.researchgate.net/publication/291699334_Effect_of_Modified_Zarrouk's_Medium_on_Growth_of_Different_Spirulina_Strains
https://www.researchgate.net/publication/291699334_Effect_of_Modified_Zarrouk's_Medium_on_Growth_of_Different_Spirulina_Strains
https://doi.org/10.1016/j.jwpe.2022.102815
https://doi.org/10.1016/j.jwpe.2022.102815
https://doi.org/10.1007/978-1-4020-6148-6_24
https://doi.org/10.1007/978-1-4020-6148-6_24
https://doi.org/10.3390/w16121675
https://doi.org/10.1016/s0269-7491(99)00118-9
https://doi.org/10.1016/s0269-7491(99)00118-9
https://doi.org/10.20473/jipk.vi.40822
https://link.springer.com/article/10.1007/s10311-021-01239-2
https://link.springer.com/article/10.1007/s10311-021-01239-2
https://doi.org/10.1201/9781482272970
https://doi.org/10.1201/9781482272970
https://doi.org/10.1016/j.jece.2023.110039
https://doi.org/10.1016/j.jece.2023.110039
https://doi.org/10.3390/su162411196
https://doi.org/10.1016/j.algal.2018.04.016
https://doi.org/10.1016/j.algal.2018.04.016
https://doi.org/10.1016/j.psep.2025.107022
https://doi.org/10.1016/j.psep.2025.107022

