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Abstract

Background Microalgae such as Chlorella sorokiniana and Monoraphidium convolutum are promising sources for bio-
fuels, pharmaceuticals, nutraceuticals, and wastewater treatment. However, biomass harvesting remains a cost-inten-
sive bottleneck. Conventional methods like centrifugation and flocculation pose challenges due to energy demands
and contamination risks. Sedimentation offers a passive, eco-friendly alternative but is highly sensitive to environ-
mental and physiological variables. This study integrates response surface methodology with a novel, non-invasive
photographic imaging technique to optimize sedimentation efficiency.

Results Both species exhibited optimal growth in Bold Basal Medium, achieving cell densities of 29.59 and 9.5 million
cells per mL, respectively. Automated cell counting strongly correlated with manual methods (R>=98.99%). Biochemi-
cal analysis revealed a higher protein content in C. sorokiniana (61.6%) and greater lipid content in M. convolutum
(39.31%). Sedimentation efficiency was highest at acidic pH and low salinity, reaching 96.14% for C. sorokiniana

and 88.7% for M. convolutum. Sealed vessels and smaller culture volumes further enhanced sedimentation efficiency.
RSM predictive models achieved high accuracy (adjusted R? >99%). A novel, real-time photographic method for sedi-
mentation assessment was introduced, offering a non-invasive, sampling-free alternative to conventional techniques.
This method strongly correlated with OD-based measurements (R*=94.89%) and presents a scalable solution for con-
tinuous biomass monitoring. Compared to conventional centrifugation, the optimized sedimentation approach

is estimated to reduce harvesting costs by 77-79%.

Conclusions This study advances sedimentation-based harvesting of C. sorokiniana and M. convolutum by integrat-
ing RSM with a novel, automated, non-invasive imaging technique for sedimentation monitoring. This approach,
rarely applied in microalgae harvesting, enables real-time assessment without disturbing the culture, enhancing
process control and scalability. Sedimentation efficiency was influenced by cell morphology, biochemical composi-
tion, and environmental factors such as pH, salinity, gas exchange, and culture volume. The optimized conditions

not only improved harvesting precision and reproducibility but also reduced harvesting costs, highlighting the meth-
od'’s potential for economic and environmentally sustainable deployment in large-scale microalgae-based production
systems for biofuels, bioplastics, and high-value compounds.
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Background

Microalgae have emerged as a versatile and sustain-
able resource with wide-ranging applications in biofuels,
pharmaceuticals, nutraceuticals, and wastewater treat-
ment. These photosynthetic microorganisms are known
for their rapid growth rates and high lipid, protein, and
carbohydrate contents, making them ideal candidates for
numerous industrial processes [1, 2].

Furthermore, microalgae can be readily cultivated
under controlled laboratory conditions, allowing pre-
cise regulation of parameters such as light intensity,
temperature, aeration, and nutrient composition. Stand-
ardized culture media, such as Bold’s Basal Medium
(BBM), provide consistent nutrient profiles that support
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reproducible biomass production across diverse species.
These controlled conditions are essential for studying
species-specific responses to environmental variables
and optimizing downstream processes such as harvesting
efficiency [3].

Among the numerous species of microalgae, green
microalgae such as Chlorella sorokiniana and Mono-
raphidium convolutum are particularly noteworthy. C.
sorokiniana is highly valued in the pharmaceutical indus-
try due to its rich nutrient profile, including essential
vitamins, minerals, and antioxidants [4—7]. It has been
explored for its potential in boosting immune function,
detoxification, and even cancer prevention. On the other
hand, M. convolutum has shown significant promise in
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biofuel production. Its high lipid content and efficient
growth make it an excellent candidate for producing bio-
fuels [8—10]. This species has also been studied for its
role in bioremediation, where it helps in removing pollut-
ants from wastewater, thus providing an environmentally
friendly solution to waste management [11, 12].

Despite their promising potential, one of the main
hurdles in the industrial-scale cultivation of microalgae
is the efficient and cost-effective harvesting of biomass.
Conventional harvesting methods, such as flocculation
and centrifugation, have significant drawbacks especially
when scaled up for industrial use [13].

Centrifugation, although effective, is particularly
energy-intensive and expensive. The operational costs
associated with continuous centrifugation are pro-
hibitively high, largely due to the costs of purchase and
maintenance of the equipment needed for continuous
centrifugation as well as the substantial electricity con-
sumption required to maintain high-speed rotations [14].
This not only increases the overall production costs but
also significantly raises the carbon footprint of the pro-
cess, undermining the sustainability of microalgae-based
products.

Flocculation, on the other hand, often requires the
addition of chemical agents like aluminum and iron salts
to aggregate the microalgal cells, making it easier to sepa-
rate the cells from the growth medium. These chemicals
can introduce toxic residues, leading to contamination
of the biomass, complicating downstream processing,
and making it unsuitable for applications where purity is
essential, such as in pharmaceuticals [15]. Furthermore,
these chemical additives can reduce the quality of bio-
fuels produced, leading to inefficiencies and additional
processing requirements [16]. Additionally, the environ-
mental impact of chemical waste is a concern, further
detracting from the sustainability of this method.

Sedimentation offers a promising natural and eco-
friendly alternative to these traditional harvesting meth-
ods. This process relies on gravity to settle the microalgal
cells from the culture medium, eliminating the need for
chemical additives and reducing energy costs, and can
be implemented using simple and inexpensive equip-
ment [17]. It is particularly attractive for its simplicity
and potential for scalability, where cost and sustainabil-
ity are critical considerations. Additionally, sedimenta-
tion produces nontoxic products, ensuring the purity of
the harvested biomass, aligning well with the growing
demand for environmentally responsible and sustainable
industrial practices. However, despite its advantages in
terms of simplicity and energy efficiency, the efficiency
of sedimentation is generally lower than other harvesting
methods and can be significantly influenced by various
factors. These include environmental and physiological
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parameters such as pH, ionic strength, and gas exchange,
as well as the physical properties of the culture, column
height, and the specific characteristics of the microal-
gal strain, cell morphology and growth medium com-
position. These factors collectively limit the standalone
applicability of sedimentation without appropriate opti-
mization [18].

Manual counting of microalgal cells is a labor-intensive
and time-consuming process and prone to inconsistency,
particularly when handling large sample volumes [19,
20]. Recent advances in automated counting methods,
such as those utilizing machine learning models for cell
detection [21], have revolutionized this aspect of micro-
algae research. These techniques drastically reduce the
time and manpower required, enabling high-throughput
data collection with enhanced precision and consistency.
By streamlining the process, automated methods free up
resources for other critical research activities while mini-
mizing human error.

Assessing sedimentation trends, including efficiency
and time, is another critical component of harvesting
optimization. Traditional methods relying on spectro-
photometric absorbance can be labor-intensive and
require invasive sampling [22], which risks disrupting
the sedimentation process and altering the stability of
the vessel. Newer techniques, such as acoustic monitor-
ing [23], provide a more comprehensive and less invasive
method for monitoring suspended sediment in water
bodies. In contrast to traditional methods, non-invasive
photographic methods allow for real-time monitoring
of sedimentation without disturbing the system. This
approach not only preserves the integrity of the sedimen-
tation process but also provides continuous, high-reso-
lution data, making it a superior alternative for assessing
sedimentation dynamics.

The application of Design of Experiments (DoE), par-
ticularly Response Surface Methodology (RSM), has
emerged as a robust strategy for optimizing experimental
variables [24]. By systematically evaluating the interac-
tions between factors, RSM reduces the need for exces-
sive resource allocation while delivering precise and
actionable data. This methodology enables researchers
to identify optimal conditions with fewer experimental
runs, ensuring the efficient use of time, materials, and
labor [25].

These methodologies align closely with the goals of sus-
tainability in microalgae research. By reducing the time,
resources, and energy required for critical processes such
as cell counting, sedimentation monitoring, and experi-
mental optimization, they offer practical solutions to
some of the major bottlenecks in industrial-scale produc-
tion. Furthermore, the integration of eco-friendly and
non-invasive techniques underscores the commitment
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to minimizing environmental impact while ensuring
the efficiency and scalability of microalgal harvesting
methods.

Broader implications of the study suggest its applicabil-
ity in large-scale production. The innovations discussed
not only enhance laboratory-scale research but also pro-
vide a framework for scaling up microalgae cultivation
and harvesting processes. The use of advanced imaging
and automated methodologies minimizes human inter-
vention, while optimized harvesting strategies ensure
that industrial operations can be both cost-effective
and sustainable. These advancements pave the way for
the commercialization of microalgae-based products,
addressing critical challenges in energy production, envi-
ronmental conservation, and bioeconomy.

The objectives of this study were to evaluate the growth
performance of C. sorokiniana and M. convolutum in dif-
ferent growth media and to assess the sedimentation effi-
ciency under various conditions. The specific goals were
to identify the optimal growth medium and harvest time,
determine the effects of time, gas exchange, and column
volume on sedimentation efficiency, followed by opti-
mization via Response Surface Methodology, and utilize
advanced imaging techniques for non-invasive quantifi-
cation of sedimentation.

Methods

Microalgae species

Two species of green freshwater microalgae, Chlorella
sorokiniana (MZ348902.1) and Monoraphidium convo-
lutum (0Q420741.1), were obtained from the Mansoura
University Algae Biotechnology Lab algal collection.
These strains were originally isolated from freshwa-
ter environments and were both morphologically and
molecularly identified [26, 27]. They were selected for
this study based on their contrasting morphological and
biochemical traits, C. sorokiniana being protein-rich and
spherical, and M. convolutum being lipid-rich and ellip-
soidal, which provide a meaningful basis for evaluating
species-specific responses to sedimentation conditions.
Their well-documented industrial relevance in feed,
pharmaceuticals, and biofuel applications further sup-
ports their suitability as model organisms for optimizing
eco-friendly harvesting techniques [7, 8, 28].

Evaluation of growth metrics and media selection

Five different growth media were evaluated to determine
the optimal medium for microalgae growth: Bold’s Basal
Medium (BBM) [29], BG-11 Medium (BG11) [30], Jawor-
ski Medium (JM) [31], Chu 13 Medium (Chul3) [32], and
Diatoms Medium (DM) [33]. Each medium was prepared
according to standard protocols and sterilized by auto-
claving at 121 °C for 20 min to avoid contamination.
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To recognize the optimal growth medium and har-
vest time, each species was cultivated in each of the five
media. Growth was monitored daily using light absorb-
ance and cell counts and dry weight measurements were
done in a separate experiment. The medium and time
point yielding the highest significant cell density, cell
concentration and dry weight were considered optimal.

Culturing was started from stock inocula maintained
under optimal conditions. The inoculum age was stand-
ardized to ensure consistency in the initial growth phase.
Each experimental setup consisted of 500 mL Erlen-
meyer flasks containing 400 mL of the respective growth
medium. Cultures were maintained under controlled
laboratory conditions. Light intensity was set at 100 pmol
photons m™2 s~ with a photoperiod of 16:8 h light—dark
cycle. The temperature was kept constant at 25 +1 °C. To
ensure homogeneity and prevent sedimentation during
growth, cultures were continuously aerated with filtered
air using air pumps equipped with 0.22 um pore size fil-
ters. [34].

Spectrophotometric absorbance measurement

The growth of both microalgae species was monitored
daily by measuring the optical density (OD) of the cul-
ture at 440 nm using a spectrophotometer [35, 36]. Sam-
ples were diluted when necessary to keep readings within
the linear range of the instrument [37]. The ODgnm
values were plotted against time to monitor growth and
determine the most suitable time for harvesting for each
microalgal species [38].

Automated cell counting through microimaging

Daily samples were taken and fixed with Lugol’s iodine
solution, ensuring the fixation of the samples and their
distinct appearance under the microscope. The samples
were loaded into a hemocytometer, and images were cap-
tured at 100X and 400X magnification to determine cell
number, size, and morphology using a microscopy setup
[39]. The captured images were then processed using Fiji
2.16.0 [40] and Python 3.12.3 scripting language [41] with
the Open Computer Vision library (OpenCV) [42], utiliz-
ing watershed image segmentation algorithms for auto-
mated cell detection (as shown in Fig. 1). Notably, this
approach does not rely on any custom machine learn-
ing models, unlike previous studies [21], making it an
open-access and easy-to-apply method that significantly
reduces processing time.

To validate the accuracy of the automated counting
technique, a stratified random sampling approach was
used to select 10% of the images. These images were
manually counted, and the results were cross-referenced
with the automated counts, assessing the reliability and
consistency between the two methods.
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Fig. 1 Microscopic view of microalgal cells on a hemocytometer
slide at 400x magnification (A). Processed version for enhanced
isolation and final automated recognition and counting of cells (B)

The specific growth rate (p1) of each microalga was cal-
culated using the equation of Guillard [43] (Eq. 1):
Specific growth rate(jn) = In(ra) = Inrm) (1)
Ih—1
where (1)) represents the initial cell concentration at
time (1), and (n3) represents the cell concentration at a
later time (#;). The difference between (¢2) and (¢1) repre-
sents the duration of the exponential growth phase. The
calculation of specific growth rates was performed across
intervals (e.g., 0—4, 4—8, 8—12 days), and the average spe-
cific growth rate was then determined using the follow-
ing equation (Eq. 2):

n .
i=1Mi @)

Average specific growth rate (um,g) =
n

where (u;) is the specific growth rate for each interval
(i) and (n) is the total number of intervals. This interval-
based approach ensures greater reliability in calculating
specific growth rates and enables the investigation of
growth dynamics during each time interval [44, 45].

Quantitative analysis of dry biomass

Dry biomass was measured using an independent experi-
mental setup to ensure sufficient material for accurate
gravimetric analysis. While growth metrics such as opti-
cal density and cell count were conducted in 500 mL
Erlenmeyer flasks with 400 mL working volume, dry bio-
mass determinations were performed in larger 1000 mL
flasks containing 800 mL of the same growth medium.
These setups were conducted in and maintained under
identical culture conditions, with samples harvested at
the previously determined optimal growth phase for each
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species to ensure consistency across measurements. At
the optimum harvest time for each species, samples were
filtered using pre-weighed Whatman GF/C filters. The
filters with biomass were then dried at 60 °C until a con-
stant weight was achieved in a humidity-controlled oven
and reweighed to determine the dry weight (mg L") of
the microalgae biomass [38].

Biochemical cell components analysis

Based on the growth performance outcomes of the two
microalgae tested, BBM was selected as the optimal can-
didate nutrient medium for further analyses, beginning
with the evaluation of biochemical cell components.
Total carbohydrate content was measured using the phe-
nol-sulfuric acid method described by Dubois et al. [46].
Briefly, a known weight of lyophilized algal biomass was
hydrolyzed by 2.5 N HCI in a boiling water bath. After
neutralization, total volume was adjusted with dist.
Water and then treated with 5% phenol solution, fol-
lowed by the addition of concentrated sulfuric acid. The
reaction mixture was incubated at room temperature for
30 min, and absorbance was measured at 490 nm using
a UV-Vis spectrophotometer. A glucose standard curve
was used for calibration.

Lipid content was assessed gravimetrically following
the Bligh and Dyer method [47]. Algal lyophilized bio-
mass was mixed with a 2:1 (v/v) chloroform—methanol
solution, vortexed, and incubated at room temperature
till sufficient extraction. To separate the extract into lay-
ers, 0.9 N NaCl was added. The organic phase, containing
lipids, was separated, evaporated, and the lipid content
was determined by weighing the remaining residue.

Finally, protein content was estimated following the
Lowry et al. [48], with crystalline bovine serum albumin
(BSA) as the standard. Lyophilized biomass was homog-
enized with phosphate buffer (pH 7), then reacted with
alkaline copper sulfate solution, followed by the addition
of Folin—Ciocalteu reagent. After incubation for 30 min
at room temperature, absorbance was measured at 750
nm.

Investigation of sedimentation efficiency

A series of sedimentation experiments was conducted
to evaluate the sedimentation efficiency and time under
the effect of different conditions. Each experiment com-
menced with the acquisition of microalgal cultures at
their respective optimal harvest time. The sizes and vol-
umes utilized were selected to ensure practical feasibil-
ity and alignment with available resources, enhancing the
reliability and reproducibility of the method.
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Temporal analysis of sedimentation

This experiment investigated the effect of sedimentation
time on efficiency. Equal volumes (100 mL) of an equal
concentration of cultured microalgae were transferred
into separate containers. The containers were labeled and
harvested at specific intervals (0, 1, 2, 4, 6, 12, 18, 24, 30,
36, 48, 72, and 96 h). At each timepoint, samples were
taken from the middle height of the container using a
sterile pipette to ensure consistency.

Sedimentation efficiency measuring using optical den-
sity (SEgp) was calculated by comparing the biomass
concentration in the supernatant with the initial con-
centration, using light absorbance at 440 nm wavelength.
The calculations were done using the following equation
(Eq. 3):

Sedimentation efficiencyqp (%) = AOTOAt x 100
®3)
where (Ap) indicates the Initial absorbance prior to sedi-
mentation and absorbance after sedimentation time was
denoted by (Ay).

Influence of gas exchange on sedimentation efficiency
According to the previous experiment results, the maxi-
mum time needed to achieve the highest significant val-
ues of sedimentation efficiency was 72 h. Consequently,
the subsequent experiments focused on studying the
different parameters of sedimentation within this time-
frame. The primary goal of these experiments was to
compare results within the allotted time rather than to
extend the documentation duration.

The impact of gas exchange on sedimentation efficiency
was examined using multiple graduated cylinders. Half
of the cylinders were covered to restrict gas exchange,
and the other half left open to the air. Each column was
filled with an equal concentration of microalgae culture.
By comparing sedimentation in sealed versus open envi-
ronments, this experiment evaluated the impact of gas
exchange on sedimentation efficiency. The sedimentation
efficiency measured using green color intensity (SE; ;) of
the cultures was then quantified through a non-invasive
photography technique and color analysis using Fiji soft-
ware and Python scripts.

Effect of culture column volume on sedimentation

The influence of column volume on sedimentation effi-
ciency was studied using graduated cylinders of the
same size and labeled according to each varying volume
(40, 60, 80, 100, 120 mL). Each cylinder was filled with
an equal concentration of microalgae culture and moni-
tored at the same time continuously using non-invasive
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photography techniques similar to the prior experiment
to ensure that the sedimentation efficiency was evaluated
over time.

Impact of pH variation on sedimentation dynamics

The effect of pH on sedimentation efficiency was investi-
gated by adjusting the pH level of the cultures to five lev-
els: 5, 6, 7, 8, and 9. To ensure consistency, each pH level
was tested in triplicate graduated cylinders after adjust-
ing the pH using 0.1 N NaOH or 0.1 N HCL. The cylin-
ders were labeled and filled with an equal concentration
of microalgae culture in accordance with the tested pH
levels and monitored at the same time continuously using
the same non-invasive technique as the prior experiment
to ensure that the sedimentation efficiency was properly
evaluated.

Role of salinity on sedimentation efficiency

Salinity effect on sedimentation efficiency was investi-
gated by directly dissolving NaCl into the microalgae
cultures immediately before the settling process. Salin-
ity levels were adjusted to 0, 10, 20, 30, and 40 ppt. The
appropriate added amounts of NaCl were weighed and
mixed thoroughly into the cultures immediately prior to
the settling phase.

Sedimentation optimization through response surface
methodology (RSM) using central composite design (CCD)
To evaluate the impact of pH and salinity on sedimen-
tation efficiency and time, a Central Composite Design
(CCD) was employed within the framework of Response
Surface Methodology (RSM). The experimental design
incorporated two independent variables: pH (Factor A)
and salinity in ppt (Factor B), with two dependent out-
comes: sedimentation efficiency and time. A 14-run
matrix was constructed and divided into two blocks to
ensure practical applicability.

The experimental setup utilized a 5-level full facto-
rial design for the independent variables, as detailed in
Table 1:

The point distribution for the CCD design was defined
as 4 cube points, 3 center points in cube, 4 axial points
and 3 center points in axial. The experimental data were
analyzed using the response surface regression method
and fitted to the following second-order quadratic poly-
nomial equation (Eq. 4) [49, 50]:

k k
Y = fo + Z BiXi + Z BiX7 + Z,Binin +& (4)
i=1 i=1 i<j

where the response variable (Y) represents the depend-
ent variable being studied, while By is the intercept of the
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Table 1 Coded and actual level values of the experimental variables used for the response surface central composite design (CCD)

matrix for both tested microalgae

Factor Name Level
-2 -1 0 +1 +2
pH 4 55 7 85 10
B Salinity (ppt) 5 12.5 20 27.5 35

model. The coefficients of the linear terms are denoted
as B;, whereas B;; represents the coefficients of quadratic
terms. Interaction effects between independent variables
are captured by B, with X; and X; representing the inde-
pendent variables in the model. Lastly, ¢ accounts for the
random error.

Optimized points were derived from the model, iden-
tifying the ideal combination of pH and salinity for
maximizing sedimentation efficiency while minimizing
sedimentation time. These optimized points were subse-
quently validated by conducting experiments and com-
paring the predicted values to the observed results.

Non-invasive photography-based sedimentation efficiency
analysis

To determine sedimentation efficiency in the second and
later experiments, time-lapse captures were taken using a
high-resolution camera with a relatively short time inter-
val between each frame spanning the entire duration of
the experiments (shown in Fig. 2) [51]. The images cap-
tured over the sedimentation period were segmented for
each column at a constant measurement area. The inten-
sity of the green color was analyzed using Fiji and Python
scripts to determine the sedimentation efficiency (SEgy),
which was calculated according to the equation (Eq. 5):

Iy —I;

Sedimentation efficiency (%) = x 100 (5)

0
where (Io) is the initial color intensity before sedimenta-
tion, and (I;) is the color intensity after a sedimentation
time. This method allowed for precise quantification of
sedimentation efficiency by measuring the decrease in
green color intensity, indicative of microalgae settling
over time all without disturbing the cultures.

At the beginning and end of each experiment, the opti-
cal density of the culture was measured to cross-refer-
ence the sedimentation efficiency calculated through
both the manual (SE,p) and the non-invasive photo-
graphic (SEg;) methods to validate the reliability of the
technique.

H-N-B. B)
IRRRRRRRRIm

Fig. 2 Time-lapse sequence capturing the sedimentation process
highlighting the analysis area (A) and detailed view of the highlighted
area segmentation (B)

Statistical analysis

All experimental data collected were analyzed and
visualized using JMP 18.1 [52] and Minitab 22.1 [53]
statistical software. One-way analysis of variance
(ANOVA) was conducted to evaluate the significance
of differences in growth metrics and sedimentation
efficiency. Post-hoc tests (Tukey’s HSD) and T-tests
were employed to identify specific differences between
group pairs. linear correlation coefficient (Pearson’s r)
was calculated in cases of validation, and non-linear
correlation coefficient (Spearmans’s p) in cases of fac-
tor-response relations. In addition to these methods,
a Response Surface Methodology (RSM) approach
was utilized to optimize both sedimentation efficiency
and sedimentation time. A Central Composite Design
(CCD) model comprising 14 experimental runs was
constructed to explore the interactions between vari-
ables and identify optimal conditions. The RSM model
analysis included the estimation of effects, ANOVA to
assess model significance, and the use of a prediction
profiler to visualize and predict optimal settings. Each
experiment, excluding the methodology validation and
CCD experimental trials, was conducted in triplicate
to ensure statistical validity while maintaining resource
feasibility, following standard practices in algal culti-
vation research. All experiments were analyzed using
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Fig. 3 Light absorbance responses of Chlorella sorokiniana (A)
and Monoraphidium convolutum (B) grown on different growth
media, showcasing the higher values of BBM. Data is presented

as means +SE (n =3). Letters report on legend indicate significant
differences at harvest time

a 95% confidence interval. However, a 90% confidence
interval was applied specifically to the RSM model. This
choice reflects common practice in biological optimi-
zation studies to minimize the risk of overfitting, par-
ticularly given the limited number of experimental runs
and the hypersensitivity of RSM models.

Results

Growth performance in various media

The growth performance of C. sorokiniana and M. convo-
lutum in response to the different growth media showed
clear trends across culture density (ODgy,,) (Fig. 3),
number of cells (Fig. 4), specific growth rates (Fig. 5), and
dry weight accumulation (Fig. 6).

For C. sorokiniana, BBM consistently demonstrated
the highest growth across all parameters. Culture density
in BBM reached 1.53 (Fig. 3A), also supported the high-
est cell density, reaching 29.59 million cells mL ™' at har-
vest time (Fig. 4A), significantly higher than the results
obtained in other media. BBM also promoted the aver-
age specific growth rate of 0.31 day™! (Fig. 5A). Finally,
the dry weight of C. sorokiniana in BBM was 439.33 mg
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Fig. 4 Daily cells count of Chlorella sorokiniana (A)
and Monoraphidium convolutum (B) grown on different growth media
with BBM resulting in higher cell counts. Data is presented as means
+SE (n =3). Letters report on legend indicate significant differences
at harvest time

L™ (Fig. 6), outperforming the results in other media
when biomass production was observed. BG11 provided
moderate support for growth. The light absorbance in
BG11 was 1.408, lower than BBM but still relatively high
compared to other media. The cell count in BG11 was
17.32 million cells mL~!, and the average specific growth
rate was 0.29 day~'. The dry weight of C. sorokiniana
in BG11 was 365.33 mg L™}, ranking second in biomass
accumulation after BBM. Chul3 was less effective for
C. sorokiniana growth, with OD,,, . of 1.211 and a cell
count of only 9.13 million cells mL ™. The specific aver-
age growth rate for Chul3 was 0.26 day™’, and the dry
weight was the third lowest at 274.67 mg L™}, indicating
that this medium was not optimal for supporting high
growth levels. Comparably, DM demonstrated moder-
ate performance for C. sorokiniana. The OD, .. was
1.307, and the cell count was 15.19 million cells mL™".
The average specific growth rate was 0.25 day™?, and the
dry weight was 336.00 mg L™}, making DM a reason-
able but not ideal medium for this microalga. JM, how-
ever, was the least effective medium. The OD,,,,, was
the lowest at 1.040, and the cell count reached only 7.22
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million cells mL™". The average specific growth rate was
also the lowest at 0.19 day™', with a corresponding dry
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weight of 261.33 mg L™}, indicating poor support for C.
sorokiniana growth in this medium.

For M. convolutum, a similar trend was observed, with
BBM promoting the highest growth across all measured
parameters. The OD,,,,, reached 1.511 (Fig. 3B) and
the cell count was 9.5 million cells mL™" (Fig. 4B), both
the highest among the tested media. The average spe-
cific growth rate in BBM was 0.34 day! (Fig. 5B), and the
dry weight was 682 mg L™! (Fig. 6). Chul3 was the sec-
ond most effective medium for M. convolutum, with an
optical density of 1.449, a cell count of 5.57 million cells
mL~!, and an average specific growth rate of 0.31 day ™.
The dry weight in Chul3 was 602.67 mg L™}, making it
a viable alternative to BBM for supporting M. convolu-
tum growth. BG11 and DM displayed moderate results
for M. convolutum growth. The optical density in BG11
was 1.313, with a cell count of 5.34 million cells mL™".
The average specific growth rate in BG11 was 0.3 day ™/,
and the dry weight was 528 mg L™!. DM showed a similar
pattern, with an optical density of 1.385, a cell count of
7.41 million cells mL™!, and a specific growth rate of 0.31
day™!. The dry weight in DM was 438.67 mg L™, indicat-
ing moderate but not optimal growth. JM was again the
least suitable medium for M. convolutum, with the low-
est optical density of 1.095, a cell count of 3.61 million
cells mL™!, and the lowest average specific growth rate
of 0.25 day™!. The dry weight in JM was also the lowest
at 238 mg L™, indicating poor performance for both test
microalgae.

Automated cell count validation

The regression model analysis presented in Fig. 7
assesses the correlation between manual and auto-
mated counting methods in the stratified random 10%,
sample amounting to 76 pictures. The resulting model
demonstrated a high degree of accuracy, with an R?
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value of 98.99%, the adjusted R? value of 98.97% and the
predicted R? of 98.79% further affirmed the robustness
of the model. The Pearson coefficient (r) between both
methods (0.96) was statistically significant (p-value
<0.001), indicating a very strong positive linear rela-
tionship between the manual and automated counting
methods.

Biochemical composition of microalgae

Figure 8 illustrates the biochemical composition of C.
sorokiniana and M. convolutum grown on BBM. Con-
cerning total carbohydrates and lipid contents, C. soro-
kiniana demonstrated lower contents (16.20 and 11.75%)
compared to M. convolutum (30.94 and 39.31%), respec-
tively. However, C. sorokiniana exhibited a significantly
higher protein content (61.60%) in comparison with M.
convolutum (22.46%).

Sedimentation efficiency investigation

Monitoring sedimentation efficiency over time

The sedimentation experiments revealed that C. sorokini-
ana exhibited a faster and more efficient sedimentation
rate compared to M. convolutum. C. sorokiniana reached
a sedimentation efficiency of 52.84% by the end of the
first day, and a maximum significant value of 63.36% at
48 h. On the other hand, M. convolutum achieved only
35.06% for the first 24 h, 50.98% for the 2nd day and man-
aged to reach the significant maximum sedimentation
efficiency of 55.79% at 72 h as shown in Fig. 9.

Assessing the effect of gas exchange on sedimentation
Data shown in Fig. 10 consolidate the significance of
gas exchange on sedimentation efficiency where use
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of the sealed air-tight cylinders, which restricted gas
exchange, resulted in higher sedimentation efficiencies
for both C. sorokiniana and M. convolutum C. sorokini-
ana achieved 71.05% efficiency under sealed conditions
compared to 63.01% in unsealed conditions (Fig. 10A)



Ayyad et al. Microbial Cell Factories (2025) 24:165

IOO’; 40mL
----- 60 mL
S :;- -somL ------------------------
& 80{%.=100mL IR .
z b Ul - wm mm = -
2 o  n 120 ML L -
g .‘ - —I-I—I-I_l—l-l_l-
5 o ’— ”" ‘-——-_-._—-——-
S 60 0T T
: S
o
-’
g R
g O PR R
S 40 o PRI
g e
£ SO
E NS
= L
& i fur
>
; Ik
07" ‘ y y ) T T
0 12 24 36 - pA -
Sedimentation time (hour)
10078 4 mL
b
----- 60 mL
C
= = 80 mL
g :
S soldmroom. L —
< S - 120 mL et
< m e o
g us® - -
= "‘ .
2 Ty _ .
£ Rae PRe - . p—— .
b= R L
R
: A =
o
S Cd /t -
F w0 o "/;‘l‘
g o e
g KN ral
=] s /"; .
& 204 .;;:,“‘_-,‘
4
2,
';/ B
" “ ‘ ‘ y T T T
0 12 2% o = pa -

Sedimentation time (hour)
Fig. 11 Effect of varying culture volumes on the sedimentation
efficiency (%) of Chlorella sorokiniana (A) and Monoraphidium
convolutum (B). Data is presented as means +SE% (n =3). Letters
report on legend indicate significant differences at 72 h

while reducing the necessary sedimentation time
by approximately 5 h, while M. convolutum showed
efficiencies of 64.06% sealed versus 56.5% unsealed
(Fig. 10B) with no significant reduction in time.

Volume-based sedimentation efficiency analysis

The effect of culture volume on sedimentation effi-
ciency was investigated, revealing a clear inverse pat-
tern of response where lower volumes resulted in
higher sedimentation efficiency (Fig. 11). For C. soro-
kiniana, 40 mL volume achieved 90.59% sedimentation
efficiency along with 14.5 h reduction in time required
for sedimentation, whereas 120 mL volume reached
66.68% only (Fig. 11A). Also, M. convolutum showed
higher efficiency at lower volumes, where 40 mL vol-
ume reached 85.77% with about 12.25 h reduction com-
pared to 58.95% sedimentation efficiency for 120 mL
(Fig. 11B).

Sedimentation efficiency at different pH levels
Data presented in Fig. 12 demonstrates how different lev-
els of pH during the sedimentation process influence the
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Fig. 12 Sedimentation efficiency of Chlorella sorokiniana (A)
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sedimentation patterns for the two microalgae species.
The sedimentation efficiency of C. sorokiniana varies
with changes in pH (Fig. 12A). At pH 5, it exhibited the
highest sedimentation efficiency of 88.60% in 30.75 h. As
the pH increased to 6, efficiency decreased to 80.67% in
37.58 h. Sedimentation pH value of 7 exhibited a further
decline in efficiency to 71.38% in 49.42 h. The efficiency
improved slightly at pH 8, reaching 75.93% in 43.08 h,
before rising again to 83.29% at pH 9 in 35.83 h.

For M. convolutum (Fig. 12B), the sedimentation effi-
ciency followed a similar trend but at lower values. At
pH 5, it achieved a sedimentation efficiency of 82.49% in
50.25 h. This value dropped at pH 6 to 74.64% in 63.42
h, and continued to decrease at pH 7, reaching 63.63%
in 71.58 h. The efficiency improved at pH 8, reaching
69.34% in 64.83 h, before rising slightly again at pH 9 to
78.09% in 55.17 h.

Sedimentation efficiency under varying salinity levels

In Fig. 13, the sedimentation efficiency of C. sorokini-
ana increased progressively with rising salinity levels.
At 0 ppt, C. sorokiniana exhibited a sedimentation effi-
ciency of 71.22%, which improved all the way to 80.54%
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at 30 ppt along with a significant reduction of almost 10
h in the required time for sedimentation. But at 40 ppt,
sedimentation efficiency was reduced to 77.49% and the
required time went back up by 2 h.

In contrast, M. convolutum displayed a less consist-
ent response to increasing salinity. At 0 ppt, the per-
centage of sedimentation efficiency was 64.10%. This
value increased to 66.48% at 10 ppt but then declined to
62.19% at 20 ppt. The efficiency continued to decline till
it reached 59.14% at 40 ppt with no significant reduction
in the time of sedimentation.

Enhancement of sedimentation responses using response
surface methodology

To study the effects of pH and salinity on sedimentation
efficiency and time, a Central Composite Design (CCD)
was employed for the two microalgae species, C. soro-
kiniana and M. convolutum. The experimental design
included 14 runs divided into two blocks for practical
applicability, with the independent variables (pH and
salinity) assessed using a 5-level full factorial design as
shown in Table 1. Experimental results are presented in
Table 2 and Fig. 14.
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For C. sorokiniana, sedimentation efficiency ranged
from 74.75 to 96.14%, with the highest efficiency
observed at pH 4 and salinity 5 ppt (Run 2). This combi-
nation also resulted in one of the shortest sedimentation
times, 19.5 h. Conversely, the lowest efficiency (74.75%)
was recorded at pH 7 and salinity 12.5 ppt (Run 9), cor-
responding to a sedimentation time of 44.75 h. The sedi-
mentation time varied more substantially, with the time
ranging between 19.5 and 44.75 h, reflecting the sen-
sitivity of the sedimentation process to environmental
factors.

In the case of M. convolutum, sedimentation effi-
ciency was lower overall, ranging from 59.92 to 88.7%.
The highest efficiency (88.7%) occurred at pH 4 and
salinity 5 ppt (Run 2), similar to C. sorokiniana. How-
ever, the lowest efficiency (59.92%) was observed at
pH 7 and salinity 27.5 ppt (Run 12), a setting that also
resulted in a prolonged sedimentation time of 70.25 h.
Sedimentation time for M. convolutum was generally
higher than that for C. sorokiniana, with values span-
ning from 35.42 to 70.25 h, indicating the need for
tighter control of environmental conditions to enhance
performance.

The fitted second-order polynomial models demon-
strated excellent predictive capabilities, as shown by
the model summary statistics (Table 3). For C. sorokini-
ana, the model for sedimentation efficiency exhibited
an adjusted R* of 99.61%, and a predicted R* of 93.45%,
reflecting the model’s robustness and reliability. The
sedimentation time model also performed well, with an
adjusted R? of 99.08%, and a predicted R? of 85.02%.

For M. convolutum, the models displayed even
stronger predictive performance. The sedimentation
efficiency model achieved an adjusted R? of 99.82%, and
a predicted R? of 99.38%, indicating near-perfect accu-
racy. Similarly, the sedimentation time model exhibited
an adjusted R? of 99.56%, and a predicted R? of 94.58%.

Analysis of variance (ANOVA) in Tables 4 and 5 fur-
ther highlighted the importance of pH and salinity in
influencing sedimentation efficiency and time. For C.
sorokiniana, the linear terms for pH (p-value <0.001) and
salinity (p-value =0.005) were statistically significant, as
were the quadratic terms (pH?> p-value <0.001, Salinity?
p-value =0.011). The interaction term (pH*Salinity) was
not significant (p-value =0.367). Similar trends were
observed for M. convolutum, where pH and salinity
showed significant linear and quadratic effects on effi-
ciency (p-value <0.001 for all), while the interaction term
remained insignificant (p-value =0.384).

The derived regression equations capture these rela-
tionships and offer insights into the trends observed, as
shown in the second-order polynomial equations for C.
sorokiniana (Egs. 6 and 7):
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Efficiency (%) = 191.18 — 33.79 pH + 0.531 Salinity
+ 2.365 pH? — 0.01581 Salinity*

+ 0.00544 pH * Salinity
(6)
Time(Hours) = — 102.57 + 44.68pH — 1.522 Salinity
— 3.121 pH? 4 0.04334 Salinity*
— 0.01156 pH * Salinity
7)

And the following equations for M. convolutum (Eqs. 8
and 9):

Efficiency (%) = 208.10 — 42.79 pH + 1.076 Salinity
+ 2.9757 pH? — 0.03137 Salinity®

— 0.00411 pH = Salinity
(8)
Time (Hours) = — 124.83 + 57.49 pH — 1.423 Salinity
— 4.014 pH? 4 0.03794 Salinity*
+ 0.00600 pH * Salinity
)

Validation of the optimized conditions (Table 6) con-
firmed the reliability of the models. For C. sorokiniana,
the predicted sedimentation efficiency of 98.68% and
time of 12.06 h at pH 4 and salinity 17.4 ppt were close to
the actual values of 95.89% and 18.75 h. For M. convolu-
tum, predictions of 93.48% efficiency and 28.12 h at pH 4
and salinity 16.8 ppt aligned closely with observed values
of 89.2% and 33.91 h, respectively.

Economic cost reduction estimates
To compare the economic feasibility of harvesting
methods, the cost per kilogram of dry biomass using
sedimentation was evaluated versus centrifugation. Cen-
trifugation, with an average energy demand of 5.8 kWh
m~ and an energy rate of $0.33/kWh, incurs a cost of
approximately $1.914 per m>. In contrast, the optimized
sedimentation protocol in CCD run no. 2 (pH 4, 5 ppt
NaCl) requires only 5 kg of NaCl and about 10 mL of
commercial 33% HCl per m?, totaling $0.42761 per m®,
Using experimental biomass yields and recovery effi-
ciencies, the total cost to harvest 1 kg of biomass was
estimated for both species and methods. As shown in
Table 7, sedimentation reduced harvesting costs by up to
79% for C. sorokiniana and up to 77% for M. convolutum
compared to centrifugation, while achieving comparable
recovery.

Validation of non-invasive photographic method

for sedimentation efficiency

The non-invasive photographic method developed in
this study was validated by comparing sedimentation
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efficiency measured through optical density (SEqp) with
sedimentation efficiency measured through the green
color intensity (SEqc;). A regression analysis was per-
formed to assess the relationship between the two meth-
ods (Fig. 15).

The model summary showed an R? value of 94.89%,
indicating that the photographic method experienced a
proportion of variance in the sedimentation efficiency
measured. The adjusted R? value of 94.85% and the pre-
dicted R? of 94.75% confirmed the robustness and pre-
dictive power of the model. The Pearson coefficient (r)
between both methods (0.93) was statistically significant
(p-value <0.001), indicating a very strong positive linear
relationship which further proves that the non-invasive
(SEg(p) automated method is highly reliable and efficient.

Correlation and regression estimation

between sedimentation factors and responses

To understand the relationships between the factors
tested, pH, salinity, volume, and ApH (absolute change
from neutral pH), and the responses measured (sedimen-
tation efficiency and sedimentation time), Spearman’s
correlation (p) and regression analysis were applied, and
the obtained results are shown in Fig. 16. This analy-
sis revealed the extent of association and the predictive
strength of the relationships across the microalgal species
C. sorokiniana and M. convolutum.

The correlation analysis highlighted varying trends
between the factors and sedimentation efficiency. For pH,
a non-significant weak negative correlation (p= —0.29)
was observed for both species, indicating minimal influ-
ence of pH changes on efficiency. Conversely, salinity
displayed contrasting correlations. For C. sorokiniana,
salinity was significantly strong and positively correlated
with efficiency (p= 0.88), while for M. convolutum, the
relationship was strongly negative (p= —0.88). Volume
consistently exhibited a significant strong negative cor-
relation with efficiency for both species (p = —0.98), sug-
gesting that smaller volumes increase sedimentation
efficiency. Interestingly, ApH had a significant strong
positive correlation with efficiency (p= 0.93), emphasiz-
ing that deviations from neutral pH significantly improve
sedimentation outcomes.

When examining correlations with sedimentation time,
pH demonstrated a weak non-significant positive associ-
ation (p= 0.29) for both microalgae, suggesting a limited
role in predicting sedimentation time. Salinity showed
inverse relationships across species: a significant strong
negative correlation for C. sorokiniana (p= —0.86) and a
strong positive correlation for M. convolutum (p= 0.98).
Volume also exhibited species-dependent trends, with a
strong significant positive correlation for C. sorokiniana
(p=0.98) but a weak non-significant negative correlation
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for M. convolutum (p= —0.27). ApH revealed a strong
negative correlation with sedimentation time (p= —0.93
for C. sorokiniana and p= —0.94 for M. convolutum),
demonstrating that greater deviations from neutral pH
reduce the time required for sedimentation.

The regression analysis revealed that most interactions
between the factors (pH, salinity, volume, and ApH) and
the responses (sedimentation efficiency and sedimenta-
tion time) resulted in high adjusted R* values, demon-
strating strong predictive relationships. However, certain
factors showed weaker predictive power. pH demon-
strated relatively lower adjusted R? values for sedimen-
tation efficiency (R? adj =0.9287 for C. sorokiniana and
R? adj =0.9048 for M. convolutum), while ApH, despite
its strong correlations, resulted in moderate adjusted
R? values (R? adj =0.8318 for C. sorokiniana and R? adj
=0.8721 for M. convolutum).

For sedimentation time, similar trends were observed.
Both salinity and volume produced extremely high
adjusted R* values, such as 0.9964 and 0.9988, respec-
tively, for C. sorokiniana. ApH also exhibited a strong fit,
particularly for M. convolutum (R* adj =0.9465). On the
other hand, pH displayed the weakest predictive capa-
bility among the factors, with adjusted R?* adj values of
0.8484 for C. sorokiniana and 0.9727 for M. convolutum.

Discussion

The findings from this study reveal important insights
into the growth and sedimentation behaviors of C. soro-
kiniana and M. convolutum under various conditions.
These results are essential for optimizing microalgae har-
vesting, which particularly has many significant applica-
tions such as biofuel production, wastewater treatment,
and biochemicals production.

The growth performance of C. sorokiniana and M. con-
volutum assessment revealed that Bold Basal Medium
consistently supported the maximum levels of growth
across all metrics, which indicated a vigorous growth
phase, characterized by rapid cell proliferation and bio-
mass accumulation. The present data is supported by the
previous findings of Guerrero-Cabrera et al. [28], who
studied the growth of three different microalgae, Mono-
raphidium sp., Chlorella sp. and Scenedesmus sp., in
BBM compared with Nile Tilapia Effluent Medium and
suggested that the usage of BBM generally resulted in
higher positive responses concerning growth rate, bio-
mass, as well as lipid and protein contents. Moreover, Da
Silva et al. [54] investigated the physiologic parameters
of C. sorokiniana CTT7727 at different growth condi-
tions on BBM and concluded that BBM with continuous
illumination and CO, feeding resulted in maximum cell
concentration and growth rate in C. sorokiniana, empha-
sizing the importance of balanced nutrients in promoting
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vigorous growth in microalgae. The correlating harmony
observed between results of culture density, cell count,
and biomass in the present study aligns with these find-
ings, reinforcing the role of nutrient-rich media like
BBM in promoting algal growth. This can also be fur-
ther proved by BBM’s ability to support a higher specific
growth rate generally (0.31 day™! for C. sorokiniana and
0.34 day™ for M. convolutum) which is also noticeable
by its considerably short lag phase along with higher
growth rates during the first 4 days (0.49 day™! for both
species) as well as the later exponential phase (Days 4—8)
specially in the case of M. convolutum. This is supported
by Okomoda et al. [55], whose findings on Ankistrodes-
mus falcatus growth habits in BBM, Modified COMBO,
and Bristol medium recognized that BBM showed higher
biomass production and specific growth rates compared
to Bristol medium. However, Dayananda et al. [56] found
that BG11 can be more suitable for hydrocarbon and
biomass production in Botryococcus braunii, a freshwa-
ter microalgae, as deduced by their work using different
autotrophic media as BBM, BBMa (with ammonium car-
bonate), BG11, and modified Chu 13. Additionally, Asma
et al. [57] concluded that natural media can outperform
chemically formulated media for some species as B. brau-
nii had a higher specific growth rate in autoclaved lake
water compared to its moderate growth in BBM and
modified Chu No. 10 medium. This discrepancy may
be attributed to differences in species-specific nutrient
requirements. Present data of M. convolutum grown in
BBM illustrated higher dry weight content than that of C.
sorokiniana, despite the latter having higher culture den-
sity which can be attributed to the higher specific growth
rate across the different intervals documented in this
study and also the accumulation of higher lipid and car-
bohydrate contents in M. convolutum compared to that
of C. sorokiniana. This observation aligns with the find-
ings of Diaz et al. [8] and Matsukawa et al. [7], who sug-
gested that Monoraphidium species are capable of higher
lipids (30.58%) and carbohydrates (25.58%) accumulation
while C. sorokiniana has higher protein content (68.5%).
In the current study, the faster sedimentation rate of
C. sorokiniana may be attributed to cell morphology and
biochemical composition. Whereas reduced buoyancy of
C. sorokiniana, due to its smaller cell size and lower oil
content, facilitates a shorter settling time. This observa-
tion aligns with the findings of Baroni et al. [58], who also
linked cell size and cell density with the time of gravity
sedimentation in microalgae (Chlorella sp., Haematococ-
cus pluvialis, and Nannochloropsis salina). Furthermore,
in their study, nitrogen depletion increased the average
cell size by 30% and decreased cell density, which in turn
reduced the settling velocity. The increase in cell size only
partially counteracts the decrease in density, leading to
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Table 2 Central Composite Design (CCD) matrix with block distribution of the two studied input factors (pH and Salinity in ppt) with
the output response values for sedimentation efficiency (%) and sedimentation time (hour) for each tested microalga

Run order Blocks pH Salinity (ppt) Chlorella sorokiniana Monoraphidium convolutum
Efficiency (%) Time (h) Efficiency (%) Time (h)

1 1 10 5 9235 24.92 81.86 4292
2 1 4 5 96.14 19.5 88.7 3542
3 1 4 35 9338 25.08 82.88 39.25
4 1 7 20 7546 42.75 62.38 68.83
5 1 7 20 7542 4275 62.68 68.83
6 1 10 35 90.57 2842 753 47.83
7 1 7 20 7543 42.67 62.6 68.75
8 2 7 20 7542 42.75 62.67 68.75
9 2 7 12.5 74.75 44.75 63.16 69.33
10 2 7 20 7551 4283 6239 68.92
11 2 55 20 8242 335 72.01 555

12 2 7 27.5 753 4417 59.92 70.25
13 2 7 20 75.56 42.75 6267 68.58
14 2 85 20 80.05 36.5 67.99 61.75

a slower sedimentation rate. Also, Sung et al. [59], who
used a sedimentation rate-based strain selection to study
microalgae for use as direct combustion fuels with lower
CO, emissions, concluded that high-lipid content strains
settle more slowly due to increased buoyancy. This con-
firms the findings of this study as C. sorokiniana pos-
sesses smaller spherical cells with higher density, due to
the higher protein content, in comparison with M. con-
volutum, with its higher oil content and larger cells with
ellipsoid shape. All resulting in a lower time of sedimen-
tation and higher efficiency in C. sorokiniana compared
to M. convolutum.

The current data suggested that limiting gas exchange
reduces metabolic activity and alters buoyancy, leading
to higher sedimentation rates. This finding is supported
by studies of Tamburic et al. [60], who demonstrated
the role of CO, availability in microalgal metabolism
and its subsequent effect on sedimentation rates as their
study directly linked carbon limitation to reduced meta-
bolic rates in Nannochloropsis oculata, showing that gas
exchange governs the extent of carbon limitation which
could lead to higher sedimentation due to reduced meta-
bolic activity. Also, Cheng et al. [61] demonstrated how
microalgae like Chlorella vulgaris cultured in closed sys-
tems can experience altered gas exchange, where CO, is
removed, affecting cellular processes. The results dem-
onstrate that low gas exchange slows CO, fixation and
oxygen production, affecting cell growth and metabo-
lism. These results suggest that controlling gas exchange
could be a viable strategy for improving sedimentation

efficiency as a feasible method in large-scale microalgal
cultivation.

The sedimentation efficiency of C. sorokiniana and
M. convolutum was significantly influenced by culture
volume, with lower culture volumes consistently dem-
onstrating higher sedimentation efficiencies for both
species. This decline in efficiency with increasing cul-
ture volume can be attributed to the greater height of the
culture column, which results in increased fluid resist-
ance and enhanced buoyancy forces acting on the algal
cells. Relational analysis confirmed a strong negative
correlation between culture volume and sedimentation
efficiency for both species (p= —0.98, p-value <0.001),
indicating a predictable decrease in efficiency as culture
volume increases. The regression analysis further sup-
ported the reliability of this relationship, with adjusted
R? values of 0.99 for both C. sorokiniana and M. convo-
lutum. In addition, sedimentation time exhibited a posi-
tive correlation with culture volume in C. sorokiniana
(p=0.98, p-value <0.001, R?= 0.99), reflecting prolonged
settling times in larger culture volumes. Conversely, M.
convolutum displayed a weaker and statistically insignifi-
cant correlation between culture volume and sedimen-
tation time (p= —0.27, p-value =0.32), suggesting that
its buoyancy characteristics, likely influenced by higher
oil content, make it less sensitive to changes in volume
when considering settling time. These findings empha-
size the importance of optimizing culture volume in
sedimentation processes. Smaller volumes effectively
mitigate fluid resistance and buoyancy effects, resulting
in improved sedimentation efficiency. This aligns with
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Fig. 14 Three-dimensional response surface methodology (RSM) plots illustrating the effects of pH and salinity on sedimentation efficiency (top)

and sedimentation time (bottom) for Chlorella sorokiniana (A and C, respectively) and Monoraphidium convolutum (B and D, respectively)

Table 3 Model summary statistics for sedimentation response variables for each microalga

Microalgae Response s? R R? (adj)“(%) R?
(pred)?(%)
Chlorella sorokiniana Efficiency (%) 0.508063 99.79% 9961 9345
Time (h) 0.83676 99.50% 99.08 85.02
Monoraphidium convolutum Efficiency (%) 0.39806 99.90% 99.82 99.38
Time (h) 0.850932 99.76% 99.56 94.58

2 Standard error of the regression

b percentage of variation in the response

€ Adjusted percentage of variation relative to the number of observations
9 Indicator of model prediction accuracy
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Table 4 Analysis of variance (ANOVA) and effect tests of the input factors (pH and salinity) of the response surface CCD model for
sedimentation responses (efficiency and time) in Chlorella sorokiniana

Source DF Efficiency (%) Time (h)
Adj sS? Adj MsP F-value® p-value® Adj SS Adj MS F-value p-value
Model 6 858.269 143.045 554.16 <0.001* 983.786 163.964 23418 <0.001*
Blocks 1 0.251 0.251 0.97 0.357 0434 0434 0.62 0457
Linear 2 17.51 8.755 3392 <0.001* 40.563 20.281 2897 <0.001*
pH 1 13.468 13.468 52.18 <0.001* 23.393 23.393 3341 0.001*
Salinity 1 4.042 4.042 15.66 0.005* 17.17 1717 2452 0.002%
Square 2 585.6 2928 113432 <0.001* 674.96 33748 482 <0.001*
pH*pH 1 109.315 109.315 42349 <0.001* 19041 19041 271.95 <0.001*
Salinity*Salinity 1 3.054 3.054 11.83 0.011* 22948 22948 3277 0.001*
2-way interaction 1 0.24 0.24 093 0.367 1.082 1.082 1.54 0.254
pH*Salinity 1 0.24 0.24 093 0.367 1.082 1.082 1.54 0.254
Error 7 1.807 0.258 4.901 0.7
Lack-of-fit 3 1.796 0.599 219.02 <0.001* 4.893 1.631 764.47 <0.001*
Pure error 4 0.011 0.003 0.009 0.002
Total 13 860.076 988.687

2 Adjusted sum of squares

b Adjusted mean squares

€ Fishers's exact test statistic value

9 Probability of significance against the null hypothesis
* Significant at 90% level of confidence (p-value <0.1)

Table 5 Analysis of variance (ANOVA) and effect tests of the input factors (pH and salinity) of the response surface CCD model for
sedimentation responses (efficiency and time) in Monoraphidium convolutum

Source DF Efficiency (%) Time (h)
Adj 5S? Adj MsP F-value® p-value? Adj SS Adj MS F-value p-value
Model 6 1159.79 193.298 1219.92 <0.001* 214532 357.554 493.8 <0.001*
Blocks 1 0.56 0.562 3.55 0.102 1.33 1334 1.84 0217
Linear 2 103.54 51.772 326.73 <0.001* 100.77 50.386 69.59 <0.001*
pH 1 59.99 59.988 378.59 <0.001* 81.96 81.963 113.19 <0.001*
Salinity 1 43.56 43.556 274.88 <0.001* 18.81 18.809 25.98 0.001*
Square 2 748.82 37441 2362.93 <0.001* 1449.51 724.753 1000.9 <0.001*
pH*pH 1 1731 173.096 109242 <0.001* 31491 314.906 4349 <0.001*
Salinity*Salinity 1 12.02 12.025 75.89 <0.001* 17.59 17.59 24.29 0.002*
2-Way interaction 1 0.14 0.137 0.86 0.384 0.29 0.292 04 0.546
pH*Salinity 1 0.14 0.137 0.86 0.384 0.29 0.292 04 0.546
Error 7 111 0.158 5.07 0.724
Lack-of-fit 3 1.01 0.336 13.38 0.015* 5.01 1.669 107.55 <0.001*
Pure error 4 0.1 0.025 0.06 0.016
Total 13 1160.9 2150.39

@ Adjusted sum of squares

b Adjusted mean squares

€ Fishers's exact test statistic value

9 Probability of significance against the null hypothesis
" Significant at 90% level of confidence (p-value <0.1)
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Table 6 The actual and predicted values for sedimentation efficiency and time at input settings derived from the optimized response

surface CCD model for each microalga

Microalgae Setting Predicted response Actual response

pH Salinity Efficiency (%) Time (h) Efficiency (%) Time (h)
Chlorella sorokiniana 174 98.68 12.06 95.89 18.75
Monoraphidium convolutum 16.8 93483 28.12 89.2 3391

Table 7 Comparative analysis of harvesting efficiency, biomass yield, required culture volume, and total harvesting cost per kilogram
of biomass for each species using optimized sedimentation and conventional centrifugation

Parameter Chlorella sorokiniana

Monoraphidium convolutum

Sedimentation

Centrifugation Sedimentation Centrifugation

Harvesting efficiency (%) 96.14 90 88.7 90
Harvested biomass (mg LN 42237 3954 604.93 6138
Volume per kg biomass (m? kg™ 2.368 2.529 1.653 1.629
Harvesting cost (SUSD kg") 1.012 4841 0.707 3.118
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Fig. 15 Comparative validation between SE., and SEq techniques using linear regression analysis (left), Residual analysis (top-right) signifies
the general consistency of fit and normal probability plot (bottom-right) shows residuals distribution all highlighting the high accuracy

of the method

the observations of Hirom and Devi [62], who reported
that larger tanks are associated with issues like increased
fluid resistance, which negatively impacts the settling rate
of suspended particles. The present study reinforces these
conclusions, providing additional evidence that sedimen-
tation efficiency can be maximized by reducing culture

volume, especially for species with distinct biochemical
compositions, such as M. convolutum.

The sedimentation efficiency of C. sorokiniana and M.
convolutum exhibited a non-linear relationship with pH,
with the highest efficiencies observed under acidic (pH
5) and alkaline (pH 9) conditions, while efficiencies were
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Fig. 16 Correlation heatmap for the relationship

between experimental parameters (salinity, pH, ApH, and volume)
and sedimentation outcomes (efficiency and time). Data represent
correlation and regression (Spearman’s p, adjusted R?) for Chlorella
sorokiniana (A) and Monoraphidium convolutum (B). The shaded
stripes B highlight statistically significant correlations (p-value <0.05)

lower at neutral pH (pH 7). For C. sorokiniana, sedimen-
tation efficiency peaked at 88.60% at pH 5 and 83.29%
at pH 9, compared to 71.38% at pH 7. Similarly, for M.
convolutum, efficiencies were 82.49% at pH 5 and 78.09%
at pH 9, significantly higher than the 63.63% observed at
neutral pH. This trend can be explained by the effect of
pH on the surface charge of algal cells, which in turn pro-
motes cellular aggregation and enhances sedimentation.
Acidic conditions may neutralize negative surface charges
on the cell membrane, reducing electrostatic repulsion, as
previously noted by Castrillo et al. and Tan et al. [63, 64].
Alkaline conditions, on the other hand, have been asso-
ciated with auto-flocculation mechanisms, as demon-
strated by Wu et al. [65], who reported enhanced settling
rates of up to 90% in freshwater microalgae at elevated
pH values. Regression and correlation analyses further
highlight the influence of pH and ApH. The relationship
between pH and sedimentation efficiency showed weak
negative correlations (p= —0.29, p-value =0.286) for
both species. However, when analyzed as ApH (the abso-
lute change from neutral pH), a strong positive correla-
tion emerged (p= 0.93, p-value <0.0001), confirming the
significance of deviations from neutrality in driving sedi-
mentation efficiency. The adjusted R? values for ApH effi-
ciency relationships were 0.83 for C. sorokiniana and 0.87
for M. convolutum, highlighting the robustness of these
findings. Sedimentation times were inversely correlated
with ApH for both species, with stronger relationships
observed for M. convolutum (p= —0.94, p-value <0.0001,
R?= 0.95). This suggests that larger deviations from neu-
tral pH not only improve efficiency but also reduce set-
tling time, especially in M. convolutum. These results
align with prior studies on Scenedesmus obliquus and
Chlorella vulgaris where pH values between 10 and 12
were used [63], and in C. sorokiniana at pH 12, achieving
up to 97.8% sedimentation efficiency [66]. The cell wall
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of C. sorokiniana is known to be relatively rigid and pro-
tein-rich, contributing to its stability and compactness,
which may enhance sedimentation under acidic or saline
conditions [67, 68]. In contrast, M. convolutum possesses
a thinner, more flexible cell wall, which, combined with
higher lipid content, could lead to increased buoyancy
and reduced responsiveness to ionic or pH-driven aggre-
gation. The current findings reinforce the importance of
optimizing pH conditions in sedimentation processes to
maximize efficiency while minimizing adverse effects on
cell integrity, potential stress on microalgal cells and bio-
mass quality.

Salinity played a crucial role in modulating sedimenta-
tion efficiency, with contrasting effects observed between
C. sorokiniana and M. convolutum. For C. sorokiniana,
sedimentation efficiency increased significantly with ris-
ing salinity, reaching a maximum of 80.54% at 30 ppt
but declined to 77.49% at 40 ppt. Regression analysis
confirmed a strong positive correlation between salinity
and sedimentation efficiency (p= 0.88, p-value <0.001,
R?= 0.98), indicating a predictable enhancement in sedi-
mentation efficiency with salinity stress. This trend was
accompanied by a decrease in sedimentation time (p=
—0.86, p-value <0.001, R>= 0.99), suggesting that sedi-
mentation in C. sorokiniana can be promoted and accel-
erated with elevating salinity up to certain levels below
hypersaline environments where it would have an adverse
effect on the process. The observed improvement in sedi-
mentation efficiency for C. sorokiniana can be attributed
to physiological adaptations triggered by salinity stress.
Previous studies, such as those by Kim et al. [69], have
demonstrated that salinity stress induces lipid accumu-
lation, increasing cell density and promoting faster set-
tling rates. Furthermore, salinity stress may enhance
the production of extracellular polymeric substances
(EPS), which contribute to sediment biostabilization,
as reported by Spears et al. [70] in benthic microalgae.
These physiological changes likely explain the higher sed-
imentation efficiency observed at elevated salinity levels.
In contrast, M. convolutum exhibited a varying response
and decline in sedimentation efficiency with increasing
salinity, with efficiency slightly increasing at low salinity
(10 ppt), then dropping from 64.10 to 59.14% at 40 ppt.
Regression analysis revealed a significant negative cor-
relation between salinity and sedimentation efficiency
(p= —0.88, p-value <0.001, R*= 0.88), highlighting the
adverse effect of salinity on this species. Interestingly,
sedimentation time for M. conmvolutum increased with
salinity (p= 0.98, p-value <0.001, R*= 0.99), suggesting
that higher salinity levels not only reduce efficiency but
also prolong settling time. These results align with ear-
lier findings by Diaz et al. [8] and Matsukawa et al. [7]
supporting that M. convolutum may not exhibit similar
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physiological responses leading to limited response to
salinity which can be attributed to its higher lipid con-
tent and lower halotolerance as indicated by Talebi et al.
[71] whose work suggested that some microalgae spe-
cies with lower salinity tolerance often show diminished
responses in cellular alterations likely limiting their abil-
ity to undergo significant physiological alterations under
salt stress.

The analysis of variance (ANOVA) and effect tests
in the CCD response surface model revealed that both
pH and salinity had significant effects on sedimenta-
tion efficiency and time for both microalgae species. For
C. sorokiniana, the linear terms of pH (p-value <0.001)
and salinity (p-value =0.005) were significant contribu-
tors to efficiency, with pH demonstrating a stronger
impact based on its higher F-value. Similarly, salinity
significantly influenced sedimentation time (p-value
=0.002). Quadratic terms (pH> and Salinity?) also had
a distinct effect, indicating that extreme values of these
factors either reduced or plateaued out sedimentation
performance. For M. convolutum, a comparable trend
was observed, with pH emerging as the most influen-
tial factor for both efficiency (p-value <0.001) and time
(p-value <0.001). The quadratic effects of pH (p-value
<0.001) further emphasized the sensitivity of this species
to pH variations, reflecting a higher degree of optimiza-
tion required for its flocculation. While salinity was also
significant, its relative impact was lesser compared to pH.
Interestingly, the 2-way interaction term (pH*Salinity)
was not statistically significant (p-value >0.01) for either
species, suggesting that the two factors operate indepen-
dently rather than synergistically to influence sedimen-
tation. This independence simplifies the optimization
process, allowing each factor to be fine-tuned separately.
These findings are supported by Zalizniak et al. [72] and
Grenier et al. [73], who confirmed that the changes in pH
did not significantly modify the direct effects of salinity
and that there was no significant combined effect of pH
and salinity. However, results also showed that apply-
ing both pH and salinity within their respective optimal
ranges led to enhanced sedimentation outcomes com-
pared to either factor alone. This indicates that while
synergy is absent, their combined influence remains
practically beneficial and should be considered in applied
harvesting strategies.

The predictive models for sedimentation efficiency
and time demonstrated exceptional accuracy, as evi-
denced by high R? adjusted R? and predicted R? values
for both species. The corresponding predictive capabili-
ties confirm the robustness of the models in forecasting
outcomes under untested conditions. This highlights
the superior adaptability of the model for these spe-
cies, which may stem from more consistent biological
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responses under varying environmental conditions. Vali-
dation of the optimized settings confirmed the reliability
of the models. For C. sorokiniana, the predicted sedimen-
tation efficiency of 98.68% at pH 4 and salinity 17.4 ppt
closely matched the actual efficiency of 95.89%. Similarly,
sedimentation time predictions (12.06 h) underestimated
the observed time (18.75 h) but remained within accept-
able limits of accuracy. For M. convolutum, the predicted
efficiency of 93.48% under optimal conditions (pH 4,
salinity 16.8 ppt) was slightly higher than the actual effi-
ciency (89.2%), while predicted and actual sedimentation
times (28.12 vs. 33.91 h) exhibited minor discrepancies.
These results reinforce the utility of the models in guid-
ing process optimization, while also underscoring the
inherent variability in biological systems.

The observed differences in sedimentation efficiency
between Chlorella sorokiniana and Monoraphidium con-
volutum can be partially attributed to species-specific
morphological and biochemical traits. C. sorokiniana
exhibits small, spherical cells that are typically denser,
whereas M. convolutum displays larger, ellipsoidal cells
with a higher lipid content—characteristics that influence
settling behavior through variations in buoyancy and sur-
face area-to-volume ratios. Although this study did not
include direct measurements of cell surface charge (zeta
potential) or extracellular polymeric substances (EPS),
both factors are known to play a critical role in microal-
gal aggregation and flocculation. Negatively charged cell
surfaces may inhibit sedimentation unless neutralized
by changes in pH or ionic strength [74], while EPS can
either promote or hinder aggregation depending on their
composition and abundance [75]. The lack of a significant
interaction between pH and salinity in the RSM model
may reflect the independent contributions of surface
charge and EPS to sedimentation dynamics. Incorporat-
ing direct assessments of zeta potential and EPS in future
studies would provide deeper insight into the mecha-
nistic basis of species-specific sedimentation responses
under varying environmental conditions [76, 77].

The economic analysis further underscores the scal-
ability and practicality of the optimized sedimentation
approach. While centrifugation remains one of the most
efficient harvesting methods, its high energy consump-
tion—averaging 5.8 kWh per m? at a rate of $0.33/kWh—
results in harvesting costs of up to $4.84 per kilogram of
biomass [78—80]. In contrast, the optimized sedimenta-
tion strategy demonstrated in this study, using mini-
mal chemical inputs yielded a cost as low as $0.71-1.01
per kilogram, depending on the species [81-84]. These
findings represent an estimated 77-79% reduction in
harvesting costs, a significant step toward economic fea-
sibility for large-scale microalgal bioprocessing.
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The automated cell counting method proved to be a
highly efficient and reliable tool for assessing cell number,
size, and morphology. This approach eliminated the need
for manual counting, which is not only time-consuming
but also prone to variability due to human error [19, 21].
The validation results demonstrate the high reliability of
this method and a near-perfect alignment between the
automated counts and manual validation. These find-
ings underscore the method’s credibility in providing
accurate results with minimal human labor involvement.
This is further supported by the tightly clustered data
points around the regression line, underscoring the high
agreement between the automated and manual meth-
ods. While the residual plot highlighted stable variability
for lower cell counts, it also indicated a slight increase
in variability at higher counts, suggesting minor hetero-
scedasticity that could result from overlapping cells or
image noise at higher densities [85, 86]. Nonetheless, the
normal probability plot confirmed that the residuals fol-
lowed an approximately normal distribution, validating
the model’s robustness and predictive accuracy. Beyond
its accuracy, the automated process significantly reduced
the time and effort required for data analysis. Conven-
tional manual counting methods, while effective, are
labor-intensive and can introduce subjective bias. In con-
trast, our approach offered a streamlined, reproducible,
and accessible alternative that can be readily adopted
without the need for specialized machine learning mod-
els or proprietary software. This makes it a valuable addi-
tion to the toolkit of researchers working with similar cell
quantification challenges.

Similarly, the non-invasive photographic method for
monitoring sedimentation efficiency demonstrated its
efficacy in capturing real-time dynamics without disturb-
ing the experimental setup. By utilizing time-lapse imag-
ing and analyzing changes in green color intensity over
time, this method provided a precise and robust means
to quantify sedimentation efficiency. The high correla-
tion between photographic (SE;) and manual optical
density (SEqp) measurements highlights the accuracy of
this technique. The residual plot demonstrated consistent
fluctuations, indicating homoscedasticity and the absence
of systematic bias [87], while the normal probability plot
showed that residuals were reasonably normally distrib-
uted, with only minor deviations at the extremes. These
results validate the precision and consistency of the pho-
tographic method in capturing sedimentation efficiency
over time. An added advantage of this approach lies in
its non-invasive nature, which allows for continuous
monitoring of sedimentation columns without physical
interference. This eliminated potential disruptions to the
sedimentation process and enabled accurate tracking of
temporal changes. Traditional methods, such as optical
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density measurements, often require sample withdrawal,
which can alter the experimental conditions. In contrast,
the photographic approach ensured the integrity of the
sedimentation process while delivering high-resolution
data.

While this study demonstrates promising results, sev-
eral limitations should be acknowledged. The experi-
ments were conducted at lab scale using only two green
microalgae species, which may limit generalizability
across broader taxa. Additionally, while the non-inva-
sive photographic method proved accurate and consist-
ent under controlled indoor conditions, its application
in outdoor or open pond systems may present chal-
lenges due to fluctuations in ambient lighting. Ensur-
ing stable illumination for image-based analysis in such
environments would require additional control systems
or calibration strategies. Nonetheless, the method’s low
cost, real-time monitoring capability, and compatibility
with automated workflows make it highly promising for
industrial-scale use, particularly in enclosed photobio-
reactors or integrated harvesting systems. Future work
should assess its performance under dynamic environ-
mental conditions and explore solutions to support
deployment in less-controlled cultivation settings.

The findings of this study hold significant implica-
tions for large-scale algal bioprocessing. By establishing
a robust and low-cost framework for sedimentation-
based harvesting, this work advances sustainable alter-
natives to energy-intensive and chemically invasive
methods. By minimizing energy inputs and avoiding
flocculant-derived biomass contamination, the opti-
mized sedimentation approach aligns with key priori-
ties of the emerging bioeconomy, including low-impact
production, renewable resource valorization, and cir-
cular process integration. When combined with high
sedimentation efficiency and real-time, non-invasive
monitoring, the approach lays a strong foundation for
scalable and cost-effective downstream operations.
These attributes position sedimentation not only as
a viable replacement for traditional harvesting tech-
niques but also as a strategic enabler for climate-con-
scious biorefineries and industrial-scale algae-based
systems. Future research should explore the integration
of automated sedimentation systems into continuous
production pipelines and evaluate their performance
under real-world conditions to bridge the gap between
laboratory optimization and commercial deployment.

Conclusions

This study advances sustainable microalgal harvesting by
integrating response surface methodology (RSM) with a
novel, non-invasive photographic imaging technique for
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sedimentation assessment. C. sorokiniana and M. con-
volutum demonstrated distinct growth and biochemical
profiles, with BBM supporting optimal productivity for
both. Sedimentation efficiency was strongly influenced
by cell morphology, biochemical traits, and environmen-
tal conditions such as pH and salinity. The optimized
process achieved high recovery rates (up to 96.14%)
while reducing harvesting costs by up to 79% compared
to centrifugation. The automated imaging methods ena-
bled accurate, high-throughput sedimentation monitor-
ing and validated its strong correlation with conventional
techniques. These innovations offer a scalable, low-
energy solution that supports bioeconomy goals and con-
tributes to climate change mitigation by improving the
economic and environmental feasibility of algae-based
biofuels, bioplastics, and bioproducts.

Acknowledgements

The authors would like to express their gratitude to the Botany Depart-

ment, Faculty of Science, Mansoura University in Egypt for allowing them to
complete these experiments and for providing the necessary infrastructure to
conduct this research.

Author contributions

AMA, EGE, MHH, and DAR jointly conceptualized and designed the study,
defining the research objectives and methodology. AMA was responsible

for conducting the experiments, performing data analysis, interpreting the
results, creating visualizations and writing the initial draft. AMA, EGE MHH and
DAR collaboratively revised and improved the content of the manuscript.

All authors contributed to the manuscript’s structure and final formatting to
ensure consistency and clarity. All authors have read, approved, and agreed to
the published version of the manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). The open access funding provided by The Science, Technology & Inno-
vation Funding Authority (STDF) in cooperation with The Egyptian Knowledge
Bank (EKB).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
! Botany Department, Faculty of Science, Mansoura University, Man-
soura 35516, Egypt.

Received: 16 January 2025 Accepted: 12 June 2025
Published online: 11 July 2025

Page 22 of 24

References

1. Wang, Ho S-H, Cheng C-L, Guo W-Q, Nagarajan D, Ren N-Q, Lee D-J,
Chang J-S. Perspectives on the feasibility of using microalgae for indus-
trial wastewater treatment. Bioresour Technol. 2016;222:485-97.

2. Show P, Tang M, Nagarajan D, Ling T, Ooi C-W, Chang J-S. A holistic
approach to managing microalgae for biofuel applications. Int J Mol Sci.
2017;18:215.

3. FuchsT, Arnold ND, Garbe D, Deimel S, Lorenzen J, Masri M, Mehlmer N,
Weuster-Botz D, Briick TB. A newly designed automatically controlled,
sterilizable flat panel photobioreactor for Axenic algae culture. Front
Bioeng Biotechnol. 2021;9:697354.

4. Napolitano G, Fasciolo G, Salbitani G, Venditti P. Chlorella sorokiniana
dietary supplementation increases antioxidant capacities and reduces
ROS release in mitochondria of hyperthyroid rat liver. Antioxidants.
2020;9:883.

5. Kumar K, Dasgupta CN, Das D. Cell growth kinetics of Chlorella
sorokiniana and nutritional values of its biomass. Bioresour Technol.
2014;167:358-66.

6. Olasehinde TA, Odjadjare EC, Mabinya LV, Olaniran AO, Okoh Al. Chlorella
sorokiniana and Chlorella minutissima exhibit antioxidant potentials,
inhibit cholinesterases and modulate disaggregation of 3-amyloid fibrils.
Electron J Biotechnol. 2019;40:1-9.

7. Matsukawa R, Hotta M, Masuda Y, Chihara M, Karube . Antioxidants from
carbon dioxide fixing Chlorella sorokiniana. J Appl Phycol. 2000;12:263-7.

8. Diaz GC, Cruz YR, Carliz RG, Paula RCVd, Aranda DAG, Dario MAG, Marass
GS, Furtado NC. Cultivation of microalgae Monoraphidium sp., in the
plant pilot the grand valle bio energy, for biodiesel production. Nat Sci.
2015;7:370-8.

9. Holbrook GP, Davidson Z, Tatara RA, Ziemer NL, Rosentrater KA, Scott
Grayburn W. Use of the microalga Monoraphidium sp. grown in waste-
water as a feedstock for biodiesel: cultivation and fuel characteristics.
Appl Energy. 2014;131:386-93.

10. Li D, ZhaoY, Ding W, Zhao P, Xu J-W, Li T, Ma H, Yu X. A strategy for
promoting lipid production in green microalgae Monoraphidium sp.
QLY-1 by combined melatonin and photoinduction. Bioresour Technol.
2017,235:104-12.

11. Cheah WY, Ling TC, Show PL, Juan JC, Chang J-S, Lee D-J. Cultiva-
tion in wastewaters for energy: a microalgae platform. Appl Energy.
2016;179:609-25.

12. Zainith S, Saxena G, Kishor R, Bharagava RN. Application of microalgae
in industrial effluent treatment, contaminants removal, and biodiesel
production: Opportunities, challenges, and future prospects. USA:

In Bioremediation for Environmental Sustainability. Elsevier; 2021. p.
481-517.

13. Christenson L, Sims R. Production and harvesting of microalgae for
wastewater treatment, biofuels, and bioproducts. Biotechnol Adv.
2011,29:686-702.

14. Miranda AF, Ramkumar N, Andriotis C, Holtkemeier T, Yasmin A, Roch-
fort S, Wlodkowic D, Morrison P, Roddick F, Spangenberg G, et al. Appli-
cations of microalgal biofilms for wastewater treatment and bioenergy
production. Biotechnol Biofuels. 2017;10:120.

15. Zeng X, Guo X, Su G, Danquah MK, Zhang S, LuY, Sun'Y, Lin L. Bio-
process considerations for microalgal-based wastewater treatment
and biomass production. Renew Sustain Energy Rev. 2015;42:1385-92.

16. Rawat |, Ranjith Kumar R, Mutanda T, Bux F. Dual role of microalgae:
Phycoremediation of domestic wastewater and biomass production
for sustainable biofuels production. Appl Energy. 2011,88:3411-24.

17. Bhalamurugan GL, Valerie O, Mark L. Valuable bioproducts obtained
from microalgal biomass and their commercial applications: a review.
Environ Eng Res. 2018;23:229-41.

18. Mutanda T, Naidoo D, Bwapwa JK, Anandraj A. Biotechnological appli-
cations of microalgal oleaginous compounds: current trends on micro-
algal bioprocessing of products. Front Energy Res. 2020;8: 598803.

19. Hassan DK, Suhaimi H, Bilad MR, Abas PE. Automated cell counting
using image processing. Int J Comput. 2023;22(3):302-10.

20. Kataras TJ, Koury J, Singh H, Kaul M. An accessible automatic cell
counting methodology using trainable weka segmentation in ImageJ
validated on murine microglia. J Immunol. 2021;206:2723.

21. Kuijpers L, Veen Ey, Pol LAvd, Dekker NH. Automated cell counting for
Trypan blue-stained cell cultures using machine learning. PLoS ONE.
2023;18: 0291625.



Ayyad et al. Microbial Cell Factories

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45,

(2025) 24:165

Rai AK, Kumar A. Continuous measurement of suspended sediment
concentration: technological advancement and future outlook. Meas-
urement. 2015;76:209-27.

Jaarsma RAJ, Daugharty M, Kamminga SD, Lugt MaVD, Schipper MaD,
Nylund S. ADCP suspended sediment transport monitoring using
acoustic particle radius. CoastLab 2024: Physical Modelling in Coastal
Engineering and Science 2024.

de Oliveira LG, de Paiva AP, Balestrassi PP, Ferreira JR, da Costa SC, da
Silva Campos PH. Response surface methodology for advanced manu-
facturing technology optimization: theoretical fundamentals, practical
guidelines, and survey literature review. Int J Adv Manuf Technol.
2019;104:1785-837.

Alaeddini A, Murat A, Yang K, Ankenman B. An efficient adaptive
sequential methodology for expensive response surface optimization.
Qual Reliab Eng Int. 2013;29:799-817.

Refaay DA, Hussein MH, Abdel-Hamid MI, Shabaan SA, Mohammad
DM. Biopolymer treatment of ammonium-rich industrial effluents for
the mass cultivation of microalgae. J Appl Phycol. 2022;34:1931-41.
Salama S, et al. Influence of medium recipe on biomass and lipid
profile of an aquatic green microalga Monoraphidium convolutum for
biodiesel production. Egypt J Aquatic Biol Fisheries. 2024;28:957-86.
Guerrero-Cabrera L, Rueda JA, Garcia-Lozano H, Navarro AK. Culti-
vation of Monoraphidium sp., Chlorella sp. and Scenedesmus sp.
algae in Batch culture using Nile tilapia effluent. Bioresour Technol.
2014;161:455-60.

H. W. Bischoff and H. C. Bold, "Phycological Studies IV. Some Soil Algae
from Enchanted Rock and Related Algal Species, University of Texas
Publication No. 6318, 1963, p. 95.

Allen MM, Stanier RY. Growth and Division of Some Unicellular Blue-
green Algae. Microbiology. 1968;51:199-202.

Jaworski GHM, Talling JF, Heaney SI. The influence of carbon dioxide-
depletion on growth and sinking rate of two planktonic diatoms in
culture. Brit Phycol J. 1981;16:395-410.

Chu SP.The influence of the mineral composition of the medium on the
growth of planktonic algae: Part I. Methods and culture media. J Ecol.
1942,30:284-325.

Cohn SA, Farrell JF, Munro JD, Ragland RL, Weitzell RE Jr, Wibisono BL. The
effect of temperature and mixed species composition on diatom motility
and adhesion. Diatom Res. 2003;18:225-43.

Magdaong JB, Ubando AT, Culaba AB, Chang JS, Chen WH. Effect of aera-
tion rate and light cycle on the growth characteristics of Chlorella soro-
kiniana in a photobioreactor. IOP Conf Ser Earth Environ Sci. 2019;268:
012112,

Fujiki T, Taguchi S. Variability in chlorophyll a specific absorption coef-
ficient in marine phytoplankton as a function of cell size and irradiance. J
Plankton Res. 2002;24:859-74.

Lazcano-Hernandez H-E, Aguilar G, Dzul-Cetz GA, Patifo R, Arellano-
Verdejo J. Off-line and on-line optical monitoring of microalgal growth.
Peer). 2019;7: €7956.

Myers J, Curtis B, Curtis W. Improving accuracy of cell and chromophore
concentration measurements using optical density. BMC Biophys.
2013,6:4-4.

Wood A, Everroad RC, Wingard LM. Measuring growth rates in microalgal
cultures. In: Algal culturing techniques. Amsterdam: Elsevier; 2005. p.
269-85.

Guillard RRL, Sieracki M. Counting cells in cultures with the light
microscope. In: Algal culturing techniques. Amsterdam: Elsevier; 2005. p.
239-52.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch

T, Preibisch S, Rueden C, Saalfeld S, Schmid B, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012;9:676-82.

Van Rossum G, Drake FL: Python 3 Reference Manual. Scotts Valley, CA:
CreateSpace; 2009.

Bradski G: The OpenCV Library. Dr Dobb’s Journal of Software Tools 2000.
Guillard RRL: Division rates. Handbook of phycological methods: culture
methods and growth measurements 1973:289-312.

Trenkenshu RP. Calculation of the specific growth rate of microalgae.
Marine Biol J. 2019;4:100-8.

Krzeminska I, Pawlik-Skowroriska B, Trzcirska M, Tys J. Influence of
photoperiods on the growth rate and biomass productivity of green
microalgae. Bioprocess Biosyst Eng. 2014,37:735-41.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

Page 23 of 24

DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric
method for determination of sugars and related substances. Anal Chem.
1956;28:350-6.

Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purifica-
tion. Can J Biochem Physiol. 1959;37:911-7.

Lowry O, Rosebrough N, Farr AL, Randall R. Protein measurement with the
folin phenol reagent. J Biol Chem. 1951;193:265-75.

El Razak AA, Ward AC, Glassey J. Screening of marine bacterial producers
of polyunsaturated fatty acids and optimisation of production. Microb
Ecol. 2014,67:454-64.

Box GEP, Wilson KB. On the experimental attainment of optimum condi-
tions. J Roy Stat Soc: Ser B (Methodol). 1951;13:1-38.

. Chua ET, Eltanahy E, Jung H, Uy M, Thomas-Hall SR, Schenk PM. Efficient

harvesting of Nannochloropsis microalgae via optimized chitosan-medi-
ated flocculation. Global Chall. 2019;3:1800038.

Inc. Sl JMP® 17.17.2 edition. Cary, NC: JMP Statistical Discovery LLC; 2024.
Minitab LLC: Getting Started with Minitab Statistical Software. State Col-
lege, PA: Minitab, LLC,; 2021.

da Silva AA, Fonseca GG. Influence of luminosity, carbon source and
concentration of salts in the physiology of Chlorella sorokiniana. Environ
Technol. 2020;41:719-29.

Okomoda VT, Abdulrahman AK, Khatoon H, Mithun'S, Oladimeji AS, Abol-
Munafi AB, Alabi KI, Alamanjo CC, Anuar H. Performance characteristics
of Ankistrodesmus falcatus in different culture media and concentration.
Plants (Basel, Switzerland). 2021;10:755.

Dayananda C, Sarada R, Usharani M, Shamala T, Ravishankar G. Auto-
trophic cultivation of Botryococcus braunii for the production of hydro-
carbons and exopolysaccharides in various media. Biomass Bioenerg.
2007;31:87-93.

Asma J, Yusoff FM, Srikanth RM. Growth rate assessment of high lipid
producing microalga Botryococcus braunii in different culture media. Iran
J Fish Sci. 2015;14:436-45.

Baroni EG, Yap KY, Webley PA, Scales PJ, Martin GJO. The effect of nitrogen
depletion on the cell size, shape, density and gravitational settling of
Nannochloropsis salina, Chlorella sp. (marine) and Haematococcus pluvia-
lis. Algal Res. 2019;39:101454.

Sung YJ, Patel AK, Yu BS, Choi HI, Kim J, Jin E, Sim SJ. Sedimentation
rate-based screening of oleaginous microalgae for utilization as a direct
combustion fuel. Bioresour Technol. 2019;293: 122045.

Tamburic B, Evenhuis CR, Suggett DJ, Larkum AWD, Raven JA, Ralph PJ.
Gas transfer controls carbon limitation during biomass production by
marine microalgae. Chemsuschem. 2015;8:2727-36.

. Cheng L, Zhang L, Chen H, Gao C. Carbon dioxide removal from air by

microalgae cultured in a membrane-photobioreactor. Sep Purif Technol.
2006;50:324-9.

Hirom K, Devi TT. Application of computational fluid dynamics in sedi-
mentation tank design and its recent developments: a review. Water Air
Soil Pollut. 2022;233:22.

Castrillo M, Lucas-Salas LM, Rodriguez-Gil C, Martinez D. High pH-induced
flocculation—sedimentation and effect of supernatant reuse on growth
rate and lipid productivity of Scenedesmus obliquus and Chlorella vulgaris.
Bioresour Technol. 2013;128:324-9.

Tan X-B, Zhang Y-L, Yang L-B, Chu H-Q, Guo J. Outdoor cultures of
Chlorella pyrenoidosa in the effluent of anaerobically digested acti-

vated sludge: the effects of pH and free ammonia. Bioresour Technol.
2016;200:606-15.

Wu Z, ZhuY, Huang W, Zhang C, Li T, Zhang Y, Li A. Evaluation of floc-
culation induced by pH increase for harvesting microalgae and reuse of
flocculated medium. Bioresour Technol. 2012;110:496-502.

Leite LdS, Daniel LA. Optimization of microalgae harvesting by sedimen-
tation induced by high pH. Water Sci Technol. 2020;82:1227-36.

Briickner K, Griehl C. Permeabilization of the cell wall of Chlorella soro-
kiniana by the chitosan-degrading protease papain. Algal Res. 2023;71:
103066.

Vojvodi¢ S, Lukovi¢ JD, Zechmann B, Jevtovi¢ M, Pristov JB, Stani¢ M,
Lizzul AM, Pittman JK, Spasojevic I. The effects of ionizing radiation on the
structure and antioxidative and metal-binding capacity of the cell wall of
microalga Chlorella sorokiniana. Chemosphere. 2020,260: 127553.

Kim B-H, Ramanan R, Kang Z, Cho D-H, Oh H-M, Kim H-S. Chlorella sorokin-
iana HS1, a novel freshwater green algal strain, grows and hyperaccumu-
lates lipid droplets in seawater salinity. Biomass Bioenerg. 2016;85:300-5.



Ayyad et al. Microbial Cell Factories (2025) 24:165

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Spears BM, Saunders JE, Davidson |, Paterson DM. Microalgal sediment
biostabilisation along a salinity gradient in the Eden Estuary, Scotland:
unravelling a paradox. Mar Freshw Res. 2008;59:313-21.

Talebi AF, Tabatabaei M, Mohtashami SK, Tohidfar M, Moradi F. Compara-
tive salt stress study on intracellular ion concentration in marine and

salt-adapted freshwater strains of microalgae. Notulae Scientia Biologicae.

2013;5:309-15.

Zalizniak L, Kefford BJ, Nugegoda D. Effects of pH on salinity tolerance of
selected freshwater invertebrates. Aquat Ecol. 2009;43:135-44.

Grenier C, Romdn R, Duarte C, Navarro JM, Rodriguez-Navarro AB, Ramajo
L. The combined effects of salinity and pH on shell biomineralization of
the edible mussel Mytilus chilensis. Environ Pollut. 2020;263:114555.

Yang Z-Y, Gao F, Liu J-Z, Yang J-S, Liu M, Ge Y-M, Chen D-Z, Chen J-M.
Improving sedimentation and lipid production of microalgae in the
photobioreactor using saline wastewater. Bioresour Technol. 2022,347:
126392.

Irawan A, Rahmawati A, Suyono EA. Studies on bioflocculant exopolysac-
charides (EPS) produced by Anabaena sp. and its application as biofloc-
culant for low cost harvesting of Chlorella sp. Asian J Agric Biol. 2023.
Guo S-L, Zhao X-Q, Wan C, Huang Z-Y, Yang Y-L, Asraful Alam M, Ho S-H,
Bai F-W, Chang J-S. Characterization of flocculating agent from the self-
flocculating microalga Scenedesmus obliquus AS-6-1 for efficient biomass
harvest. Bioresour Technol. 2013;145:285-9.

Alam MA, Wan C, Guo S-L, Zhao X-Q, Huang Z-Y, Yang Y-L, Chang J-S,

Bai F-W. Characterization of the flocculating agent from the spontane-
ously flocculating microalga Chlorella vulgaris JSC-7. J Biosci Bioeng.
2014;118:29-33.

Ghasemi Naghdi F, Schenk PM. Dissolved air flotation and centrifugation
as methods for oil recovery from ruptured microalgal cells. Bioresour
Technol. 2016;218:428-35.

Toh PY, Ng BW, Chong CH, Ahmad AL, Yang J-W, Chieh Derek CJ, Lim J.
Magnetophoretic separation of microalgae: the role of nanoparticles and
polymer binder in harvesting biofuel. RSC Adv. 2014;4:4114-21.
Eurostat: Electricity prices for household consumers - bi-annual data
(from 2007 onwards) [nrg_pc_204].

Wholesale Price Industrial PVD Refined Saltrock Nacl Sodium Chloride.
Made-in-Chinacom.

Wholesale Price Industrial Pdv Refined Salt Rock Salt Sodium Chloride.
Made-in-Chinacom.

Industrial & Food Grade Hydrochloric Acid 319%-37% Prices.
Made-in-Chinacom.

China HCl Liquid Price CAS 7647-01-0 Hydrochloric Acid.
Made-in-Chinacom.

Wang M, Kang X, Liang J, Wang K, Wu Y. Heteroscedasticity identification
and variable selection via multiple quantile regression. J Stat Comput
Simul. 2024,94:297-314.

Cook RD, Weisberg S. Diagnostics for heteroscedasticity in regression.
Biometrika. 1983;70:1-10.

Yang K, Tu J, Chen T. Homoscedasticity: an overlooked critical assumption
for linear regression. Gen Psychiatr. 2019;32(5):100148.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 24 of 24



	Response surface optimization of sedimentation efficiency for sustainable green microalgae harvesting using automated non-invasive methods
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Microalgae species
	Evaluation of growth metrics and media selection
	Spectrophotometric absorbance measurement
	Automated cell counting through microimaging
	Quantitative analysis of dry biomass
	Biochemical cell components analysis

	Investigation of sedimentation efficiency
	Temporal analysis of sedimentation
	Influence of gas exchange on sedimentation efficiency
	Effect of culture column volume on sedimentation
	Impact of pH variation on sedimentation dynamics
	Role of salinity on sedimentation efficiency

	Sedimentation optimization through response surface methodology (RSM) using central composite design (CCD)
	Non-invasive photography-based sedimentation efficiency analysis
	Statistical analysis

	Results
	Growth performance in various media
	Automated cell count validation
	Biochemical composition of microalgae
	Sedimentation efficiency investigation
	Monitoring sedimentation efficiency over time
	Assessing the effect of gas exchange on sedimentation
	Volume-based sedimentation efficiency analysis
	Sedimentation efficiency at different pH levels
	Sedimentation efficiency under varying salinity levels

	Enhancement of sedimentation responses using response surface methodology
	Economic cost reduction estimates
	Validation of non-invasive photographic method for sedimentation efficiency
	Correlation and regression estimation between sedimentation factors and responses

	Discussion
	Conclusions
	Acknowledgements
	References


