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The harvesting microalgae is a challenging process that requires innovative and efficient technologies to make
large-scale cultivation economically viable. This study investigated the effectiveness of electrochemical
methods for harvesting microalgae Chlorella vulgaris. The operational parameters, such as electrolysis time,
electrical current, and pH, were optimized using the response surface methodology based on the Box-
Behnken design. The boron-doped diamond (BDD), aluminum (Al), and iron (Fe) electrodes were tested and
compared. BDD-Al showed 99.3% of harvesting efficiency (time: 20 min, current: 100 mA, pH: 9), which is the
highest value and a pH of 9. The physicochemical properties of the harvested algae, including lipids, proteins,
carbohydrates, total suspended solids, and chlorophyll-a content, were examined. The content of harvested
algae was found as 41.07-46.63% for protein, 5.5-16.9% for lipid, and 9.02-12.08% for carbohydrates (sugar).
The chlorophyll-a concentrations varied from 6.7 to 8.36 ug mL™. Optimized operating conditions for
electrolysis time, pH, and current were determined, and harvesting efficiency was achieved at more than 99%.
Energy consumptions for the highest harvesting efficiencies were found to be 0.2, 0.35, and 0.4 kWh kg™ for
BDD-AL Al-Al and Al-BDD electrode pairs, respectively. These values were lower than those of conventional
algae harvesting methods. The results showed that the electrochemical harvesting techniques are promising
alternatives with a high harvesting efficiency and low energy consumption.

This study presents an energy-efficient and high-yield method for microalgae harvesting using electrochemical processes, with significant implications for

sustainable water management. Conventional microalgae harvesting techniques—such as centrifugation and chemical flocculation—consume high energy

or produce secondary pollutants, making them less viable for large-scale use. In contrast, the electrochemical harvesting method optimized in this work
(using BDD-Al and Al-based electrodes) achieved up to 99.3% efficiency with energy consumption as low as 0.2 kWh kg™'. By employing electrocoagulation
with minimal chemical input, the approach reduces reliance on synthetic coagulants and limits residual contaminants in the effluent. Moreover, the

integration of egg-washing wastewater as a nutrient medium aligns with circular water use practices, turning a high-strength wastewater stream into a

resource. The findings support the development of decentralized, low-cost, and low-impact algae harvesting technologies, contributing to water reuse,
biomass recovery, and improved resource efficiency in wastewater treatment systems.

1 Introduction

Microalgae, primitive plant-like organisms, play a vital role in
commercial products, food supplies, and energy sources. They are
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rich in lipids and proteins, and are used in animal feed, medicinal
products, and food additives."* They are also a promising biofuel
source, offering higher oil yields per acre and rapid growth
compared to other sources.” As a potential third-generation
biofuel, microalgae are being increasingly researched for their
sustainable energy potential. Their lipids can be converted into
environmentally friendly biodiesel, thereby reducing CO,
hydrocarbons, and greenhouse gas emissions. However,
microalgae biomass harvesting remains a significant challenge
and energy-intensive operation.*® An estimated 20-30% of the
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biomass production cost is attributed to the harvesting of
microalgae.® The harvesting method chosen depends on factors
such as algal species, cost, time, water reuse options, and waste
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generation.”  Common  harvesting  techniques  include
sedimentation, centrifugation, flocculation, and filtering.®

It has been pointed out that filtration and sedimentation
processes are not suitable for algae harvesting because of the
low cell density and small size of algae.’ Microsized (~5 um)
algae can pass through a filter during filtration."® Furthermore,
it is also highlighted that algae can be harvested using the
flocculation process with metal coagulants such as AI** and Fe**
salts, but the main disadvantages of this process are the
chemical requirements and the generation of secondary
pollutants such as sludge.*'" Centrifugation is one of the most
common methods for harvesting algae, using mechanical and
gravitational forces to separate algae from water. However, the
main drawback of this process is its high operating costs.”> To
overcome these problems, electrochemical methods such as
electrocoagulation (EC) and electrooxidation (EO) are promising
alternatives to harvest microalgae and can be used for a variety
of algal species.” Electrochemical processes enable cost-effective
algae harvesting compared to other methods.”” In addition,
compared to energy composition in centrifugation and the
electrochemical process for harvesting Ankistrodesmus falcatus,
it is reported that centrifugation consumes 65.34 kwh kg of
energy, which is much higher than 1.76 kWh kg™ required by
the electrochemical process.’ Electrochemical processes are
generally used for water and wastewater treatment. In this
method, coagulants are generated in situ using an electricity
supply and an electrolysis reaction occurs. During electrolysis,
these electrodes release hydrogen (cathode) and oxygen (anode)
gases.”® In the electrochemical process, cations are released
from the anode, and hydroxyl anions and hydrogen bubbles are
generated at the cathode when a current is applied. These
released cations destabilize the negatively charged algae,
leading to aggregation. The release of cations and hydroxyl
anions produces metal hydroxides that promote coagulation.™*
The main advantages of this process are high efficiency, easy
operation, and no chemical requirement.® In addition,
compared with other microalgae harvesting methods,
electrochemical processes are cost-effective and appropriate for
a variety of algal species.” Electrochemical processes use both
sacrificial materials such as aluminum (Al) and iron (Fe), and
non-sacrificial materials such as boron-doped diamond (BDD),
carbon, or Ti electrodes. BDD is preferred for its stability and
efficiency in treating industrial and municipal wastewater,
although its use in algae-related studies is limited and mostly
focuses on removal rather than harvesting.'” Response surface
methodology (RSM) is a statistical and mathematical tool that is
commonly used in experimental design and analysis. It utilizes
mathematical models to evaluate the effects and interactions of
these variables and optimize the responses of the system.®'®
RSM is commonly used to determine operational parameters
and optimize a variety of electrochemical wastewater treatment
studies."”'® In addition, Savvidou et al. (2021) used microwave-
synthesized magnetite to optimize the magnetic harvesting of
C. vulgaris.®

Few studies have optimized the operating parameters for
electrochemical algal harvesting. Pandey et al., (2020) achieved

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

complete harvesting of Scenedesmus sp. using an Al electrode at
pH 5, with 15 minutes of electrolysis and 12 mA ecm™ current
density," while Wong et al, (2017) used RSM to assess C.
vulgaris harvesting, both with efficiencies under 25%, which is
very low.>® These studies did not address energy consumption
or operating parameter (pH, current, and time) optimization.
The current study aims to fill these gaps by exploring
electrochemical process for harvesting C. vulgaris, focusing on
optimizing the pH, current, electrolysis time, and electrode
configuration. Using RSM, the optimal parameters were
identified, and various electrode pairs (BDD-Al, Al-BDD, Al-Al,
and Fe-Fe) were compared to determine the best harvesting
efficiency. Electrode configurations in electrochemical processes
can significantly impact the electrochemical treatment
performance.”’ In literature, studies have predominantly
employed a single electrode configuration, and the influence of
various electrodes on algae harvesting has not been thoroughly
examined."** This study distinguishes itself by employing both
inert (BDD) and sacrificial electrodes (Al or Fe) to compare their
effects on algae harvesting, thereby contributing novel insights
to the field. To the best of our knowledge, no previous study
has investigated the various electrode pairs' effect on algae
harvesting efficiency and harvesting cost. It is essential to
observe the modifications in the physicochemical
characteristics of algae post-electrochemical treatment,
particularly for their utilization in advanced sectors like
biodiesel production. However, there is a notable scarcity of
research on this topic within the existing literature.” In the
scope of this study, the properties of the harvested algae, such
as carbohydrate, lipid, protein, and chlorophyll contents, were
determined. In electrochemical harvesting, the cost of the
process is as important as the harvesting efficiency. Within the
scope of this study, the optimization of operating parameters to
achieve the highest harvesting efficiency at the lowest cost
constitutes its innovative aspect.

2 Materials and methods
2.1 Microalgae cultivation

Pure culture microalgae, C. vulgaris strain, was obtained from
the University of Texas at Austin Culture Collection of Algae
(UTEX). Before harvesting, the algae were inoculated in BG-11
broth medium was prepared as previously described.>® The
detailed composition of the BG-11 medium is provided in the
SI (Table S1). Cell density was determined by measuring the
optical density of the algal samples at 680 nm using a
spectrophotometer.>* When the optical density of algae
reached 0.5 at 680 nm, they were transferred to a 22.7 L
photobioreactor  tank. Egg-washing wastewater (Egg
Innovations, Warsaw, Indiana, United States) was added to
the photobioreactor as a growth medium for algae. The
characteristics of the egg-washing wastewater have been
described in a previous study.>® Air was supplied using an air
pump and light was provided using LED lamps with a light/
dark cycle of 12:12 h. After 21 days of cultivation, the algae
were ready for harvesting, with a dry weight of 0.263 g L™".
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2.2 Experimental setup

Electrochemical algae harvesting experiments were conducted
using a 1.0 L reactor in batch mode (Fig. 1). A 700 mL C. vulgaris
solution was added to the reactor, and a magnetic stirrer was
used at a constant speed of 200 rpm to ensure the homogeneity
of the solution. A DC power supply was used to continuously
apply a voltage to the electrodes. NaCl was selected as the
supporting electrolyte and was added at a constant
concentration of 1.0 g L™ in the experiments. It has been
reported that NaCI decreases electrolysis time and increases
algae harvesting efficiency.”® 1.0 M HCI or NaOH were used for
pH adjustment to the desired value (5, 7, and 9). This study

Microalgae culture

Influent

- ¢
e

Harvested algae

Fig. 1
of electrochemical algae harvesting.
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tested three different currents, including 0.1, 0.3, and 0.5 A
(current density values: 1.64, 4.92, and 8.20 mA cm ). Three
types of electrodes, including Al, Fe, and BDD were used, and
the inter-electrode gap was kept constant at 1.0 cm throughout
the study based on previous studies.”®*” In addition, short
distances like 1 cm decrease electrode power consumption and
electrode passivation while enhancing process efficiency.> Four
different electrode configurations, including BDD-Al, Al-Al, Fe-
Fe, and AI-BDD, were used, and their effects on harvesting
efficiencies were compared. The dimensions of the electrodes
were 6.6 cm (width), 12 cm (length), and 2 mm (thickness), and
the effective surface area was 61 cm? The electrodes were
cleaned after each operation using nitric acid and acetone

(a)

Harvested microalgae

4

Electrocoagulation

(®)

(a) The schematical diagram of electrocoagulation of algae (1: power supply, 2: anode, 3: cathode, 4: magnetic stirrer); (b) a real application
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solutions and rinsed with distilled water to remove residual
pollutants. All the experiments were conducted in the
Agricultural & Biological Engineering Department at Purdue
University in 2023.

2.3 Analytical methods

The initial, final, and harvested algae samples were collected,
and before each analysis, the samples were kept at 4 °C to
inhibit any biological activity. Harvesting efficiency, chlorophyll-
a, volatile and total suspended solids, lipids, sugars, and protein
contents were measured.

Lipid measurement. The lipid content of algae was
determined according to Bligh and Dyer's method.*® Briefly, a 20
mL algae sample was mixed with 20 mL of chloroform and 40
mL of methanol for 2 h. Subsequently, 5 mL of distilled water
was added to the solution and kept for 6 h for phase separation.
After the phase separation, 3 mL of lipid was taken and filtered
using glass fiber paper in a preheated aluminum vial and then
dried at 105 °C for 1 h in the oven. The amount of lipid was
calculated based on eqn (1). Where F; (mg) and F, (mg) are the
weights before and after filtering, V, is the taken solution volume
(3 mL), and V is the total volume (mL) of the solution.

F{—-F
Lipid (mg) = % XV 1)
a

Sugar measurement. The sugar content of harvested algae
samples was analyzed via the phenol-sulfuric acid method
described in the literature.® Briefly, 1 mL of the algae sample
was taken, and 1 mL phenol solution (5% w/v) was added and
mixed, then 5 mL of concentrated sulfuric acid was added to
the solution. This solution was kept for 10 minutes at room
temperature after that, heated to 25 °C for 20 minutes using a
water bath. A UV-VIS spectrometer was used to determine the
sugar concentration in optical density at 490 nm.

Protein measurement. The protein content of harvested
algae was measured; briefly, 5 mL of sample was taken and
centrifuged at 10000 rpm for 5 minutes, then 2 mL of sample
was taken from the supernatant, 4.5 mL of reagent (0.0075 g
bromophenol blue +15 mL 95% ethanol +2.5 mL glacier acetic
acid) was added. The mixture was allowed to sit for 15 minutes,
and the peaks were read on the spectrophotometer at 610 nm.

Total suspended solids (TSS) and volatile suspended solids
(VSS) measurement. TTSS and VSS analysis for the algal
biomass were conducted according to standard method.*® A 5
mL harvested algae sample was collected and filtered through a
previously weighed glass microfiber filter (GF/C; Whatman,
Kent, UK). After filtration, the filter was dried at 105 °C
overnight in the oven, and filter measured to calculate TSS. For
VSS analysis, the dried filter was pre-heated furnace at 550 °C
for 30 minutes then measured and calculate VSS value.

Chlorophyll-a measurement. Chlorophyll-a content of
algae samples was measured according to a previous study
with slight modification.***" Briefly 1.0 mL of the harvested
algae sample was placed in a centrifuge tube. The sample
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was centrifuged at 10000 rpm for 5 minutes, and the
supernatant was discarded. The pellet was resuspended in
1.0 mL of methanol and heated at 65 °C for 15 minutes in a
water bath. After cooling the tube in a freezer at —20 °C for
15 minutes, the sample was centrifuged again at 10000 rpm
for 10 minutes. Subsequently, 1.0 mL of the extract was
mixed with 2.0 mL of methanol in a cuvette, and the optical
density (OD) was measured across 200-800 nm. Chlorophyll
concentration was calculated using eqn (2).*>

Chl, (mg L™) = 12.7 x (Absggz) — 2.69 X (Absgys) (2)

Determining harvesting efficiency and energy consumption.
About 5 mL of initial and final samples were collected to
determine the harvesting efficiency. After a certain electrolysis
time, algae flocs floated on the water surface due to the
generation of hydrogen and oxygen gases. For this reason, the
final samples (subnatant) were taken from 5 cm below the water
surface. A UV-VIS spectrometer (Agilent Cary 60, Santa Clara)
was used to determine the decrease in optical density at 680 nm.
The harvesting efficiency was calculated according to eqn (3).

OD; - OD¢

harvesting efficiency (%) = %100 (3)

1
Where OD; and ODy represent the initial and final optical density
of the samples, respectively.

Energy consumption is the main part of the total cost. In
this current study, energy consumption (kWh kg™') was
calculated based on previous study'' given in eqn (4). Where
U, I, t, V, na, and ¢; are the voltage (V), current (1), electrolysis
time (%), the volume of the solution (m?), algae harvesting
efficiency, and initial algae biomass concentration (kg m™),
respectively. The cost for power consumption is calculated
using energy consumption multiplied by the unit price of
electricity in Indiana, US that is 0.1245$ per kWh.>?

- UxIxt
©1000% V X7, X

(4)

2.4 RSM design and optimization

The effect of operating variables, including electrolysis time
(X1), pH (X,), and current (X;) on the algae harvesting was
evaluated using Box-Behnken design (BBD) under the
application of response surface methodology (RSM).
Preliminary experiments were carried out to determine the
experimental design parameters. Design Expert software
version 11.0.3 (Stat-Ease Inc., MN, USA) was used for
experimental design, and three independent levels with 15
runs were conducted in two replications. The experimental
design was created based on independent test ranges, and
the codes are given in Table 1.

The second-order polynomial model was used to predict
optimal operating values. Response (Y) and independent (X;
and X;) variables were described, respectively (eqn (5)). A
number of independent values, random error, constant
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Table 1 Coded values and independent variables

Level
Factor Variable -1 0 1
X, Electrolysis time (min) 15 20 25
X, pH 5 7 9
X; Current (mA) 100 300 500

coefficient, coefficient of linear, interaction and quadratic
terms were K, ¢, fo, B, Bii, and By, respectively.

k k-1 k k
Yo=p + Zﬂ1Xi + Z Z ByXiXj + ZﬂﬁXiz +e (5
i=1 i=1

i=1 j=i+1

Design Expert and Origin software were used for statistical
analysis. To examine the relation between independent
variables and response and the statistical significance of the
experimental data, the Analysis of Variance (ANOVA) test was
used. The accuracy of the fitted models was estimated using
R? and R? adj. values of the model, p coefficients, lack of fit
test, and coefficient of variation values. The comparison of
different electrode configurations was conducted using the
Whitney U test. The confidence level was selected as p <
0.05, and 3D graphs were created to determine interactions
between independent variables.

3 Result and discussion

Electrode selection is a critical factor in the electrochemical
process, as electrodes significantly influence performance.?®
In this study, BDD, Al, and Fe electrodes were used in four
configurations: Al-Al, BDD-Al, Al-BDD, and Fe-Fe. The BDD
electrode was chosen as an inert electrode, while Al and Fe
were selected as sacrificial electrodes.

3.1 Electrochemical harvesting of C. vulgaris and RSM

Box-Behnken design was used to create the model and optimize
the electrochemical harvesting of C. vulgaris. Fifteen experiments
were conducted with two replicates for each electrode pair to
determine the effect of electrolysis time, current, and pH on algae
harvesting efficiency. The maximum harvesting efficiency of
99.3% was obtained under an electrolysis time of 20 minutes, a
current of 100 mA, and pH of 9 using the BDD-Al electrode pair.
Similar to this electrode pair, a maximum efficiency of 99.10%
for Al-Al under an electrolysis time of 25 minutes, a current of
300 mA, and pH of 5 was observed, and 99.03% for AI-BDD at an
electrolysis time of 25 minutes, a current of 300 mA and, pH of 5.

Table 2 The equations of electrochemical harvesting

View Article Online
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The p values in the ANOVA results were used to determine
model significance. In this reseach, p values were found as
<0.0001, 0.0001, 0.0008, and <0.0001 for Al-Al, Al-BDD,
BDD-Al, and Fe-Fe, respectively. This situation indicated that
the model is significant and accurate. To determine the
correlation of dependent and independent variables, the R*
values were determined. R*> values were found as 0.995,
0.992, 0.965, and 0.985 for Al-Al, AI-BDD, BDD-Al, and Fe-
Fe, respectively. This situation indicated that there is a high
correlation between process variables and harvesting
efficiency. Adequate precisions were found to be 45.46, 25.11,
16.43, and 27.64 for Al-Al, Al-BDD, BDD-Al, and Fe-Fe,
respectively. The models can be used to navigate the design
space due to higher adequate precision values (>4).

A high F value indicates a strong influence on harvesting
efficiency. Among the independent variables, the maximum F
values were 173.91 for the Al-Al electrode pair, 65.85 for Al-
BDD, 20.78 for BDD-AI, and 49.52 for Fe-Fe. These results
suggest that the model for the Al-Al electrode pair is the
most significant, followed by Al-BDD, Fe-Fe, and BDD-AL
The highest F value was found as 668.42 and 261.02 for the
current in Al-Al and AI-BDD electrode pairs, and this
situation indicated that current was the most important
factor and pH and electrolysis time followed the current for
Al-Al; however, electrolysis time and pH followed the current
for AI-BDD electrode pair. On the other hand, the F value for
pH was found as 477.97 for BDD-AI electrode pair, and this
situation indicated that pH was the most effective parameter
and current and electrolysis time followed the pH.

Equations were created for each electrode pair and are
given in Table 2. Where Y is the harvesting efficiency, X;, X,,
and X; are the electrolysis time, pH, and current, respectively.
X;X, and X,X; model terms were significant model terms for
each electrode pair. Among all variables, the X;X; model
terms were found to be insignificant (p > 0.05) for the Al-Al
electrode pair.

The positive-signed model terms indicated a synergistic
effect and increased the harvesting efficiency, while negative-
signed model terms had an adverse effect and decreased the
harvesting efficiency. In the present study, electrolysis time
and current had a synergistic effect on the response for each
electrode pair. pH had a synergistic effect on BDD-AI but had
an adverse impact on the Al-Al and Al-BDD electrode pairs.
All interactions had a synergistic effect on harvesting
efficiency when the Fe-Fe electrode pair was used.

Fig. 2 presents the 3D response surface graphs generated
by the predictive model for each electrode pair. These plots
depict algae harvesting efficiency as a function of electrolysis

Electrode configuration Equations

Al-Al
BDD-Al
Al-BDD
Fe-Fe

2654 | Environ. Sci.: Water Res. Technol., 2025, 11, 2650-2664

Y = 88.02 + 3.21X; — 8.03X, + 12.60X; + 1.58X, X, + 1.42X,X; + 3.16X;” — 1.04X,> — 13.68X;>

Y = 89.60 + 4.05X; + 7.73X, + 5.58X; — 21.18X,X, — 3.20X,X; — 9.00X,X; — 10.29X,> - 3.10X,>

¥ =98.29 + 2.17X; — 0.355X, + 5.10X; — 0.643X,X, — 1.53X,X; — 2.88X,X; + 1.05X;% - 2.6X,” — 6.45X5>
Y =74.91 + 0.98X; + 2.62X, — 2.89X; + 3.04X,X, + 2.03X,X; + 7.66X,X; + 8.03X,> + 2.43X,>
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BDD-AI harvesting efficiency (%) Al-BDD harvesting efficiency (%) Al-Al harvesting efficiency (%)

Fe-Fe harvesting efficiency (%)

Fig. 2 3D plots for algae harvesting.
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Table 3 Harvesting efficiency of BDD-AL, Al-BDD, Al-Al, and Fe-Fe electrodes
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Operating conditions

Harvesting efficiency (%)

Electrolysis
Run number time (min) pH Current (mA) BDD-Al Al-BDD Al-Al Fe-Fe
1 15 9 300 96.10 95.74 78.00 83.12
2 25 7 100 72.14 92.00 67.00 84.71
3 20 9 100 99.31 85.88 51.75 76.40
4 20 9 500 92.87 90.72 78.00 85.31
5 15 7 100 76.66 84.00 61.00 86.74
6 25 9 300 68.06 98.20 87.00 91.10
7 20 5 500 92.62 98.35 92.00 63.36
8 25 7 500 89.29 98.72 95.00 83.61
9 20 7 300 84.89 98.06 89.00 74.05
10 20 7 300 90.04 98.68 88.07 76.42
11 15 5 300 41.07 94.00 96.44 85.32
12 25 5 300 97.74 99.03 99.10 81.14
13 15 7 500 81.00 96.85 87.00 77.52
14 20 5 100 63.07 82.00 71.45 85.10
15 20 7 300 91.99 98.14 87.00 73.47

time versus pH, pH versus current, and electrolysis time versus
current. The graphs show that at a constant electrolysis time
of 20 minutes, current has a greater impact on harvesting
efficiency than pH. Similarly, in the electrolysis time versus
current plot, current is more influential than electrolysis time
at a constant pH of 7. For the electrolysis time versus pH plot,
electrolysis time exerts a stronger influence than pH at a
constant current of 300 mA for the Al-Al and AI-BDD
electrode pairs. In contrast, for the BDD-Al and Fe-Fe
electrode pairs, electrolysis time and pH have similar effects
on harvesting efficiency.

It was observed that the algae harvesting efficiency varies from
51.75 to 99.10% for Al-Al, 41.07 to 99.31% for BDD-AI, 82.00 to
99.03% for Al-BDD, and 63.36 to 91.10% for Fe-Fe electrode
pairs (Table 3). These results align with previous studies®** that
demonstrated the effectiveness of electrochemical processes in
enhancing algae harvesting efficiency. The findings also confirm
that Al electrodes are more effective than Fe electrodes for algae
harvesting, consistent with earlier research.'’*® This superiority
is likely due to the higher effectiveness of Al(OH); as a coagulant
compared to Fe(OH),.""

3.2 Influence of process variables and their optimization for
electrochemical algae harvesting

3.2.1 Influence of electrolysis time. Electrolysis time is a
crucial operating parameter in electrochemical processes, as
it influences the production of coagulants and hydroxyl
ions." In this study, with a constant current of 0.3 A and pH
of 9, increasing the electrolysis time from 15 to 25 minutes
resulted in significant improvements in harvesting efficiency
as follows: from 68.06 to 91.99% with the BDD-AI and from
85.88 to 99.03% with AI-BDD electrode configurations. These
findings are in agreement with previous studies. Guldhe
et al. (2016) investigated A. falcatus harvesting with non-
sacrificial carbon electrodes and found that increasing
electrolysis time from 10 to 45 minutes boosted harvesting

2656 | Environ. Sci.. Water Res. Technol,, 2025, 11, 2650-2664

efficiency from 45 to 80% at a current of 0.5 A.° Another
study reported that a 20 minute electrolysis time achieved a
92% harvesting efficiency for Chlorella sp. using non-
sacrificial graphite electrodes.®

The results proved that electrolysis time positively affected
harvesting efficiency by using sacrificial electrodes (Fe or Al). In
this current study, increasing electrolysis time from 15 to 25
minutes, the harvesting efficiency improved from 78 to 87%
with Al-Al, and from 83.3 to 91.1% with Fe-Fe at constant pH
(9) and current (0.3 A). Fayad et al., (2017) evaluated the effect of
electrolysis time on C. vulgaris harvesting efficiency.®® They
found that increasing electrolysis time from 15 to 25 minutes
improved their harvesting efficiency from approximately 8 to
20% for Fe electrodes and from 18 to 38% for Al electrodes at a
constant pH of 8 and a current density of 6.7 mA.*>* The slight
difference in harvesting efficiencies can be raised from
variations in the operations of the process between the two
studies.

3.2.2 Influence of current. In electrochemical processes,
reactions occur by applying electricity, making current an
important operational parameter. This parameter affects
efficiency, energy consumption, generated coagulant
concentration, and microbubble density.*® In this study, the
current value positively affected the harvesting efficiency. In the
literature, it is indicated that hydrogen bubble production, the
release of sacrificial metals such as Al and Fe, and generation of
coagulants increase with increasing current, according to
Faraday's law.*®

The results demonstrated that the maximum algae
harvesting efficiency was found to be 99% under a current of
0.3 A for Al-Al and Al-BDD. When the current was increased
to 0.5 A at the same pH, the harvesting efficiencies were
found to be 98.35 and 92% for Al-Al and AI-BDD,
respectively. The reason for the marginal difference can be
explained as the formation of Al(OH); layers on electrode
surfaces that hinder the release of AI’* jons and due to
passivation.’” A similar study also reported that increasing

This journal is © The Royal Society of Chemistry 2025
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the current beyond a certain point has no marginal effect on
algae harvesting.**

Increasing the current significantly reduces the electrolysis
time needed to achieve maximum harvesting efficiency.
Acurrent of 0.5 A resulted in over 80% harvesting efficiency
within 15 minutes, while a current of 0.1 A failed to reach
80% even after 25 minutes using BDD-Al electrodes. These
findings are similar to previous study by Li et al., (2022),
which used a non-sacrificial anode and stainless steel
cathode and found that increasing current enhances algae
harvesting efficiency.” Additionally, higher currents improved
algae harvesting efficiency. With BDD-Al electrodes,
increasing the current from 0.1 to 0.5 A raised efficiency from
63 to 92% at a constant pH of 5 and an electrolysis time of
20 minutes. However, at pH 7, the efficiency increase was
smaller, rising from 72 to 89% over 25 minutes. In pH 5,
more Al is released from the electrode surface with increasing
current, which enhances Al(OH); generation. On the other
hand, under pH 7, hydroxyl ions increase, causing some Al**
to remain in soluble form or transform into Al(OH), , which
limits coagulation efficiency.*®*?° Additionally, under high
pH, undesired oxidation processes can occur at the anode,
reducing the performance of the electrochemical process.*’

The applied current facilitates the release of Al, enhancing
the generation of Al coagulants. These positively charged
coagulants destabilize the negatively charged algae, thereby
increasing algae harvesting efficiency.”’ In this current study,
a maximum harvesting efficiency of 99% was achieved using
an Al-Al electrode pair with a current of 0.3 A, an electrolysis
time of 25 minutes, and a pH of 5. These results are
comparable to or exceed those of previous studies. For
instance, Javan et al. (2024) reported a maximum C. vuigaris
harvesting efficiency of 68.5% at a current density of 3 mA
em™ and an electrolysis time of 60 minutes using Al-Al
electrodes.”” Similarly, Hawari et al (2020) found that
increasing the current boosts harvesting efficiency, achieving
a maximum of 97.6% with Al-Al electrodes.*” Fayad et al.
(2017) also reported a 99% harvesting efficiency in similar
conditions for C. vulgaris harvesting.>

In the AI-BDD electrode configuration, increasing the
current from 0.1 A to 0.5 A enhanced harvesting efficiency
from 92 to 98% at a constant pH of 9 and an electrolysis time
of 20 minutes. Similarly, at a constant pH of 7 and an
electrolysis time of 25 minutes, efficiency increased from 94
to 98%. These results align with previous studies. For
instance, an electrochemical harvesting study of Scenedesmus
quadricauda showed that increasing the current density from
7.5 to 30 mA cm > (with an electrode area of 70 x 40 mm?)
raised the harvesting efficiency from 91.8 to 100%.*" The
slight difference may arise from the type of algae.
Additionally, Li et al. (2022) studied C. vulgaris using a non-
sacrificial anode and found that increasing the current from
1 A to 3 A boosted harvesting efficiency from 40 to 80% over
120 minutes of electrolysis.”

In the Fe-Fe electrode configuration, increasing the current
from 0.1 to 0.5 A at a pH of 7 did not result in significant

This journal is © The Royal Society of Chemistry 2025
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changes in algae harvesting efficiency. In pH 9, the medium is
alkaline, more conductive, and Fe(OH); is the stable form.
Therefore, the coagulation mechanism is enhanced with
increasing current due to increased OH generation. On the
other hand, at a pH 7, there are not enough OH in the
medium, and the effect of current is limited.**** However, at a
pH of 9, the efficiency increased from 76.4 to 85.3%. This
finding aligns with previous research by Maleki et al. (2014),
which reported a rise in Dunaliella salina harvesting efficiency
from 33 to 75% when the current was increased from 0.3 to 1 A
at a pH of 7.5.*> Unlike other electrode configurations, the Fe-
Fe electrodes generally showed a decrease in harvesting
efficiency with increased current, except under alkaline
conditions. This decrease could be due to the change in the
solution's color because of excess dissolved from the Fe metal,
which interferes with spectrophotometric measurements, as
Vandamme et al. (2011) noted."" Additionally, side reactions
and electrode corrosion may contribute to this outcome. Algae
separation via flotation benefits from increased current, as it
raises microbubble density and reduces bubble size, thus
enhancing flotation efficiency.*® While higher currents generally
improve harvesting efficiency, they also lead to increased energy
consumption.”*” Therefore, optimizing the current to balance
low energy consumption with high harvesting efficiency is
crucial.

3.2.3 Influence of pH. The pH of the solution is crucial in
algae harvesting during electrochemical processes. pH range
of 5-7 was used to evaluate its impact on harvesting
efficiency. As pH decreased from 9 to 5, harvesting efficiency
increased from 98.2% to 99.03% for AI-BDD, 68.06% to
97.74% for BDD-Al, and 87% to 99.10% for Al-Al electrodes.
However, efficiency dropped from 91.10% to 81.14% for Fe-
Fe electrodes under the same conditions. The pH influences
the harvesting mechanism: in acidic conditions, charge
neutralization dominates due to the algae's negative charge,
while in alkaline conditions, sweep coagulation becomes
more prominent. This explains the lower harvesting
efficiency in alkaline media.*”

The significant release of protective extracellular polymers in
alkaline conditions above pH 9 is primarily responsible for
changes in the surface charge of algal cells. In acidic conditions,
variations in the dissociation of carboxyl and amine groups in
the algal cell wall also influence surface charge.'® Generally,
harvesting efficiency is lower in basic conditions compared to
neutral or acidic conditions, which may be due to changes in
water charge. In basic environments, aluminum dissolves as
Al(OH),, shifting the water's charge from positive to negative.
Since algae naturally carry a negative charge, this reduces
harvesting efficiency."*

The current study achieved high algae harvesting efficiencies
with the BDD-AI electrode pair at pH 9, under low current (0.1
A), and longer electrolysis time (20 minutes). This improvement
may be due to increased flotation from the generation of H,
and O, gases. Conversely, at pH 5, harvesting efficiency dropped
to 63%. This reduction was more pronounced at high currents
and low pH, with efficiency falling to 41%. In acidic conditions,
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electrooxidation dominates for this electrode pair due to the
high O, overpotential of the BDD electrode.”” Additionally,
generated OH radicals at low pH may contribute to algae
biomass degradation, leading to reduced harvesting as biomass
is degraded instead of collected.

High harvesting efficiency was generally observed under
acidic conditions for the Al-Al electrode pair. However, the
combined effects of pH-current and pH-electrolysis time on
harvesting efficiency should be considered. Elevated
harvesting efficiencies were achieved at high current settings,
even at a high pH of 9. For instance, 71% efficiency was
recorded at pH 5 with a 20 minute electrolysis time and 0.1 A
current, while 87% efficiency was observed at pH 9 with a 25
minute electrolysis time and 0.3 A current. Similarly, Zhang
et al. (2015) reported 91.9% efficiency at pH 9.’ Literature
suggests that the formation of insoluble Al(OH); in alkaline
conditions supports sweeping coagulation-flocculation, a key
mechanism for algae harvesting.'!

In the Fe-Fe electrode configuration, an increase in pH
generally enhances harvesting efficiency compared to other
electrode pairs. However, under low current conditions (0.1 A),
reducing the pH from 9 to 5 increased algae harvesting
efficiency from 76.40% to 85.10% in this study. A previous study
by Beiramzadeh et al (2022) found that higher pH levels
improve precipitation in the EC process with iron electrodes.*®
This is attributed to Fe(u) oxidizing to Fe(ur) in basic conditions,
which enhances EC performance. Additionally, iron hydroxide
formation increases in alkaline conditions, further improving
harvesting efficiency. The pH also influences the formation of
iron coagulants: in acidic conditions, species such as Fe(OH)*",
Fe(OH)**, and Fe(OH); dominate, while in alkaline conditions,
Fe(OH)s*>” and Fe(OH),” are the predominant species.’

3.2.4 Influence of electrode configuration. Experiments
were conducted with each electrode configuration under
identical conditions (Fig. 3) to identify the optimal electrode
pair for maximizing C. vulgaris harvesting efficiency. Generally,
the EC process uses Al and Fe as sacrificial electrodes.
However, in the literature, it is reported that compared to the
Fe electrode, the Al electrode performs better in algae
harvesting due to the low faradic yield of iron. Additionally,
iron hydroxides are reported to be poorer coagulants
compared to aluminum hydroxides."**®
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Compared to the Al-BDD configuration, the BDD-Al setup
exhibited lower harvesting efficiency, likely due to the higher
degradation potential associated with the BDD anode.
Preliminary experiments using a BDD anode and stainless-steel
(SS) cathode showed complete algae removal, as hydroxyl
radicals generated during the electrochemical process degrade
algae. When the BDD anode is used, electrooxidation becomes
the dominant mechanism, particularly in acidic conditions.
Under acidic conditions (pH 5), with a current of 0.3 A and an
electrolysis time of 15 minutes, the lowest algae harvesting
efficiency (41%) was observed in the BDD-AI configuration.

During the electrochemical process, the algae suspension
turned milky white, producing green foam that floated as the
voltage was applied after a certain time. The subnatant became
colorless as the foam rose to the surface. The type of electrode
significantly influenced the characteristics of the flocs. In the
BDD-SS electrode configuration, a layer of white flocs appeared
on the surface, likely due to the electrooxidation-driven
degradation of algae. The biomass was fully broken down,
changing the floc color from green to white. In contrast, the Al-Al
and BDD-AI configurations produced greenish algae flocs, which
floated on the surface. These flocs likely contained algae cells
and aluminum hydroxide.*® Previous studies have reported that
algae cells primarily comprise carbon, nitrogen, and oxygen.*®

In the Fe-Fe configuration, yellowish-green flocs formed at
the surface after a certain time, attributed to the presence of
Fe(u) and Fe(ur), which caused the flocs and water to take on a
yellow or brown hue. The subnatant remained transparent in
the Al-Al, BDD-Al, and AI-BDD configurations. These
observations are consistent with previous research."*

While electrode type influences algae harvesting efficiency,
sacrificial electrodes like Al and Fe can introduce contaminants
into the harvested algae, leading to complications. According to
Faraday's law, increasing current and electrolysis time elevates
the concentration of dissolved Al or Fe."” Optimizing electrolysis
time and current is essential to mitigate this issue, or using
inert electrodes like BDD may be preferred to avoid
contamination. The generation of H, in cathode through
electroflotation was the dominant mechanism and algae
generally collected on the surface. In addition, at anode Fe and
Al ions dissolved and the metal cations generated in solution
caused aggregation of algae.

Al-Al

Fe-Fe

Al-BDD

BDD-AI BDD-SS

Fig. 3 Electrochemical algae harvesting using different electrode pairs (Al: aluminum, Fe: iron, BDD: boron-doped diamond, SS: stainless still

electrodes).
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Table 4 Comparison of electrode pairs in electrochemical algae harvesting

View Article Online

Paper

Electrode
pairs Dominant mechanism at anode Dominant mechanism at cathode Harvesting efficiency
BDD-Al OH* radical generation and Electrocoagulation Low-very high
electrooxidation
Al-BDD Electrocoagulation H, generation, electroflotation Optimum condition, high-very
high harvesting efficiency
Al-Al Electrocoagulation H, generation, electroflotation Moderate-very high
Fe-Fe Electrocoagulation H, generation, electroflotation Moderate-very high
BDD-SS OH* radical generation and Limited electrofloatation Biomass degraded, no algae harvesting
electrooxidation

The mechanisms occurring at the anode and cathode for
electrode configurations differ, and this situation also affects
harvesting efficiency. The mechanisms in electrochemical
processes are summarised in Table 4.

In this study, Al, Fe, and BDD electrodes generally ensured
effective algae harvesting potential. Despite the high initial
investment cost, BDD electrodes are long-lasting, durable,
inert in structure, and do not produce secondary pollutants
like sludge, enabling high algae harvests."” On the other
hand, the dissolution of sacrificial electrodes may require
periodic replacement of Al and Fe electrodes, which could
incur additional costs. Moreover, the accumulation of Al
released from these electrodes within the system may be toxic
to living organisms. To overcome this issue, lower current
and shorter electrolysis time were recommended.”® It is
desired that the Al content in the harvested algae be less than
1% or less than 2 mg L™ in solution. To achieve this, it is
suggested to operate at low current and short electrolysis
times.?® In this current study, the aluminum accumulated in
the harvested algae was not analyzed; however, when
compared to the conditions in the literature, it is estimated
that the aluminum content in the algae will be less than 1%
because the current and electrolysis times used in this study
are shorter than those in the current literature."™>**°

3.2.5 Optimization of parameters. The optimized operating
conditions for algae harvesting were determined: electrolysis
times of 23.9, 18.2, and 17.5 minutes; pH levels of 5.3, 6.38, and
8.6; and currents of 379, 401, and 167.6 mA for the Al-Al, Al-
BDD, and BDD-Al electrode pairs, respectively. Under these
conditions, harvesting efficiencies exceeded 99%. For the Fe-Fe
configuration, the optimized parameters were an electrolysis
time of 24.58 minutes, pH of 8.6, and a current of 429.5 mA,
yielding a harvesting efficiency of 91.7%. Overall, the optimum
operational conditions across all electrode pairs to obtain high
efficiency of harvesting with low cost were an electrolysis time
of 25 minutes, pH of 5, and a current of 288 mA, resulting in
harvesting efficiencies of 99.15%, 99.52%, 92.69%, and 81.18%
for Al-Al, AI-BDD, BDD-Al, and Fe-Fe, respectively.

3.3 Electrochemical harvesting of algae

3.3.1 TSS and VSS values of harvested algae. TSS represents
unfilterable organic and inorganic matter in a sample, while
VSS refers specifically to undissolved organic matter. Both

This journal is © The Royal Society of Chemistry 2025

parameters are commonly used to estimate algae dry weight or
biomass concentration. Su et al (2016) found a strong
correlation between TSS and VSS for C. vulgaris.”® TSS is more
straightforward to measure than VSS, making it a practical
indicator for determining algal biomass.”®

In the present study, the TSS of algae before electrochemical
harvesting was 0.26 g L', increasing to 3.27 g L' post-
harvesting due to the higher sample concentration. The
electrochemical harvesting process provides algae aggregation,
which increases the algal TSS value. Similarly, Parmentier et al.,
(2020)  reported that TSS values increased after
electrocoagulation—flotation using Al and Fe electrodes to
harvest C. vulgaris.'* In this study, the VSS/TSS ratio after
electrochemical harvesting averaged 0.8, aligning with previous
research that reported a ratio of 0.69-0.84.>"

3.3.2 Chlorophyll-a content of electrochemically harvested
algae. This study examined the chlorophyll-a content of
harvested algae after electrochemical harvesting. The
chlorophyll-a concentrations were 6.7 pg mL™"' for the Al-
BDD configuration, 6.8 ug mL™" for Al-Al, and 8.36 ug mL™
for Fe-Fe. During the electrocoagulation process, the
dissolution of iron electrodes can darken the solution,
potentially leading to overestimation of chlorophyll readings
in spectrophotometric measurements due to interference.

Similarly, Pandey et al (2020) found that the
electrocoagulation flotation process had no impact on the
chlorophyll-a content of Scenedesmus sp., reporting a value of
8.3 ug mL ™" Landels et al. (2019) also evaluated the impact of
electrochemical harvesting on pigment changes in various algal
species, concluding that these methods did not significantly

alter pigment profiles. However, in some cases, the
electrocoagulation flotation process can cause inaccurate
chlorophyll measurements due to spectrophotometric

interference.>

3.3.3 Lipid, protein, and carbohydrate (sugar) content of
electrochemically harvested algae. The lipid, protein and
sugar content of harvested algae was evaluated and found as
41.07-46.63% for protein, 5.5-16.9% for lipid, and 9.02-
12.08% for carbohydrates (sugar). These findings are similar
to a previous study that reported the general composition of
C. vulgaris is 51-58% of protein, 14-30% of lipid, and 12-
17% of carbohydrates.”®** Pandey et al. (2020) evaluated lipid
content post-electrochemical harvesting and found no
significant difference between control samples and those
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processed via electrocoagulation flotation." Similarly, Guldhe
et al. (2016) reported that electrochemical harvesting did not
affect lipid, sugar, or protein content.” However, high current
densities during electro-flocculation can damage algal cells,
reducing lipid and protein content due to osmotic pressure.”
Contrarily, some studies suggest that ECF can increase
protein and lipid yields in A. falcatus, likely due to the
formation of irreversible pores in the algal cell membrane."
Misra et al. (2015) also evaluated lipid yields using
electrochemical processes, reporting 13-16% lipid content in
biomass, with no significant differences observed post-
electrochemical treatment. Moreover, the same study
indicated that adding salt increases the lipid yield of algae.’

3.4 Energy consumption for electrochemical harvesting and
sustainability

By employing Al-BDD, Al-Al, Fe-Fe, and BDD-Al electrode
configurations, the average energy consumption obtained
from RSM experiment values were 1.74, 2.21, 2.23, and 2.6
kWh kg™, respectively. These values were lower than those of
conventional algae harvesting methods. For instance, the
energy consumption for centrifugation varies from 16 to
65.34 kWh kg™ ,"**® 4.62 kwh kg™ for electrocoagulation,**
3.84 kWh kg™ for electrocoagulation—flotation.” 0.7-19.71
kWh kg™ for membrane filtration, and 9.33 kWh kg™ for
electrocoagulation-flotation and membrane technology.'* In
this current study, the minimum energy consumptions were
observed as 0.18, 0.19, 0.2, and 0.21 kWh kg™* for Fe-Fe, Al-
Al, AI-BDD, and BDD-Al, respectively, in conditions of
current at 0.1 A, pH of 5, and electrolysis time of 20 minutes.
The low energy consumptions in these results were produced
because of the lowest current application. On the other hand,
maximum energy consumptions were observed at another set
of experiments with a current of 0.3 A, pH of 5, and
electrolysis time of 15 minutes. The maximum energy
consumptions were 5.16 kWh kg™ for Al-BDD, 5.42 kWh
kg™ for Fe-Fe, 5.67 kWh kg for Al-Al, and 11.81 kWh kg™*
for BDD-Al configuration. It is indicated that increasing
current increases energy consumption. Similar results were
also reported by Vandamme et al., (2011). They studied the
electrocoagulation flotation process for C. vulgaris harvesting
and found energy consumption of 1.3 kWh kg at 0.3 A,
which increased to 9.5 kWh kg™ at 1.2 A.™

In this study, the inert cathode consumed less energy than
the sacrificial electrode. Similarly, Javan et al (2024)
compared the energy consumption of different cathode
materials in algae harvesting. They found that Al cathodes
required more energy than graphite.”” Wong, (2016) also
reported that in the electrochemical harvesting of C. vuigaris,
aluminum electrodes consumed the highest energy (3.7 kWh
kg™"), followed by iron (3.6 kWh kg™') and carbon (1.9 kWh
kg™") electrodes.”” This current study used 1 g L™ NaCI as
the electrolyte. Increasing salt concentration was found to
reduce energy consumption, consistent with findings from
Al-Yaqoobi and Al-Rikabey, (2023).® Fayad et al. (2017) also
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reported a significant reduction in energy consumption from
5.7 to 1.6 kWh kg ' when NaCI concentration increased from
0.5to 1.5 g L7.%°

Operating parameters such as current, electrolysis time, and
pH significantly influence energy consumption. Current was
found to have the greatest impact, followed by electrolysis time,
while pH had no statistically significant effect. In general,
increasing current and electrolysis time leads to higher energy
consumption. The highest harvesting efficiency (99.3%) was
achieved with the BDD-Al electrode pair at an energy
consumption of 0.2 kWh kg™'. In comparison, the Al-Al
(99.01%) and Al-BDD (99.03%) electrode pairs required 0.35
kWh kg and 0.4 kWh kg' as energy consumption,
respectively. These results align with a previous study, which
reported optimal energy consumption of around 0.38 kWh kg™
using an Al-Al electrode with 1.0 g L™ NaClI as the electrolyte.®

For the Fe-Fe electrode pair, energy consumption was 5.42
kWh kg™ with a harvesting efficiency of 91%. This high
energy demand resulted from the use of elevated current and
extended electrolysis time to achieve harvesting efficiency.
However, for a lower harvesting efficiency of 85%, the energy
consumption decreased significantly to 0.29 kWh kg ™. It has
been reported that Al electrodes consume less energy than Fe
electrodes.”® This is due to the formation of a passivating
corrosion layer on the Fe electrode surface, which requires
higher current to maintain performance, leading to increased
energy consumption,*>®

In this current study, the average energy cost from power
consumption for AI-BDD, Al-Al, Fe-Fe, and BDD-Al electrode
configurations was 0.216, 0.275, 0.277, and 0.32 $ per kg,
respectively. These values are lower than the centrifugation
process, which reported 1.5 $ per kg, but similar to the drum
drying energy cost of 0.34 $ per kg.*° In addition, the
electrochemically (using Al electrode) biomass production costs
of C. vulgaris and Nannochloropsis were reported as 0.339 and
0.169 $ per kg, respectively.®® Studies indicated that energy costs
are a substantial part of the overall harvesting cost. These costs
generally range from 20-30% of the total operational costs.® It
is worth noting that chemical consumption and electrode
renewal costs can be considered when calculating the total cost.
Algae species and operational conditions can also impact the
harvesting cost. The electrochemical algae harvesting method,
an environmentally friendly approach, enables the fast and
cost-effective harvesting of algae biomass without significantly
changing the algae's structure. Compared to traditional algae
harvesting methods, it is cheaper and does not need chemicals
(only small amounts may be needed for pH and conductivity),
ensuring economic sustainability.®*

A study on the life cycle analysis of biocrude production
from microalgae revealed that algae cultivation and harvesting
contribute significantly to greenhouse gas emissions across the
entire process, primarily due to energy consumption and
resource utilization.®> On the other hand, life cycle study on
algae harvesting indicates that electrochemical processes have
lower greenhouse gas emissions compared to traditional
methods.*® There is a limited study about the life cycle
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assessment (LCA) of electrochemical algae harvesting. Based on
the harvesting of 1 kg of dry algae mass, greenhouse gas
emissions calculated on a gate-to-gate basis were reported as 77
g CO, eq J' kg algae using the electrochemical harvesting
method, while this value was found to be 94.3 ¢ CO, eq ] ' kg™*
for harvesting using flocculation with chitosan.®® On the other
hand, an LCA study on the electrocoagulation of wastewater
treatment indicated that global warming, terrestrial ecotoxicity,
fossil resource scarcity, and human non-carcinogenic toxicity
were the parameters with the highest environmental impact,
while the impacts of other parameters were less than 2%. In the
same study, it was reported that global warming was mainly
attributed to electricity consumption; terrestrial ecotoxicity
resulted from both electricity consumption and metal release
during the EC process; fossil resource scarcity was linked to
electricity consumption during the EC process, as well as the
production of electrodes and chemicals; and human non-
carcinogenic toxicity was associated with chemical release
during electrode production.*” Additionally, the environmental
impacts of electrochemical processes can be minimized by
reducing greenhouse gas emissions when electricity is provided
from renewable energy sources.®®

4 Conclusion

This study thoroughly examined the influence of various
process variables on algae harvesting efficiency, focusing on
electrolysis  time, density, pH, and electrode
configuration. The comparison of electrode configurations
revealed that Al-based electrodes performed better than Fe-
based ones, primarily due to superior coagulant properties. The
BDD-AI configuration showed high harvested efficiency at a low
current. The AI-Al configuration consistently achieved high
harvesting efficiencies and was more energy-efficient than Fe-
Fe and BDD-Al configurations. Increasing electrolysis time
significantly enhanced harvesting efficiency across all electrode
configurations. Current density also played a crucial role; higher
currents generally improved harvesting efficiency by increasing
coagulant production and bubble density, although excessive
currents led to diminishing returns and higher energy
consumption. The pH significantly impacted harvesting
efficiency. Acidic conditions (pH 5-7) generally resulted in
higher efficiencies due to enhanced charge neutralization and
coagulation. In contrast, alkaline conditions (pH 9) often reduce
efficiency. The harvested algae's TSS, VSS, and biochemical
content (lipids, proteins, and carbohydrates) were consistent
with previous studies, indicating that electrochemical-based
methods are effective for algae harvesting with manageable
energy consumption. This paper focuses solely on C. vulgaris
due to its widespread use as an algae species; however, other
algae species have different cell wall compositions that can be
impacted in various ways. Further study will compare different
algae species based on optimized electrochemical operation
conditions. The accumulation of iron and aluminum in
harvested algae will be examined in future studies.
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