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Abstract

The effect of electrochemical harvesting of Nannochloropsis oculata by aluminum
(A, iron (Fe), and graphite electrodes on the approximate composition, fatty acids
profile, harvesting efficiency, and metals biosorption was investigated. Based on the
results, the highest content of crude protein was observed in the control and graphite
electrode groups, while the lowest value was measured in Al electrode (p<0.05). The
highest content of fat (21.95 % in dry weight) was obtained in the microalgae harvested
by Al electrode compared to other treatments (p<0.05). Maximum level of saturated
fatty acids was observed in the microalgae harvested by Al electrode (89.68 % of total
fat) (p<0.05). However, the lowest levels of mono- and poly-unsaturated fatty acids
were recorded in Al electrode treatment (p<0.05). The lowest harvesting efficiency
(67.44 %) was observed in graphite electrode treatment (p<0.05). The highest
biosorption of Al and Fe were in the microalgae harvested by Al and Fe electrodes,
respectively (p<0.05). Overall, electrocoagulation technique using various electrodes
caused significant changes in biochemical composition of N. oculata. Although the
highest biosorption of metals was in the microalgae harvested by sacrificial electrodes
and even out of the allowed range of human and animal consumption, they would be
suitable for biofuel production.
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Introduction

Microalgae are rapidly growing
autotrophic microorganisms which can
be used in food industry, medicine,
cosmetics, and biofuel production
(Lauritano et al., 2019; Hosseini
Madani et al., 2020). Nannochloropsis
oculata is a marine microalga
(Eustigmatophyceae) which has a size
of about 2-3 um. Although this
microalga is well-known for its ability
to produce polyunsaturated fatty acids
(PUFAS) such as eicosapentaenoic acid
(EPA) (Kagan et al., 2014; Borges et
al., 2016), several studies have shown
the possibility of growing N. oculata on
a large-scale for biofuel purposes
(Richmond, 2008; Sabzi et al., 2021).
However, species belong to
Nannochloropsis cannot be separated
from the culture medium by
conventional filtration methods due to
their small size (Chua and Schenk,
2017). Therefore, finding a fast and
cost-effective method to harvest N.
oculata with minimal negative impacts
on its quality can be a significant step
towards industrial production of this
microalga.

A bottleneck to the commercial
production of microalgae is harvesting
methods (Borges et al., 2011, 2016; Yin
et al., 2020). In fact, utilization of
microalgae from the media accounts up
to 30% of total processing cost (Al-
Yaqoobi et al., 2021; Krishnamoorthy
et al, 2021). Although various
chemical and natural coagulants are
used to flocculate microalgae (Anthony
et al., 2013), high concentrations of
chemical coagulants (e.g. aluminum

sulfate, iron chloride, and ferrous
sulfates) may adversely affect the
quality of the cell’s compounds and
impact the environment (Misra et al.,
2014). Recently, harvesting microalgal
biomass by electrocoagulation process
is introduced as one of the fastest, most
efficient, and cheap methods for
harvesting microalgae (Matter et al.,
2019; Al-Yaqoobi et al., 2021). In this
regard, electrochemical harvesting
(ECH) method is based on production
of metal ions from oxidizing metal
electrodes as well as micro-bubbles to
facilitate coagulation of microalgae on
the surface and/or precipitate at the
bottom (Gao et al., 2010; Perreault et
al., 2010; Kim et al., 2012a; Matter et
al., 2019). Moreover, the microalgae
membrane has a negative electric
charge due to presence of acidic
polysaccharides and therefore,
neutralizing negative charges of the
cells by produced cations from
electrodes in the ECH method causing
the microalgae cells to be accumulated
and precipitate (Safi et al.,, 2014).
Besides, the capital cost of ECH
method (0.35 USD m?®) was much lower
than  flocculation  with  chemical
substances (USD 0.47 m® and
centrifugation (0.53 USD m?®) methods
(Liu et al., 2018). In terms of harvesting
efficiency, using syntactic flocculants
to harvest 1 kg of algal biomass
depends on the chemical used, acquire
2.30-15.3 USD compared to 1.15 USD
for ECH method (Krishnamoorthy et
al., 2021).

Recently, one of the most important
challenges  for commercial-scale
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applications of microalgae is related to
harvesting process, which is inefficient
and costly, so research in this field is
much needed and valuable
(Krishnamoorthy et al.,, 2021).
Utilization of microalgae with ECH
method compared to the conventional
methods has several advantages in
large-scale applications, such as no
direct side effects on the target
metabolites (e.g., unsaturated lipids,
protein, and carbohydrate), lower
operation costs and energy
consumption, easy to control, high
efficiency, and less toxicity (Ghernaout,
2019; Hua et al., 2020; Al-Yaqoobi et
al., 2021; Krishnamoorthy et al., 2021).
However, chief drawbacks of ECH
method are short lifetime of electrodes
and biomass contamination with metal
oxides by excessive doses of dissolved
anode material in sacrificial electrode
use (Matter et al., 2019). Therefore, this
study aimed to assess the effect of
harvesting N. oculata by ECH method
using different sacrificial electrodes
including aluminum (Al) and iron (Fe)
and a non-sacrificial  electrode
(graphite) on biochemical composition
and fatty acids profile.

Materials and methods

Experimental design

N. oculata strain PGBP-abdf1127
(GenBank: KP258172.1) was prepared
from Persian Gulf Biotechnology Park
(PGBP) and cultivated in F/2 culture
medium (Guillard and Ryther, 1962) at
Zakariya al-Razi Complex Laboratory
Center (Science and Research Branch,
Islamic Azad University, Tehran, Iran)

based on Sabzi et al. (2021) method.
The microalgae were grown under 80
umol photon/m?s  light intensity,
26+0.5°C temperature, and 12:12 h
(dark: light) light cycle conditions.
After 14 days, algal biomass was
separated from the culture medium
during the log phase (~ 40x10°
cellssmL) by ECH technique using
different electrodes.

To harvest N. oculata by ECH
method, a transparent plastic container
(cylindrical reactor, 10 L) was equipped
with two electrodes (10x4 c¢cm) to clot
the algal cells. The electrodes were
connected to a direct current (DC)
source at a 6-volt adapter and a current
of 4 Amps (Misra et al., 2015).
Distance from the end of the electrodes
to the bottom of the reactor was 8 cm
and distance between the electrodes
was 1 cm (Fig. 1). Electricity was on
for 15 minutes in each treatment. A
magnetic stirrer was used to mix the
medium inside the reactors at 200 rpm
during chemical electrolysis process.

In this study, experimental groups
consisted of uniform sacrificial (Al and
Fe) and non-sacrificial (graphite)
electrodes (1x1x10 cm). Additionally,
centrifugation  harvesting  method
(3700%xg at 4°C; Sigma 3-30K,
Osterode, Germany) was considered as
control group. Harvested biomass from
all groups were lyophilized by a
laboratory freez-dryer (Christ Alpha 1-
4, Martin Christ
Gefriertrocknungsanlagen GmbH,
Osterode, Germany) at -54°C and a
pressure of 0.04 mbar for 24 h to
minimize the effects of heating on the
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biochemical compounds of the
microalgae (Hosseini Shekarabi et al.,
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Figure 1: Schematic diagram of electrochemical technique for harvesting N. oculata biomass by

different electrodes.

Approximate composition

To measure lipid content, 10 g of the
harvested biomass (dry weight) from
each treatment was gently homogenized
in a mortar to obtain a fine powder and
then, the lipid content was extracted by
method of Folch et al. (1957). One
gram of the lyophilized algae was
placed in oven at 105°C for 6 hours to
calculate moisture content (AOAC,
2000; method 976.05). Ash content was
obtained using electric oven at 550°C
until the samples’ color was completely
white (AOAC, 2000; method 923.03).
To measure crude protein content, one
gram of the lyophilized algae was
digested with sulfuric acid. Then,
nitrogen was extracted and titrated with
0.5 N hydrochloric acid using a semi-
automatic Kjeldahl apparatus (V50,
Bakhshi, Tehran, Iran) and converted to

protein content (N x 6.25) (AOAC,
2000; method 976.05).

Determination of fatty acid composition
To determine the composition of fatty
acids, derivatization of fatty acids was
first performed by boron trifluoride in
methanol for 150 mg of the extracted
oil (Hosseini Madani et al., 2021). The
mixture was heated in water bath at
80°C for 2 min and cooled to ambient
temperature. The obtained upper
organic phase (fatty acid methyl esters)
was injected into a gas chromatograph
(ACME 6100, Young Lin Instrument
Co., Anyang, Korea), equipped with a
DB-WAX capillary column (30 m
length, 0.25 mm inner diameter, and
0.25 mm thickness) and a thermal
conductivity detector. Temperature
reached to 180°C and maintained for 5
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min and then increased to 220°C at
4°C/min rate and was maintained at this
temperature for 25 min. Helium was
used as a carrier gas at a rate of 1.5
mL/min. Obtained peaks of fatty acid
methyl esters were identified by
comparing their retention time with
those of authentic standards (Fatty Acid
Methyl  Ester Mix, 18917AMP;
Supelco, Sigma-Aldrich, USA).

Determination of metals residual

To determine heavy metals
concentration, 10 mg of dried algal
biomass was first digested by nitric
acid. Then, according to atomic
absorption spectrometer’s guidelines
(Varian SpectrAA-200 atomic
absorption apparatus, Varian Co.,
Melbourne, Australia) as well as
calibration curves of Al and Fe, the
concentrations of the elements were
calculated in the solutions (Ahmad and
Shuhaimi-Othman, 2010).

Harvesting efficiency

To measure harvesting efficiency,
optical density (OD) of the samples in
pre-harvest medium (OD;) and post-
harvest medium (ODs) was measured
by a UV-VIS spectrophotometer
(Varian Cary 50, Varian Inc., Palo Alto,
California, USA) at 680 nm after 5 min
from the end of each electrochemical
harvestingg method as  follows

(Vandamme et al., 2011):

(ODi — ODf)
—_— | %
ODi

Harvesting efficiency (HE, %j:[ 100

Statistical Analysis

All experiments were performed with
three replicates (n=3) and the data were
presented as mean + standard deviation
(SD). After checking the normality and
homogeneity of the data by
Kolmogorov-Smirnov  and  Barlett's
tests, respectively. One-way analysis of
variance (ANOVA) was performed
followed by Tukey's post-hoc test to
compare the means at 95% (p<0.05).
Data were analyzed using SPSS
software version 22.

Results

As shown in Table 1, the contents of
fat, protein, and ash of N. oculata
harvested by different electrodes were
significantly different (p<0.05). The
highest level of crude protein was
observed in control and graphite
electrode groups (p<0.05), while the
lowest value was measured in Al
electrode treatment (p<0.05). Regarding
fat and ash contents, the highest values
were obtained in the microalgae
harvested by Al electrode (p<0.05).

The composition of fatty acids in the
microalgae harvested by ECH method
using different types of electrodes is
presented in Table 2. Based on the
results, 13 fatty acids were detected and
the dominant saturated fatty acid (SFA)
was palmitic acid (16:0). The content of
oleic acid (18:1) as the major
monounsaturated fatty acid (MUFA)
was decreased in experimental groups
and the lowest value was obtained in Al
electrode treatment (p<0.05). The
highest EPA was measured in control
and graphite electrode groups, while the
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lowest value was observed in Al
electrode treatment (p<0.05).

According to Figure 2, the highest and
lowest levels of SFA were measured in
Al electrode treatment (75.96+1.33% of
total fat) and control group (47.32+0.86

However, the lowest levels of MUFA
and PUFA were recorded in Al
electrode treatment (p<0.05). Maximum
amount of MUFA was also seen in
control group (34.68+0.74 % of total
fat) (p<0.05).

% of total fat), respectively (p<0.05).

Table 1: Effect of electrochemical harvesting technique using different electrodes on approximate
composition of N. oculata (% in dry matter).

Parameter Treatments
(% in dry matter) Control Al electrode Fe electrode Graphite electrode
Protein 48.48+0.19 2 41.55+0.10 ¢ 44.89+0.15° 48.02+0.31 2
Lipid 18.30+0.25 ¢ 21.95+0.07 2 20.36+0.12° 18.82+0.33 ¢
Ash 20.02+0.23 ¢ 23.79+0.19 2 21.10+0.04 ® 19.26+0.04 ©
Moisture 5.61+0.14 2 5.64+0.23 2 5.60+0.08 2 5.59+0.01 2

Values are presented as mean + standard deviation. Different letters in each row indicate significant
differences (n=3, p<0.05). Harvesting method in control group was centrifugation method (3700 xg,
4°C, 10 min).

Table 2: Fatty acids profile of N. oculata after harvesting by electrochemical method using
different electrodes (% of total fat).

Treatments
Fatty acids Control Al electrode Fe electrode Graphite
electrode
Butyric acid (C4:0) 8.18+1.10° 7.77+£0.06 2 2.06+0.17 ° 8.16+0.30 2
Caproic acid (C6:0) 2.59+0.01° 3.40+0.06 2 0.74+0.05 ¢ 2.24+0.08 ©
Caprylic acid (C8:0) 12.93+0.11¢ 20.86+0.15® 6.36+0.54 ¢ 15.69+0.40 2
Decanoic acid (C10:0) 7.85+0.08 © 8.42+0.49 9.38+0.20° 5.14+0.02 ¢
Myristic acid (C14:0) 3.06+0.54 2 1.28+0.30° 1.88+0.18° 3.43+0.41%
Palmitic acid (C16:0) 12.71+0.50 ¢ 34.23+£1.03 2 32.53+0.37° 19.23+0.47 ¢
Stearic acid (C18:0) 3.94+0.03 P 5.70+0.29 2 5.86+0.14 ® 3.76+0.03 °
Palmitoleic acid (C16:1) 2.05+0.08 ® 0.31+0.04 ¢ 0.56+0.01 ¢ 1.42+0.06 °
Oleic acid (C18:1; n-9) 31.53+0.40® 14.01+0.30 ¢ 29.60+0.67 ° 27.35+0.03 ¢
Erucic acid (C22:1) 1.10+0.09 2 0.36+0.08 © 0.83+0.05" 1.20+0.02 2
Linoleic acid (C18:2; n-6) 10.07+0.14 @ 2.30+0.01 ¢ 7.65+0.63 © 8.52+0.60 °
Linolenic acid (C18:3; n-6) 0.50+0.05 2 0.10+0.00 ® 0.49+0.02 2 0.13+0.00
Eicosapentaenoic acid . . b a
(EPA: C20:5: n-3) 3.1040.10 0.73+0.08 1.64+0.05 3.3840.24
Total 99.36 99.28 99.37 99.45

Values are presented as mean + standard deviation. Different letters in each row indicate significant
differences (n=3, p<0.05). Harvesting method in control group was centrifugation method (3700xg, 4°C,
10 min).

Concentrations of Al and Fe in the Fe by microalgae cells was recorded in
dried algal biomass are illustrated in Fe electrode treatment compared to the
Table 3. The highest accumulation of other groups (p<0.05), while no
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significant difference was found among it was only detected in Al electrode
experimental groups to uptake Fe treatment.
(p>0.05). In terms of Al concentration,

100 4

BSFA
BOMUFA
BPUFA

% oftotl fat

Control Al Fe Graphite
Different electrodes

Figure 2: Changes in saturated fatty acids (SFA), monounsaturated fats (MUFA), and
polyunsaturated fatty acids (PUFA) of harvested N. oculata by an electrochemical
technique using different electrodes. Different superscripts indicate significant
differences (n=3, p<0.05). Error bars show standard deviation.

Harvesting efficiency of the microalgae group (p>0.05; Fig. 3). However, the
was influenced in different treatments lowest harvesting efficiency value was
and the highest value was obtained in observed in graphite electrode (p<0.05;
Al electrode treatment which was not Fig. 3).

significantly different from control
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Figure 3: Effect of electrochemical technique using different electrodes in harvesting efficiency (%)
of N. oculata. Different superscripts indicate significant differences (n=3, p<0.05). Error
bars show standard deviation.
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Discussion

The ability to accumulate lipids in
different microalgae species is highly
dependent on cultivation condition and
composition of nutrients in the culture
medium (Borges et al., 2011; Gao et
al., 2013; Rastar et al., 2018; Sabzi et
al., 2021). However, quantity and
quality of microalgae lipids can be
altered by different harvesting methods
(Borges et al., 2011, 2016; Hua et al.,
2016). In the present study, higher
content of lipid was observed in N.
oculata harvested by Al and Fe
electrodes compared to graphite
electrode and control groups. This
increase in extraction of lipids may be
related to higher cellular damages due
to osmotic shock and oxidative
destructions of released Al ions in the
reactor (Yoo et al.,, 2012; Lee et al.,,
2013).

Based on our results, crude protein
content of the microalgae harvested by
graphite electrode and control groups
was significantly higher than other
treatments. Higher protein degradation
ratio in the microalgae harvested by
sacrificial electrodes may be due to
extensive oxidative damages (e.g.
Fenton-active metal ions oxidation
process) and hydroxyl radicals products
(Stadtman, 1990). However, more
sensitive methods rather than Kjeldahl
method in direct protein detection are
recommended to compare with our
results.

The highest level of ash was seen in N.
oculata harvested by metal electrodes,
especially in Al electrode treatment.
This can be attributed to biosorption of

released metals from  sacrificial
electrodes in the microalgae cells
during ECH process. Baierle et al.
(2015) represented that ECH techniques
of  microalgae  with inorganic
flocculants, especially Al, lead to
significant decrease in heavy metals
concentration of wastewater. This can
easily approve that microalgae had
ability to bio-absorb released metals
from sacrificial metal electrodes and
subsequently increase the ash content.

Our findings showed that maximum
content of unsaturated fatty acids was in
N. oculata harvested by graphite
electrode compared to sacrificial
electrodes, while maximum level of
SFA was obtained in the microalgae
harvested by Al electrode. Misra et al.
(2014) similarly showed that harvesting
Chlorella sorokiniana and Tetradesmus
obliquus by graphite electrodes did not
have a negative effect on composition
of fatty acids compared to conventional
centrifugation method. Using non-
destructive electrodes in ECH method
not only released no metal ions to the
environment but also oxidative
processes would be at the lowest rate,
which can prevent breaking down the
chains and carbon double bonds of
unsaturated fatty acids in post harvested
microalgae (Singh et al., 2014; Guldhe
etal., 2016).

Saturated  fatty acids  from
microalgae are used to produce
biodiesel due to their high thermal and
oxidative stability (Singh et al., 2014).
However, long-chain unsaturated fatty
acids are suitable for pharmaceutical
and food applications (Borges et al.,
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2011). In the present study reduction of
PUFAs, especially EPA, in the
microalgae harvested by sacrificial
electrodes may be due to the fact that
unsaturated fatty acids are highly
vulnerable to oxidative processes
(Singh et al., 2014; Hosseini Shekarabi
and Shamsaie Mehrgan, 2021). Indeed,
oxidation and degradation of anode
electrode is main drawback of ECH
method using sacrificial electrodes
(Kim et al., 2012a, 2012b). However,
technology of using non-destructive
electrodes in ECH method can be used
to harvest algal biomass for various
industrial and food purposes (Perreault
et al., 2010; Misra et al., 2015). On the
contrary, Guldhe et al. (2016) pointed
out that ECH process did not affect the
fatty acid composition of
Ankistrodesmus  falcatus and T.
obliquus  biomass by sacrificial
electrodes compared to non-sacrificial
electrodes (graphite). This conflict in
the results can be related to various
factors such as  environmental
conditions, technology used in ECH
process, algal biomass density and
species (Misra et al., 2014).

The results of this study showed that
concentrations of Al and Fe were
dramatically increased in  the
microalgae harvested by sacrificial
electrodes and in terms of Al
concentration, it exceeded standard
limits for aquaculture, irrigation, and
even indirect human contact (maximum
10 mg/L) (Uduman et al., 2010).
Although concentration of Fe was much
higher than that in the algal biomass
harvested by centrifugation method

(control group), low concentration of Al
can cause greater environmental and
human hazards compared to Fe (Ribes
et al., 2008). In agreement with our
results, Baierle et al. (2015)
demonstrated that residual level of Al in
Desmodesmus subspicatus harvested by
Al electrode was more than that
harvested by centrifugation method.
Since concentration of Al is directly
associated with health risks (Bondy,
2010), using Al electrodes in ECH is
not an appropriate technique for human
or animal consumption, while it is
recommended to harvest microalgae
with sacrificial electrodes for biodiesel
production.

The results of our study showed that
harvesting efficiency for N. oculata in
sacrificial electrodes was higher than
graphite electrode, while harvesting
efficiency in control group
(centrifugation method) was more than
all experimental groups. Although
filtration and centrifugation methods
have higher harvesting efficiency than
ECH  methods, these common
harvesting methods require more
energy and time (Baierle et al., 2015).
The process of harvesting microalgae
by ECH is influenced by various
parameters such as species, size of
microalgae, biomass density, and
electrochemical conditions (i.e. current
intensity, voltage, and type of
electrodes) (Misra et al., 2014). From
our results, harvesting efficiency of N.
oculata in Al electrode treatment was
higher than that of Fe electrode.
Similarly, Baierle et al. (2015) reported
95.4% harvesting efficiency using Al
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electrodes compared to Fe electrodes
(64.7%) for D. subspicatus. In general,
Al electrodes cause higher harvesting
efficiency than Fe and graphite
electrodes for three main reasons: (1)
Al is more reactive to participate in
electrolysis reactions and generate more
cations (AI**) than other metals, which
can increase flocculation rate of
microalgae by binding to the cells
(Wong et al.,, 2017); (2) electrical
conductivity of Al is more than iron
(Canizares et al., 2005; Zongo et al.,
2009); and (3) higher toxicity of
produced aluminum hydroxide
accelerates the cell death and
consequently sedimentation rate (Duan
and Gregory, 2003; Gao et al., 2010).

In the present study, harvesting
efficiency of N. oculata in graphite
electrode treatment was 67.66%, which
was significantly lower than that of
metal electrodes. This may be due to
absence of metal cations. In consistence
with our results, Misra et al. (2014)
showed that minimum harvesting
efficiency for C. sorokiniana and T.
obliquus was recorded in graphite
electrodes treatment in comparison with
that of metal electrodes. Also,
Vandamme et al. (2011) reported a
higher harvesting efficiency (about
92%) for Chlorella vulgaris by
sacrificial electrodes.

This study showed that using
sacrificial and non-sacrificial electrodes
for ECH of N. oculata caused
significant changes in lipid and protein
contents as well as fatty acids profile.
The highest crude protein content and
unsaturated fatty acids were seen in the

microalgae harvested by graphite
electrode. However, the highest level of
oils with a high content of saturated
fatty acids was extracted from the
microalgae harvested by Al electrodes.
According to high accumulation of Al
in the microalgae cells harvested by Al
electrodes, this harvesting technique is
recommended for biofuel production,
however, further research is required to
evaluate its environmental pollution.

Acknowledgments

The authors wish to thank Mr. Hamid
Fathalian at Fisheries Laboratory
(Science and Research Branch, Islamic
Azad University) for helping us to
quantify microalgae fatty acids and
electrochemical process.

References

Ahmad, A.K. and Shuhaimi-Othman,
M., 2010. Heavy metal
concentrations in sediments and
fishes from Lake Chini, Pahang,
Malaysia. Journal of Biological
Sciences, 10(2), 93-100.
DOI:10.3923/jbs.2010.93.100.

Al-Yaqgoobi, A.M., Al-Rikabey, M.N.
and  Al-Mashhadani, M.K.H.,
2021. Electrochemical harvesting of
microalgae: parametric and cost-
effectivity comparative
investigation. Chemical Industry and
Chemical Engineering Quarterly,
27(2), 121-130.
DOI:10.2298/CICEQ191213031A.

Anthony, R.J., Ellis, J.T., Sathish, A.,
Rahman, A., Miller, C.D. and
Sims, R.C., 2013. Effect of
coagulant/flocculants on bioproducts


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html

[ Downloaded from jifro.ir on 2026-01-29 |

[ DOR: 20.1001.1.15622916.2022.21.1.17.3 ]

Iranian Journal of Fisheries Sciences 21(1) 2022 43

from  microalgae.  Bioresource
Technology, 149, 65-70.
DOI:10.1016/j.biortech.2013.09.028.

AOAC, 2000. Official methods of

analysis of the association of official
analytical chemists, 17" edition.
Horwitz, W., editor. AOAC
International, Maryland, USA.

Baierle, F., John, D.K., Souza, M.P.,

Bjerk, T.R., Moraes, M.S., Hoeltz,
M., Rohlfes, A.L., Camargo, M.E.,
Corbellini, V.A. and Schneider,
R.C., 2015. Biomass  from

microalgae separation by
electroflotation  with  iron and
aluminum spiral electrodes.

Chemical Engineering Journal, 267,
274-281.
DOI:10.1016/j.cej.2015.01.031.

Bondy, S.C., 2010. The neurotoxicity

of environmental aluminum is still
an issue. Neurotoxicology, 31(5),
575-581.
DOI:10.1016/j.neuro.2010.05.0009.

Borges, L., Moron-Villarreyes, J.A.,

D’Oca, M.G.M. and Abreu, P.C.,
2011. Effects of flocculants on lipid
extraction and fatty acid composition
of the microalgae Nannochloropsis

oculata and Thalassiosira
weissflogii. Biomass and Bioenergy,
35(10), 4449-4454,

DOI:10.1016/j.biombioe.2011.09.00
3.

Borges, L., Caldas, S., D’Oca,

M.G.M. and Abreu, P.C., 2016.
Effect of harvesting processes on the
lipid yield and fatty acid profile of
the marine microalga
Nannochloropsis oculata.

Aquaculture Reports, 4, 164-168.
DOI:10.1016/j.aqrep.2016.10.004.
Caiiizares, P., Carmona, M., Lobato,
J., Martinez, F. and Rodrigo, M.,
2005. Electrodissolution of
aluminum electrodes in
electrocoagulation processes.
Industrial and Engineering
Chemistry Research, 44(12), 4178-

4185. DOI:10.1021/ie048858a.

Chua, E.T. and Schenk, P.M., 2017,
A biorefinery for Nannochloropsis:
Induction, harvesting, and extraction
of EPA-rich oil and high-value
protein. Bioresource Technology,
244, 1416-1424.
DOI:10.1016/j.biortech.2017.05.124.

Duan, J. and Gregory, J., 2003.
Coagulation by hydrolysing metal
salts. Advances in Colloid and
Interface Science, 100, 475-502.
DOI:10.1016/S0001-
8686(02)00067-2.

Folch, J., Lees, M. and Stanley,
G.H.S., 1957. A simple method for
the isolation and purification of total
lipides from animal tissues. Journal
of Biological Chemistry, 226(1),
497-500. DOI:10.1016/s0021-
9258(18)64849-5.

Gao, S., Du, M., Tian, J., Yang, J.,
Yang, J., Ma, F. and Nan, J., 2010.
Effects of chloride ions on electro-
coagulation-flotation process with
aluminum electrodes for algae
removal. Journal of Hazardous
Materials,  182(1-3), 827-834.
DOI:10.1016/j.jhazmat.2010.06.114.

Gao, Y., Yang, M. and Wang, C.,
2013. Nutrient deprivation enhances
lipid content in marine microalgae.


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html

[ Downloaded from jifro.ir on 2026-01-29 |

[ DOR: 20.1001.1.15622916.2022.21.1.17.3 ]

44 Shamsaie Mehrgan and Hosseini Shekarabi, Electrochemical harvesting of the marine microalgae, ...

Bioresource Technology, 147, 484—
491.
DOI:10.1016/j.biortech.2013.08.066.

Ghernaout, D, 2019.

Electrocoagulation  process  for
microalgal biotechnology-A Review.
Applied Engineering, 3(2), 85-94.
DOI:10.11648/j.ae.20190302.12.

Guldhe, A., Misra, R., Singh, P,

Rawat, 1. and Bux, F., 2016. An
innovative electrochemical process
to alleviate the challenges for
harvesting of small size microalgae
by using non-sacrificial carbon
electrodes. Algal Research, 19, 292—
298.
DOI:10.1016/j.algal.2015.08.014.

Hosseini Madani, N.S., Hosseini

Shekarabi, S.P, Shamsaie
Mehrgan, M. and Pourang, N.,
2020. Can 2, 4-
dichlorophenoxyacetic acid alter
growth performance, biochemical
composition, and fatty acid profile of
the marine microalga Isochrysis
galbana? Phycologia, 59(6), 598-
605.

DOI:10.1080/00318884.2020.18278
26.

Hosseini Madani, N.S., Shamsaie

Mehrgan, M., Hosseini Shekarabi,
S.P. and Pourang, N., 2021.
Regulatory effect of gibberellic acid
(GA3) on the biomass productivity
and some metabolites of a marine
microalga,  Isochrysis  galbana.
Journal of Applied Phycology, 33(1),
255-262. DOI:10.1007/s10811-020-
02291-1.

Hosseinni Shekarabi, S.P., Shamsaie

Mehrgan, M., Razi, N. and Sabzi,

S., 2020. Biochemical composition
and fatty acid profile of the marine
microalga lIsochrysis galbana dried
with different methods. Journal of
Microbiology, Biotechnology and
Food Sciences, 9(1), 521-524.
DOI:10.15414/jmbfs.2019/20.9.3.52
1-524.

Hosseini  Shekarabi, S.P. and

Shamsaie Mehrgan, M., 2021.
Cultivation of Tetraselmis suecica
using a fishmeal factory effluent:
effect on the growth, biochemical
composition, and nutrient removal.
Journal of Applied Phycology, 33,
1949-1959. DOI:10.1007/s10811-
021-02478-0.

Hua, L., Guo, L., Thakkar, M., Wei,

D., Agbakpe, M., Kuang, L.
Magpile, M., Chaplin, B.P., Tao,
Y. and Shuai, D., 2016. Effects of
anodic oxidation of a
substoichiometric titanium dioxide
reactive electrochemical membrane
on algal cell destabilization and lipid
extraction. Bioresource Technology,
203, 112-117.
DOI:10.1016/j.biortech.2015.12.041.

Hua, L., Cao, H.,, Ma, Q., Shi, X,

Zhang, X. and Zhang, W., 2020.
Microalgae filtration using an
electrochemically reactive ceramic
membrane: Filtration performances,
fouling kinetics, and foulant layer
characteristics. Environmental
Science and Technology, 54(3),
2012-2021.
DOI:10.1021/acs.est.9b07022.

Kagan, M.L., Sullivan, D.W., Gad,

S.C. and Ballou, C.M., 2014. Safety
assessment of EPA-rich polar lipid


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html

[ Downloaded from jifro.ir on 2026-01-29 |

[ DOR: 20.1001.1.15622916.2022.21.1.17.3 ]

Iranian Journal of Fisheries Sciences 21(1) 2022 45

oil produced from the microalgae

Nannochloropsis oculata.
International Journal of Toxicology,
33(6), 459-474.

DOI:10.1177/1091581814553453.

Kim, J., Ryu, B.G., Kim, B.K., Han,

J.I. and Yang, JW. 2012a.
Continuous microalgae recovery
using electrolysis with polarity
exchange. Bioresource Technology,
111, 268-275.
DOI:10.1016/j.biortech.2012.01.104.

Kim, J., Ryu, B.G., Kim, K., Kim,

B.K., Han, J.I. and Yang, JW.,
2012b.  Continuous  microalgae
recovery using electrolysis: effect of
different electrode pairs and timing
of polarity exchange. Bioresource
Technology, 123, 164-170.
DOI:10.1016/j.biortech.2012.08.010.

Krishnamoorthy, N., Unpaprom, Y.,

Ramaraj, R., Maniam, G.P.,
Govindan, N., Arunachalam, T.
and Paramasivan, B., 2021. Recent
advances and future prospects of
electrochemical processes  for
microalgae harvesting. Journal of
Environmental Chemical
Engineering, 9(5), 105875.
DOI:10.1016/j.jece.2021.105875.

Lauritano, C., Ferrante, M.l. and

Rogato, A., 2019. Marine natural
products from microalgae: An-omics
overview. Marine Drugs, 17(5), 269.
DOI:10.3390/md17050269

Lee, A. K., Lewis, D.M. and Ashman,

P.J., 2013. Harvesting of marine
microalgae by electroflocculation:
the energetics, plant design, and
economics. Applied Energy, 108,
45-53.

DOI:10.1016/j.apenergy.2013.03.00
3.

Liu, S., Hajar, HAA., Riefler, G,

and Stuart, B.J., 2018.
Investigation of electrolytic
flocculation for microalga
Scenedesmus sp. using aluminum
and graphite electrodes. RSC
Advances, 8(68), 38808-38817.
DOI:10.1039/ c8ra08101h.

Matter, I.A., Bui, V.K.H., Jung, M.,

Seo, J.Y., Kim, Y.E., Lee, Y.C. and
Oh, Y.K.,, 2019. Flocculation

harvesting techniques for
microalgae: A review. Applied
Sciences, 9(15), 3069.

DOI:10.3390/app9153069.

Misra, R., Guldhe, A., Singh, P.,

Rawat, |I. and Bux, F., 2014,
Electrochemical harvesting process
for microalgae by using
nonsacrificial carbon electrode: A
sustainable approach for biodiesel
production. Chemical Engineering
Journal, 255, 327-333.
DOI:10.1016/j.cej.2014.06.010.

Misra, R., Guldhe, A., Singh, P,

Rawat, 1., Stenstrom, T.A. and
Bux, F., 2015. Evaluation of
operating conditions for sustainable
harvesting of microalgal biomass
applying electrochemical method
using non sacrificial electrodes.
Bioresource Technology, 176, 1-7.
DOI:10.1016/j.biortech.2014.11.014.

Perreault, F., Dewez, D., Fortin, C.,

Juneau, P., Diallo, A. and Popovic,
R., 2010. Effect of aluminum on
cellular division and photosynthetic
electron transport in Euglena gracilis
and Chlamydomonas acidophila.


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html

[ Downloaded from jifro.ir on 2026-01-29 |

[ DOR: 20.1001.1.15622916.2022.21.1.17.3 ]

46 Shamsaie Mehrgan and Hosseini Shekarabi, Electrochemical harvesting of the marine microalgae, ...

Environmental  Toxicology and
Chemistry, 29(4), 887-892.
DOI:10.1002/etc.109.

Rastar, M., Hosseini Shekarabi, S.P.,

Shamsaie Mehrgan, M. and Sabzi,
S., 2018. Effects of iron and zinc
concentrations on growth
performance  and biochemical
composition of  Haematococcus
pluvialis: A comparison between
nanoparticles and their
corresponding metals bulks. Journal
of Algal Biomass Utilization, 9(2),
59-67.

Ribes, D., Colomina, M., Vicens, P.

and Domingo, J., 2008. Effects of
oral aluminum exposure on behavior
and neurogenesis in a transgenic
mouse model of Alzheimer's disease.
Experimental Neurology, 214(2),
293-300.
DOI:10.1016/j.expneurol.2008.08.01
5

Richmond, A., 2008. Handbook of

microalgal culture: biotechnology
and applied phycology. Wiley
Publishers, Hoboken, New Jersey,
USA. DOI:10.1002/9780470995280.

Sabzi, S., Shamsaie Mehrgan, M.,

Rajabi Islami, H. and Hosseini
Shekarabi, S.P., 2021. Changes in
biochemical composition and fatty
acid accumulation of
Nannochloropsis oculata in response
to different iron concentrations.
Biofuels, 12(2), 1-7.
DOI:10.1080/17597269.2018.14896
72.

Safi, C., Zebib, B., Merah, O.,

Pontalier, P.Y. and Vaca-Garcia,
C., 2014. Morphology, composition,

production, processing and
applications of Chlorella vulgaris: A
review. Renewable and Sustainable
Energy Reviews, 35, 265-278.
DOI:10.1016/j.rser.2014.04.007.

Singh, B., Guldhe, A., Rawat, I. and

Bux, F., 2014. Towards a
sustainable approach for
development of biodiesel from plant
and microalgae. Renewable and
Sustainable Energy Reviews, 29,
216-245.
DOI:10.1016/j.rser.2013.08.067.

Stadtman, E.R., 1990. Metal ion-

catalyzed oxidation of proteins:
biochemical mechanism and
biological  consequences.  Free
Radical Biology and Medicine, 9(4),
315-325. DOI:10.1016/0891-
5849(90)90006-5.

Uduman, N., Qi, Y., Danquah, M.K.,

Forde, G.M. and Hoadley, A,
2010. Dewatering of microalgal
cultures: a major bottleneck to algae-
based fuels. Journal of Renewable
and Sustainable Energy, 2(1),
012701. DOI:10.1063/1.3294480.

Vandamme, D., Pontes, S.C.V,,

Goiris, K., Foubert, 1., Pinoy,
L.J.J. and Muylaert, K., 2011.
Evaluation of electro-coagulation—
flocculation for harvesting marine

and freshwater microalgae.
Biotechnology and Bioengineering,
108(10), 2320-2329.

DOI:10.1002/bit.23199.

Wong, Y., Ho, Y., Leung, H., Ho, K,

Yau, Y. and Yung, K. 2017.
Enhancement of Chlorella vulgaris
harvesting via  the  electro-
coagulation-flotation (ECF) method.


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html

[ Downloaded from jifro.ir on 2026-01-29 |

[ DOR: 20.1001.1.15622916.2022.21.1.17.3 ]

Iranian Journal of Fisheries Sciences 21(1) 2022 47

Environmental Science and
Pollution Research, 24(10), 9102-
9110. DOI:10.1007/s11356-016-
7856-X.

Yin, Z., Zhu, L., Li, S., Hu, T., Chu,

R., Mo, F., Hu, D., Liu, C. and Li,
B., 2020. A comprehensive review
on cultivation and harvesting of
microalgae for biodiesel production:
Environmental pollution control and
future  directions. Bioresource
Technology, 301, 122804.
DOI:10.1016/j.biortech.2020.122804

Yoo, G., Park, W.K., Kim, C.W.,

Choi, Y.E. and Yang, J.W., 2012.
Direct lipid extraction from wet
Chlamydomonas reinhardtii biomass

using osmotic shock. Bioresource
Technology, 123, 717-722.
DOI:10.1016/j.biortech.2012.07.102.

Zongo, l., Maiga, A.H., Wéthé, J.,

Valentin, G., Leclerc, J.P.,
Paternotte, G. and Lapicque, F.,
2009. Electrocoagulation for the
treatment of textile wastewaters with
Al or Fe electrodes: Compared
variations of COD levels, turbidity
and  absorbance.  Journal  of
Hazardous Materials, 169(1-3), 70—
76.

DOI:10.1016/j.jhazmat.2009.03.072.


https://dor.isc.ac/dor/20.1001.1.15622916.2022.21.1.17.3
http://jifro.ir/article-1-4613-en.html
http://www.tcpdf.org

