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Abstract - This study assessed the effect of non-thermal plasma (NTP) on Nannochloropsis gaditana cell
rupture and subsequent lipid extraction. Micrograph images showed that the surface of original N. gaditana
cells appeared smooth and had no apparent holes, whereas after NTP the cells showed a non-uniform apparently
fractured surface with many pores and large splits. Maximum lipid recovery from N. gaditana cells (~19%) for
NTP-assisted rupture was observed at 10 min, similar to extraction after 10 min sonication (19.0%). The lipid
recovery after both pretreatments (average 19.0%) was 2-fold higher than the control treatment (no pretreatment
9.5%). In addition, lipids from unruptured algal cells were mainly composed of ®-3polyunsaturated fatty acids
(~31% of total fatty acids), while lipids after NTP were predominantly composed of saturated fatty acids (36.0%
of'total fatty acids), which could be advantageous for biodiesel production. This study demonstrates an alternative
approach based on NTP-technology for algal cell rupture prior to lipid extraction with potential uses for algal

biodiesel production.
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INTRODUCTION

Microalgae have been identified by many
researchers as a promising feedstock for biofuel
production (Chisti, 2007; Phukan et al., 2011; Franz et
al., 2013; Jazzar et al., 2015). In fact, several species
of microalgae are able to accumulate carbohydrates
and lipids which can be chemically converted into
biofuels (Jazzar et al., 2015; Siqueira et al., 2016).
Among them, Nannochloropsis gaditana belonging
to the Eustigmatophyceae genus, is particularly

* Corresponding author: Angelo P. Matos - E-mail: angelosotam@gmail.com

interesting because of its high growth rate, lipid
productivity, and ability to synthesize high value
chemicals, such as pigments (carotenoids) and fatty
acids with medium (C , and C,) and long (C, )
chain carbons (Matos et al, 2015; Mitra et al.,
2015; Matos et al., 2016; Matos, 2017). Production
and extraction of intracellular metabolites from
microalgae involve extensive processing steps that
start with algal cultivation, algal biomass recovery
or harvesting through separation of the biomass from
the carrier media, followed by further processing such



1420 A. P. Matos et al.

as dewatering, drying, cell disruption, extraction and
product purification (Show et al., 2013). According
to Giinerken et al. (2015), the complete disruption of
the algal cell wall prior to product recovery has been
shown to be critical for successful process-scale lipid
extraction from wet algal biomass. Feasible ways
of extracting intracellular products are disruptions
by physical, chemical or enzymatic methods to
release the intracellular oil into the external medium
(Mendes Pinto et al., 2001; Yap et al., 2015). A range
of cell rupture techniques, including high pressure
homogenization (Samarasinghe et al., 2012; Yap et al.,
2015), ultrasonication (Lee et al., 2010; Halim et al.,
2012), microwave heating (Lee et al., 2010; McMillan
et al., 2013), bead milling (Postma et al., 2015) and
osmotic shock (Lee et al., 2010) have been tested on
algal suspensions and all have generally been shown
to have a positive effect on lipid extraction.

With the emergence of biomass in chemical
processes, much effort has been focused on non-
thermal technologies, including atmospheric plasma,
pulse electric field, ultrasound, and microwaves
(Jérome, 2016) and more recently, non-thermal plasma
(NTP) technology. NTP is an ionized gas produced by
high-voltage electric discharge that causes formation
and self-propagation of an avalanche of ionized
chemical species and electrons as a result of an
interaction between ions from the plasma source and
the media (Gaunt et al., 2006; Liao et al., 2017; Cubas
etal., 2019). The use of NTP is a potential approach for
diverse applications, including industrial sterilization
(Alkawareek et al., 2014), pollution control (Kim,
2004), polymer science (Pandiyaraj et al., 2015),
food safety (Ragni et al.,, 2010; Ma et al., 2015),
biomedicine (Zhang et al., 2014) and nanoscience
(Graham and Stalder, 2011). NTP is emerging as
a promising biomass route to synthesize biofuels,
such as bioethanol (Benoit et al., 2012; Delaux et
al., 2016), and we have investigated the use of NTP
for the production of biodiesel from waste frying oil,
allowing fast reaction times and easy separation of the
final product (Cubas et al., 2016; Istadi et al., 2009).
Despite the benefits of NTP for biofuel production, the
energy consumption of NTP is the main cost driver,
while its long-term reliability and effectiveness for
biofuel production are still unknown (Jérome, 2016;
Zhang et al., 2017).

In this study we evaluated the use of NTP as an
alternative method to disrupt algal cell walls prior to
lipid extraction, which to the best of our knowledge
has not yet been explored in the field of the algal
bioprocess. The algal cell wall is a robust structure
that completely encloses the cytoplasm and allows the
cell to increase its turgor pressure without bursting.
Composition and multiple variations of the cell
wall distinguish algae from each other (Borowitzka

and Moheimani, 2013). We choose the marine alga
Nannochloropsis gaditana as the biomass for our NTP
experiments due to its rigid cell wall and high amount
of membrane-bound eicosapentaenoic acid (Yap et al.,
2015). Furthermore, the spherical shape and small size
(1-2 pm) of Nannochloropsis cells make it especially
difficult to lyse and mechanically rupture its cell wall.
The aims of the present study are: i) to apply NTP on
algal biomass and subsequently determine the lipid
recovery, as well as to identify the main fatty acids
composition; i7) to examine the algal cell wall subjected
to NTP using direct microscopy techniques such as
laser scanning confocal microscope and scanning
electron microscopy; and iii) to estimate the biodiesel
physical properties using empirical formulas.

METHODOLOGY

Microalgae cultivation

Marine species N. gaditana (strain BMAK 130) was
kindly supplied by the Banco de Micro-organismos
Aidar & Kutner (BMA&K) of the Oceanographic
Institute at the University of Sdo Paulo (USP). This
microalga was cultivated in autoclaved F/2 seawater
medium suitable for marine algae (Guillard, 1975).
The culture was developed using inverted conical
photobioreactors (5.5 L) with a working volume of
3.5 L and incubated at room temperature (26 + 2 °C),
sparing with saturated air-CO,, with a photoperiod of
12 h:12 h light/dark provided by fluorescent lamps
(Osram Universal, Brazil), under a light intensity of
80 umol m? s'. When algae reached the stationary
phase (10 days of cultivation), a sample was harvested
by centrifugation at 4000 x g for 20 min. washed with
ammonium formate to remove salts from the algal
biomass (Zhu and Lee 1997) and centrifuged again
(Nova Técnica centrifuge, Piracicaba, Brazil).

Non-thermal plasma reactor

The in-house built NTP reactor is a cylindrical
discharge reactor with point-to-plate geometry
operated at atmospheric pressure (Figure 1). The
cylinder is made of glass (radius of 22 mm, height
of 70 mm). The active electrode is a hollow, stainless
steel needle with the tip placed 10 mm above the 40 mL
solution surface. Argon gas is fed through the needle
into the reactor at a flow rate of 1 L min™'. The ground
electrode is a tungsten wire (diameter 1.0 mm). The
top of the glass cylinder is closed by a Teflon cover
equipped with a gas outlet. The reactor is fed by a
direct current (DC) impedance voltage transformer (60
Hz, 220 V/12,000V) purchased from Variac (model
ATV-215-MP, Sao Paulo, Brazil). A tripler voltage
equipment composed of 4 diodes and 8 capacitors was
used to convert the alternate current (AC) into direct
current (DC). An iCEL Manual MD-1000 multimeter
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Figure 1. Schematic diagram and a photograph of the
non-thermal plasma (NTP) reactor.

was used to monitor the voltage, electrical resistance
and current between the discharge gap. The electrical
parameters applied for all experiments were 17 kV
and 30 mA. Under these conditions, an intense core
plasma was formed between the two electrodes, and a
luminous plume extended out of the tube end reaching
the treated sample. For NTP-treatments, a mixture of
1 g of algal sample and 40 mL of water was put in the
glass container and placed in the plasma setup.

Sonication

A sample of ~1.0 g of the wet algal biomass was
mixed in 40 mL of distilled water and transferred to
a Falcon tube and subjected to sonication treatment
using an Ultrasonic Cleaner processor (Indaiatuba,
Sao Paulo, Brazil) at a frequency of 20 kHz. Algae
were separated by centrifugation at 4,000 rpm for 20
min. and the biomass was analyzed for lipid recovery.

Cell rupture quantification via hemocytometry
Quantification of cell rupture was performed by
cell counting, which is accurate and reproducible
(Samarasinghe et al., 2012; Yap et al., 2015). The
extent of cell disruption was assessed by counting
the number of intact cells remaining after NTP using
a Neubauer hemocytometer with a 100 um chamber
depth. All imaging was performed using an Olympus
BX40F4 (Japan) light microscope with 40x object
resolution and an Opticam® digital camera attachment.

Scanning electron microscopy

A scanning electron microscope (SEM) (JEOL
JSM-6460LA, Tokyo, Japan) with a tungsten filament
electron gun was used to characterize the algal powder
surface after NTP treatment at 10-15 kV. Algal powder
was mounted onto SEM stubs by placing or sputtering
them on a carbon double-sided adhesive tape. Excess
particles were removed by gentle tapping. Gold
coating (~10 nm thick) was done for 2 min. with a
Xenosput Sputter Coater (Xenosput XE200, Edwards
High Vacuum International, Cambridge, U.K.).

Laser scanning confocal microscope

A detailed examination of untreated and NTP-
treated algal cells was done using direct laser scanning
confocal microscopy (LSCM). In parallel, intracellular
lipid bodies of NTP-treated algal cells were visualized

using Nile Red stain (9-(diethylamino) benzo[a]
phenoxazin-5(5H)-one, Sigma — Aldrich), which was
prepared as a stock solution of 250 mg L' in acetone.
One milliliter of algae was centrifuged at 4000 rpm
for 10 min and a pellet was re-suspended in 1 mL
of 20% DMSO. After vortexing for 10 min at room
temperature, cells were centrifuged at 4000 rpm for
10 min. The pellet was further suspended in 1 mL
of water and vortexed before adding Nile Red stain
(12.5 pL) and incubating for 5 min in the dark at room
temperature (Ahmad et al. 2013). Stained cells were
visualized using a Leica TCS — SPS5 laser scanning
confocal microscope (Wetzlar, Germany). Images
were acquired using a 100x objective (HCX PL APO
CS, a numerical aperture of 1.44 - oil immersion
objective) with a Leica Type F immersion liquid.
Images were taken with a Leica microsystem camera.
The acquisition and processing of data were carried
out using the LAS AF Lite software.

Lipid extraction and fatty acids analysis

Intracellular lipids were extracted from dried
biomass by maceration of the biomass in a mixture
of methanol:chloroform:water (2:1:0.8 v/v/v) and
quantified gravimetrically (Bligh and Dyer, 1959).

The fatty acid composition was determined after
conversion of the fatty acids to their corresponding
methyl esters and separation on a gas chromatograph,
model GC-2014 (Shimadzu, Kyoto, Japan), equipped
with split-injection port, flame-ionization detector,
a Restek a 105 m-long capillary column (ID = 0.25
mm) filled with 0.25 um of 10% cyanopropylphenyl
and 90% biscyanopropylsiloxane. Injector and
detector temperatures were both 260°C. The oven
temperature was initially set at 140°C for 5 min, and
then programmed at 2.5°C min™'. The qualitative fatty
acids composition was determined by comparing
the retention times of the peaks with the respective
fatty acids standards (Sigma, St. Louis, USA). The
quantitative composition was obtained by area
normalization and expressed as mass percent (IAL,
2005).

Estimation of physical properties of biodiesel

The key physical properties of biodiesel such as
saponification value (SV, mg KOH per g), iodine value
(IV, gl, per 100g), cetane number (CN), long-chain
saturation factor (LCFS, % wt), cold filter plugging
point (CFFP, °C), degree of unsaturation (DU, % wt),
higher heating value (HHV, MJ kg') and oxidative
stability (OS, h) were calculated by using the following
empirical formulas (Arora et al., 2016):

v D 560(%FA)
= o

1

(1)
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v D" 254DBx(%FA)
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DU = MUFA +(2x PUFAs) (4)
LCFS =(.1xC16)+(0.5x C18) (5)
CFFP =(3.147x LCFS)-16.477 (6)
HHV =49.43-0.041(SV)—-0.015(1V) (7

117.92 ®)

" (%C20:503)+2.59

where FA = content of each fatty acid component,
M, = molecular mass of each fatty acid component,
DB = number of double bonds, MUFA = content of
monounsaturated fatty acids (percent by weight),
PUFAs = content of polyunsaturated fatty acids
(percent by weight) and C20:5 3 (eicosapentaenoic
acid) represents the 20 carbon chain having five double
bonds.

Statistical analysis
Statistical analysis was performed by applying one-
way analysis of variance (ANOVA) and the Tukey test
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1
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with a p-value <0.05, using STATISTICA Software
(version 7.0) from StatSoft Inc. (2004).

RESULTS AND DISCUSSION

Effect of non-thermal plasma on lipid and fatty
acids content

Since NTP has been proposed as a potential
pretreatment for algal-lipid extraction, the aim of this
experiment was to compare the lipid recovery from
N. gaditana after NTP and after sonication treatments
(Figure 2). N. gaditana cells were passed through the
NTP and sonication once for 1, 2, 5, 10, 15 and 20 min.
The amount of lipids extracted was then determined for
each sample and related to the measured degree of cell
rupture. Lipid recovery from N. gaditana cells ranged
from 15.4 to 18.7% using the NTP-assisted method,
while with sonication lipid recovery ranged from 15.5
to 21.7% (Figure 3). Maximum lipid recoveries of
about 19% for NTP-assisted extraction, as well as for
sonication were observed at 10 min, which is 2-fold
higher than the lipid recovery of about 10% in control
without pre-treatment.

Several mechanisms underlie sonication-induced
cell disruption, including for microalgae cell disruption.
During a sonication treatment, the energy of high
frequency, normally between 18 to 30 kHz, initiates
a cavitation process propagating microbubbles, which
become unstable and implode violently, sending shock
waves that disrupt surrounding materials such as cells.
The sonication process also results in thermolysis of
water around the bubbles, forming highly reactive
free radicals (H*, HO® and HOO?®) that react with

= Centrifugation + ammonium formate

| Sonication

‘ [ Non-thermal plasma }—>|

Micrograph images |

Experimental time:
1,2, 5,10, 15 and 20 min.

Untreated (control trealment)

[

Lipid content

l

Fatty acid composition/Biodiesel analysis
(time = 10 min.)

Laser scanning confocal
microscopy (LSCM)

Scanning electron
microscopy (SEM)

Figure 2. Flow diagram for the usage of sonication and NTP technology as a tool for microalgal lipid extraction.
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Figure 3. Comparison of the lipid recovery of N.
gaditana biomass at different times after treatment
with either NTP and sonication. At all times lipid
recovery is significantly higher (p<0.05) after both
pre-treatments (NTP and sonication) compared to
control treatment (without any pre-treatment).

the substances in water (Mendes Pinto et al., 2001;
Giinerken et al., 2015).

We hypothesized that NTP also promotes a
disruption of the rigid algal cell wall and releases the
intracellular lipid content to the extracellular matrix,
thereby increasing lipid recovery. The amount of lipids
extracted was indeed correlated with the extent of cell
rupture: 9.5% lipid extraction with 0% cell rupture,
16.7% lipid extraction with 25-30% cell rupture, 18.7%
lipid extraction with 65-70% cell rupture. However,
after 15 and 20 min of NTP, lipid recovery remained
constant, 18.5 and 18.6% (Figure 3), respectively,
with a significant population cells (about 20-30%)
remaining intact after NTP treatment.

These findings on the use of NTP for lipid
extraction of N. gaditana biomass are comparable to
observations by Goettel et al. (2013), who applied
40 min of pulse electric field (PEF) extraction of
Auxenochlorella protothecoides biomass and observed
higher lipid-yields with algal cell disintegration
by PEF than by control treatment. Another study
(Martinez et al., 2017) found increased extraction
efficiency of pigments such as C-phycocyanin from
PEF electroporated microalgae (S. platensis). PEF
uses an external electric field to induce a critical
electrical potential across the cell membrane/wall
(Gunerken et al., 2015). Cell disruption by PEF is
caused by electromechanical compression and electric
field-induced tension inducing pore formation in the
membrane/wall. The same authors also mention that
PEF does not only destroy the cell wall, but also affects
the molecules inside the cells. Though temperature
increase is not the mechanism of cell disruption, the
increase in bulk temperature during treatment leads
to a reduced nutritional value and protein digestibility
(Janczyk et al., 2005) and an increased extraction of
lipids (Puértolas et al., 2016).

With regard to the fatty acid compositions of
N. gaditana biomass (Table 1), the control test (no
pretreatment) showed a high content in PUFAs of
31.4% of the total fatty acids, which is comparable to
sonication pretreatment (PUFAs = 28.0% of the total
fatty acids), mainly consisting of eicosapentaenoic
acid (EPA, C20:5 ®3). Interestingly, the ®-3 PUFAs,
especially C20:5 @3 decreased from 31.4% (control
test) to 11.0% when NTP was applied. In addition,
a noticeable amount of saturated fatty acids (SFAs),
mainly palmitic acid (C16:0, 36.0% of the total fatty
acids), was formed when NTP-assisted extraction
was employed. It appears that NTP-treatment of M.
gaditana biomass stimulates the formation of SFAs.
An increased production of SFAs was also observed
by Yepez et al. (2016) when using high-voltage
atmospheric cold plasma (HVACP) in soybean oil
hydrogenation, while the unsaturated fatty acids were
chemically modified without the formation of trans-
fatty acids.

The mechanism of the NTP-induced chemical
changes in fatty acid composition during the
application of NTP to algal biomass is not known,
but it is conceivable that the high-energy atmosphere
of the plasma facilitates breakage of double bonds,
which will result in the formation of fatty acids with
single bonds (Cubas et al., 2016; Cubas et al., 2019).
This phenomenon may be attributed to the presence
of H" and OH- molecules that causes dissociation,
ionization and vibrational/rotational excitation of
the polyunsaturated fatty acids, which will lead to

Table 1. Main fatty acids present in N. gaditana
biomass (%).

Treatment
Control Sonication Non-thermal
(10 min.)  plasma (10 min.)

C12:0 1.1£0.1 09+0.1 0.5+0.1
C14:0 54+03 72409 52+0.7
Cl16:0 194+2.0 20.0+£1.0 36.0 £ 1.220
C18:0 26£09 1405 14+0.2
¥ SFA 26.1+£3.0 31.7+22 44.6+2.0
Cl15:1 0.8+0.1 0.7+0.1 0.7+0.1
Cl6:1 224+20 225+0.6 22.8+0.4
C18:1 28+03 58+04 9.7 +0.8%b
C22:1 6.0£05 29+0.1° 23+0.12
¥ MUFA 320+£2.0 33.6+1.0 36.0+£1.2
Cl183 w3 (ALA) 03+0.1 2.0=£0.1 0.7+0.1°
C20:5w3 (EPA)  31.1+£1.0 27.8+1.2 11.0 +£ 0.9
¥ PUFA-03 314+£0.6 28.0£0.6 11.7+0.5
C18:2 w6 29+09 3.2+0.1 0.3+£0.120
C18:3 w6 (GLA) 0.5+0.1 0.1£0.1 0.1£0.1
C20:3 w6 1.1£0.1 02=£0.1 0.6+£0.1
C20:4 w6 - 0.3+0.1 0.2+0.1
> PUFA-w6 45+£05 43+0.2 1.2+£0.2

* Indicates that NTP is significantly different from control and ® indicates that NTP is
significantly different from sonication.

Note: ALA (alpha-linolenic-acid); EPA (eicosapentacnoic acid); GLA (gamma-
linolenic-acid); SFA (saturated fatty acids); MUFA (monounsaturated fatty acids);
PUFA (polyunsaturated fatty acids).
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numerous electron-collision-dominated  reactions
that can fragment molecules into neutral and ionic
products (Graham and Stalder, 2011). According to
Jiang et al. (2014), the reaction of plasma with organic
compounds can occur through three basic reaction
mechanism: hydrogen abstraction, unsaturated
electrophilic addition and electron transfer. In the
case of compounds having aliphatic hydrocarbons
such as lipids, the hydrogen abstraction is the primary
mechanism for producing SFAs.

Micrograph images of algal biomass after non-
thermal plasma

The aim of this experiment was to visualize the N.
gaditana cells by microscopic techniques to ascertain
the degree of disruption of the rigid algal cell wall.
Micrographs of N. gaditana cells exposed to 10 min
of NTP are shown in Figures 4 and 5. Microscope
images of the cells after NTP-assisted extraction
reveal the extent of the cell rupture. Scanning electron
microscopic (SEM) and laser scanning confocal
microscopic (LSCM) images confirmed that NTP is
indeed a potent and effective method to induce cell
disruption. There were large differences between the

-
10KV™  X5,000

S5um +"ECME-UFSC

15kV X5,000 S5pm

Figure 4. Scanning electron microscopy (SEM) of N.
gaditana cells that were exposed to 10 min of NTP; (a)
the image shows a non-uniform surface of algal cells
that are apparently fractured; (b) N. gaditana cells
showing large splits.

LCME-UFSC

Figure 5. Laser scanning confocal microscopy
(LSCM) of N. gaditana cells; (a) intact or untreated
cells display red fluorescence from chlorophyll after
UV excitation; (b) and (c) micrographs of cells after
exposure to 10 min of NTP. Disrupted N. gaditana
cells have large splits (b) and the mostly fractured algal
cells show yellow oil droplets after Nile red staining
(c). Algal cells viewed under 100x objective with 530
nm excitation wavelength and 575 nm emission filters.
Scale bars = 5 um.

untreated cells and cells that were exposed to NTP.
The surface of the intact V. gaditana cells was smooth
without apparent holes (Figure 5a), whereas after NTP
treatment cells showed a non-uniform surface, were
apparently fractured (Figure 4a), and had many pores
with large fissures (Figures 4b and 5b).

Intracellular lipid bodies of the algal cells, after NTP
treatment and staining with Nile Red, appear to be more
readily extracted (Figure Sc¢). Interestingly, in Figure 5¢
there are some algal cells without the cell body, i.e., it
appears that the matrix was released into the cytosol, and
the stained-lipids are kept within the plasma membrane,
which marks the boundary between the cell wall on the
outside and the cytoplasm on the inside. These findings
suggest that NTP can both change the surface of the
algal cells and modify or lyse the cell, which would
release the target lipid molecules (Figure 6).

Puértolas et al. (2016) studied PEF-assisted
extraction of olive oil and reported that PEF causes
the formation of pores in the cell membranes of
plant tissues. This process, called electroporation
and cavitation, enhances the diffusion of solutes
through the cell membranes, facilitating the recovery
of intracellular substances, including oil and other
molecules of interest, such as polyphenols. As the
mechanism of NTP may be similar to that of PEF,
applying NTP on algal biomass could improve lipid
recovery by a dual mechanism: lipid extraction from
algal biomass through disruption of rigid algal cell
walls, and the release of lipids trapped in the cell-
membrane body. However, despite these positive

Brazilian Journal of Chemical Engineering
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Figure 6. Scheme showing the action of non-thermal
plasma on N. gaditana cells.

aspects of NTP for algal biomass, NTP also causes
energy variation in adherent cell membrane/wall
molecules, which may trigger radical formation and
unwanted reactions such as oxidation that might
reduce product quality (Mendes Pinto et al., 2001).

Calculation of physical properties of biodiesel

In order to assess the quality of biodiesel produced
from N. gaditana biomass that has been subjected to
NTP and sonication pretreatments, several physical
properties of biodiesel were calculated using empirical
formulas and compared with commercially used plant
oil fatty acids (Jatropha and Palm) and with ASTM
D6751 (USA) and EN 14214 (Europe) biodiesel fuel
quality. The data indicate that the following physical
properties of biodiesel from NTP-assisted extraction
of N. gaditana comply with fuel standards and are
comparable with plant oil fatty acids (Table 2).

The iodine value (IV) reflects the amount of
unsaturation in the form of double bonds in the fatty
acids. The higher the 1V, the more C=C bonds are
present in the oil. Table 2 shows that the IV of N.
gaditana oil in the control (171.5 g 1,/100 g) and after
sonication (154.7 g 1,/100 g) are higher than from
NTP-assisted extraction (83.6 g 1,/100 g). This value
is comparable to the IV of Jatropha oil (96.5 g 1,/100
g) and below the ASTM D6751 fuel standard maximal
value of 120 g I./100 g oil.

The cetane number (CN) is one of the most
significant indicators for determining the combustion

behavior of biodiesel (Islam et al., 2013). Since high
CN ensures less ignition delay, better combustion
and cold start properties with minimum white smoke,
resulting in more efficient engine performance, higher
CNs are more desirable (Knothe 2006; Islam et al.,
2013). The highest cetane number (CN = 53.0) was
recorded in NTP treatment due to the higher content
in SFAs (mainly C16:0), followed by sonication (CN
= 34.8) and the control (CN = 31.6), which are mainly
composed of PUFAs, such as EPA. Most biodiesel
fuels from vegetable oil sources have CNs in the high
40s to lower 60s. Specifications for the minimum CN
of biodiesel are 47 (ASTM D6751) and 51 (EN 14214).

Oxidation stability (OS) was calculated based
on eicosapentaenoic acid (C20:5 ®3) content, the
predominant fatty acid found in N. gaditana biomass.
OS values for the different treatments decreased from
8.6 h (NTP) to 3.8 h (sonication) and 3.5 h (control).
The standard minimum OS limits for biodiesel are 6 h
in EN 14214 and IS-15607 (Yaakob et al., 2014) and 3
h in ASTM D6751.

Since the differences in fatty acid profiles were
manifested in different biofuel properties (Knothe,
2013), it is relevant to note the fatty acid profiles of the
biodiesel derived from two common commodity oils:
soybean oil consists of palmitic (10-11%), stearic (4-
6%), oleic (21-25%), linoleic (50-55%) and linolenic
(8%) acids; while palm oil consists of palmitic (40-
45%), stearic (4-5%), oleic (40%) and linoleic (10%)
acids, with smaller amounts of other fatty acids (Islam
et al., 2013). As N. gaditana contains high amounts
of PUFAs, biodiesel derived from oils with such a
fatty acid profile would likely display both poor cold
flow and poor OS. However, after applying NTP on
N. gaditana biomass, palmitic acid appears to be the
most common fatty acid, suggesting that cold flow and
OS properties will be less problematic for biodiesel
production from N. gaditana biomass.

Correlated studies and future research
The NTP-technology has notable advantages, but
also limitations, while the exact mechanisms in the

Table 2. Comparison of physical properties of biodiesel produced from N. gaditana with vehicular biodiesel
standards ASTM D6751 (USA) and EN 14214 (Europe), and the plant based biodiesels Jatropha oil methyl esters

(JME) and palm oil methyl esters (PME).

Quality parameters N. gaditana Plant oil methyl esters
Biodiesel property ASTM EN Control  Sonication NTP PME JME
D6751 14214

Saponification value (SV, mg KOH) 2 2 187.4 193.0 194.5 - -
Iodine value (IV, g 1/100 g) (maximum) 120 109.2 171.5 154.7 83.6 49.5 96.5
Cetane number (CN, minimum) 47 51 31.6 34.8 53.0 61 54
Degree of unsaturation (DU, % wt) 2 2 103.8 96.5 61.3 - -
Long-chain saturation factor (LCSF, % wt) a 2 53 7.3 9.7 - -
Cold filter plugging property (CFPP, °C) a <5/<-20 0.2 6.7 14.2 13 2
High heating value (HHV, MJ kg!) a a 39.2 39.1 40.2 - -
Oxidative stability (OS, hr) 3 >6 3.5 3.8 8.6 16.5 3.8

2 No limit designated for the physical property.
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NPT reactor are not known. Characterization of the
active species in the NTP water reaction with the algal
biomass is not trivial, because of the short lifetime of
the cocktail of active species that are formed. Jérome
(2016) hypothesized that a reaction of radical species
with the cellulose surface produces sugar radicals,
ultimately leading to bond cleavages. In our study,
NTP-induced morphological alterations of microalgae
disrupt cell walls, causing lipids to diffuse within the
bulk material. Therefore, Jérome (2016) proposed to
use real time in-situ Fourier transform infrared (FT-IR)
on the surface of oligosaccharides (depolymerization
of cellulose into branched glucans) exposed to NTP to
better understand how the active species react.

It is known that in air NTP creates a cocktail of
highly excited species and radicals, but it is uncertain
whether reactive species formed by NTP for algal
biomass in water lead to hydrolysis or oxidation
reactions between membrane lipids containing PUFAs
and O, N,, O,, H*, HO®, H,O, radicals. Although there
is limited direct contact between the reactive radicals
and cell surfaces in the aqueous environment of algal
cells, a secondary role for such reactions cannot be
ruled out (Fridman, 2008).

In the context of algal biodiesel production with
NTP-technology, by adding methanol to the plasma
reactor the transesterification reaction may occur
inside the NTP reactor and form biodiesel (Cubas et
al. 2016). It seems that three parameters are important
to convert algal oil into biodiesel by NTP: i) the oil/
methanol molar ratio, ii) the water concentration and
iii) the reaction time, but much effort is needed to
explore the potential of NTP in this field. Advancing
our understating of the role of reaction time, algal cell
wall chemistry and unsaturation of fatty acids will aid
to further optimize the process.

CONCLUSIONS

This study investigated the application of NTP for
N. gaditana biomass extraction on a laboratory scale
and found that NTP-treatment causes considerable
cell disintegration of this microalga. NTP may thus
represent an alternative pretreatment method prior to
algal lipid extraction. Our results also suggest that
the high voltage of NTP can break the double bonds
in PUFAs and convert them to single bonds, thereby
producing SFAs. While more research is needed
on the development and utilization of NTP for the
algal bioprocess, NTP is a promising technology for
algal cell disruption prior to lipid extraction and for
biodiesel production.
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