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Abstract

Biodiesel and single cell oils obtained from oleaginous yeasts grown in industrial waste are attractive alternatives to the
conventional fuels. However, there are only few articles dealing with the stability of the microbial biofuels. Hence, this study
aimed at characterizing the storage time of biodiesels using Rancimat methods. The microbial oil and the biodiesel obtained from
microbial oil have been characterized with storage stability due to various oxidizing and thermal damage. Here, the microbial
fuels were subject to Rancimat analysis and found to have high thermal-oxidative stability of 18 and 8.78 h for biodiesel and oil,
respectively. The storage stability resulting from storage conditions was extrapolated for biodiesel and oil and has been found to
be 1.62 and 0.54 years, respectively. The infrared spectroscopic analysis reveals the degree of oxidation found after the induction
time was reached and shows the characteristic peaks for degradation products. Gas chromatography revealed the compounds that
were responsible for the stability as well as the amount of degradation products left.

Keywords Microbial biodiesel - Storage stability - Thermal oxidative stability - Induction time - Fourier-transform infrared

spectroscopy - Gas chromatography—mass spectrometry

Introduction

The last 50 years has seen the usage of petroleum products go
from one to triple that of the usage than previous decades.
Most countries rely on oil for their energy needs. The petro-
leum products are used for various purposes such as energy
production, vehicular usage, etc. The energy is mainly obtain-
ed from fossil fuels such as coal, petrol, diesel, etc., but the
present-day reserves of petroleum are projected to run out of
supplies in the next two decades courtesy of demands. Energy
is required for a variety of industrial processes, domestic
activities, and automobiles as reported by the International
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Energy Organization (2015) and Khot et al. (2012). There
has been a drastic increase in the use of vehicles for the past
century. Similarly, industrial activities are also increased ow-
ing to meet the needs of the growing population by 2040—
2050. Increase in the above activities leads to depletion of
energy resources. Another issue relating to usage of fossil
fuels is global warming. The carbon dioxide emitted during
fuel usage accumulates in the atmosphere and causes an
increase in temperature of the earth leading to global
warming. One of the emerging solutions for these issues is
replacement of fossil fuels by biofuels. According to Khot
et al. (2012) and Galafassi et al. (2012), there exist only a
few liquid biofuels that can be used for vehicular or industrial
activities. Biodiesel is an alternative fuel to the existing liquid
fuels which is obtained from various sources such as plant oils
(Knothe et al. 1997), animal fats, waste oils, and microbial
lipids. It is composed of fatty acid mono-alkyl esters with high
concentrations of long-chain monounsaturated and polyunsat-
urated fatty acids to promote better cold flow properties.

The alternative to plant oils and animal fats is to utilize the
oleaginous microbes for lipid as feedstock for biodiesel pro-
duction. Oleaginous microbes are those microbes which can
accumulate triacylglycerols (TAGS) under nutrient-limiting
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conditions or through genetic manipulations (Gao et al. 2018).
The accumulated TAGs can constitute as high as 70% of cell
dry weight (Sheehan and Greenfield 1980; Santamauro et al.
2014; Brennan and Owende 2010). The accumulated fatty
acids can have a similar composition to plant-derived lipids.
The latest generation of biodiesel utilizes lipids from microbi-
al biomass to produce fatty acid methyl esters (FAMESs) in a
process called trans-esterification. Oleaginous microbes have
the added advantage of being able to grow on any substrate
such as wastewaters, cooking wastes, discarded organic ma-
terials, wasted juices and oils, and hydrolysates of various
lignocellulosic waste materials (Patel et al. 2015; Galafassi
et al. 2012; Ling et al. 2014; Xiao-ying et al. 2015).
Especially microbes grown on industrial wastes present an
attractive option for converting waste into treasure
(Selvakumar and Sivashanmugam 2018; Hossain and Salleh
2008; Hu et al. 2008; Gouda et al. 2008). Microbial lipids and
biodiesel are composed of mostly oleic and linoleic acids of
C16 and C18 chain lengths with 80-85% of total unsaturated
components (Gao et al. 2010; Fakas et al. 2009; Knothe and
Dunn 2001). Long-chain unsaturated organic acids (lipids and
FAMEs) are more susceptible to oxidative damage than satu-
rated compounds of comparable chain lengths. Furthermore,
with respect to long-chain FAME, polyunsaturated chains are
two or more times as reactive as monounsaturated long-chain
compounds as studied by Dunn (2006). Graboski and
McCormick (1998) was able to conclude that a study of their
oxidative stability is important in the future when microbial
biodiesel becomes used in mass transportation.

The most striking disadvantages of biodiesel as researched by
Graboski and McCormick (1998) and Hoekman and Robbins
(2012) are that it slightly increases nitrogen oxide emissions
and possesses relatively poorer cold flow and storage stability
characteristics than petrodiesel as per EN14112:2003.

Although microbial biodiesel or lipids do not have the ulti-
mate ability to displace the conventional fuels in use today, they
can however be scaled up to match the production through var-
ious developments of biomass growth from non-conventional or
waste materials. As per Koutinas et al. (2014), the cost of pro-
duction of biodiesel from oleaginous yeasts grown in bio-
refineries is higher and the yield results are mixed. However,
the by-products of the biomass growth and extraction processes
yield several value-added products such as food additives, which
can offset the cost involved in production.

Mechanism of lipid accumulation in oleaginous
microbes

Oleaginous microbes are known to accumulate greater
amounts of lipids under nitrogen-limiting conditions than
non-oleaginous ones. In oleaginous yeasts, the source of
acetyl-CoA is citrate, which will be made available in the
cytosol after a cascade of biochemical events developed as a
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response to nutrient-deprived (especially nitrogen) conditions.
After citrate enters the cytosol, it is cleaved into oxaloacetate
and acetyl-CoA by the ATP-dependent citrate lyase (ACL), an
enzyme essential in lipid biosynthesis. Absence or malfunc-
tion of ACL can lead to an increase in citrate concentration,
which is then moved in the cytosol provoking inhibition of the
EMP catabolic pathway. Conversion of cellular polysaccha-
rides into lipids has been reported for both microalgae and
yeasts. The acetyl CoA is then absorbed into the fatty acid
synthesis via interaction with malonyl CoA synthase (Bellou
etal. 2016). This mechanism is most significant in oleaginous
microbes than others.

Bioreactor kinetics

The lipid accumulation studies were performed by culturing
organisms in a bench top fermenter with a capacity of 3. 5 L.
Previous studies were able to predict that the initial C/N was
critical for lipid accumulation. Higher C/N ratio led to higher
lipid accumulation, but the overall growth was lesser. Lower
C/N ratio led to higher biomasses, but the lipid yield was
lower overall. Hence, the microbial growth was studied using
the growth kinetics as shown in Eq. 1.

2.303logXt/t-logX0/t = 0.693/td (1)

where Xt is biomass at time t and Xo is biomass at time 0 td is
time for doubling of population

The model developed by Papanikolaou and Aggelis (2011)
states that the growth occurs as three stages, viz., biomass for-
mation phase, lipid accumulation phase, and depletion of lipid
phase. The growth kinetics for each stage were described and
equations arrived at.

In lipid-free biomass formation phase:

AL _dx 1 dx
dt dt Yx/L dt.

In lipid accumulation phase:

_(dL +dXL> dx 1
dt | dt ) dt (X
Y(L+xL)

The growth of the biomass reached a maximum after 3 days
and then addition of extraneous carbon in the form of ligno-
cellulosic hydrolysate was carried out. This caused the rapid
uptake of carbon and subsequent accumulation as lipids.

Mechanism of oxidative stability measurement

The storage stability of a liquid fuel is defined by Hoekman
and Robbins (2012) as resistivity of properties brought by the
drastic changes in the environment through thermal and oxi-
dative damage. Furthermore, conformity of the biofuels
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obtained through the strict quality requirements of standard
EN 14214 for biodiesel fuel (EN 14214: 2003; BSI
BSIEN14214 2008) was evaluated. As per Marinkovic et al.
(2016), destabilizations of biodiesel can be caused by oxida-
tion products such as short-chain carboxylic acids, ketones,
and aldehyde compounds. These can lead to the formation of
further oxidative compounds, gums that can settle down and
cause blockage of fuel pipes attached to them. Oxidation of
biofuels can occur due to the presence of water, particulates,
soaps, and microbial slimes. This was proved by Marinkovic
et al. (2016) and Dunn (2006) that the fuel properties can be
altered during long-term storage due to (1) auto-oxidation due
to oxygen (C=0) present in the compounds, (2) thermal de-
composition from the rise of temperature and associated oxi-
dative reaction, (3) ester degradation due to moisture in tanks
and fuel lines or during transportation, and (4) microbial con-
tamination due to dust particles or droplets with microbes that
make their way into the fuels via various routes (Marinkovic
et al. 2016; Westbrook 2003; Dunn 2006).

Thermal stability

Monitoring the effects of auto-oxidation on biodiesel fuel
quality during long-term storage represents a significant con-
cern for usage of biodiesel in conventional engines. The bio-
diesel contains double bonds in a long chain, and there is a
possibility of re-arrangement of double bonds and reaction
with other molecules to form di-els that can form greases that
can cause problems during combustion as studied by
Natarajan (2012). These affect the chain starting from synthe-
sis point and going all the way to the end user. These concerns
were addressed by Siddharth and Sharma (2011) as manifest-
ing after blending biodiesel with petroleum diesel. Assessing
fuel quality in accordance with relevant standards such as the
American Society for Testing and Materials (ASTM) specifi-
cation D 6751 for biodiesel can be rigorous and time consum-
ing. The work reported herein examines the oxidation compo-
nent of biodiesel storage stability.

Mechanism of testing

Currently, the European standard for biodiesel quality (EN
14214) uses the method developed by Hardon and Ziircher
(1974), also known as the Rancimat method, which consists in
exposing the sample to an air flow (10 1 h™") at 110 °C. The
oxygen in the air oxidizes the samples and then takes the
oxidation products into a conductive cell with deionized water
where an electrode measures the change in electrical conductivity
of the water throughout the experiment. The variation of the
conductivity with respect to time is recorded in a data storage
system. Using this method, Giles (2003) was able to observe in
real time that, as the reactions of formation of oxidation com-
pounds get elevated, electrical conductivity increased

correspondingly. A more accurate way of evaluation of oxidation
level is by analysis of transmittance spectra from Fourier-
transform infrared spectroscopy (FTIR). Siddharth and Sharma
(2011) and Zuleta et al. (2012) observed the possibility to verify
the decomposition products that result from biodiesel oxidation.
At present, Metrohm manufactures the Rancimat equipment
used for this method (Metrohm 2008). Special software is used
for finding the induction time (IT) when the maximum increase
in electrical conductivity occurs in the cell being measured at the
maximum turning point of the time curve against conductivity,
determined by the second derivative (Zuleta et al. 2012).

The wastewater and target organism

Ali and Dina (2014) was able to study several oleaginous yeasts
and concluded that the usage of oleaginous yeasts eliminates
the possibility of food versus fuel debate as they can be grown
on inexpensive waste waters. Hence, the media for cultivation
and the space for cultivation are eliminated. The target organ-
ism is Metschnikowia pulcherrima, a non-Saccharomycetales
and a previously non-oleaginous yeast which under special cir-
cumstances can be made to reach the oleaginous stage. It tends
to grow in sugar-rich environments such as grapes, flowers, and
nectars which would otherwise be unsuitable for other oleagi-
nous microbes. Members of Metschnikowia genus are terrestrial
while those inhabiting marine environments are pathogenic to
echinoderms (Gillian and Alastair 1987).

Some of the disadvantages with culturing the oleaginous
organisms are that (1) they are sensitive to other microbes in
the environment, which can outcompete them if sterilization is
not followed in culturing, and that (2) heterogeneity of the
culture media can cause varying levels of growth.
Hasenhuetti and Wan (1992) studied M. pulcherrima that
had the capacity to inhibit other microbes from contaminating
its environment. It is also tolerant to a variety of environmen-
tal conditions such as low pH, temperatures, heterogeneity of
substrates, and sugar concentrations. Hence, no sterilization
maybe required for culturing in distillery spent wash
(Santamauro et al. 2014). It also possesses huge potential for
genetic manipulation for bulking up on fat. The contents of
lipids are expected to get reduced throughout the stationary
phase of lipid accumulation, and hence harvesting of the lipids
halfway through the stage was necessary. Extended periods of
nutrient deprivations ultimately caused the decrease in lipid
concentrations of the biomass as well. This is due to the fact
that the in absence of nitrogen, the metabolism changes to that
of slowing of growth. And after a certain time, the metabolism
changes to lipid oxidation of the reserved TAGs. Santamauro
et al. (2014) was able to conclude that microbial oils obtained
from M. pulcherrima have been found to have molecular com-
position and other characteristics similar to vegetable oils. The
study also found out that under special circumstances of cul-
tivation (temperature, nutrient deprivations, etc.),
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M. pulcherrima could accumulate up to 37% ofits dry weight
as lipids and that very high cell densities can be reached.
Recently, studies performed at the University of Bath were
able to identify M. pulcherrima as being able to generate lipids
using lignocellulosic hydrolysates as substrate. The lipid ac-
cumulation was also performed on the said microbe. Lipids
obtained from M. pulcherrima under the suitable conditions
have been shown to have potential to be used on a practical
basis as replacement for palm oil (Whiffin 2015). And it has
been shown to have huge potential to accumulate amounts of
neutral lipids that can then be used for biodiesel preparation
(Kolouchova et al. 2016). Hence, the oxidative stabilities of
vegetable oils and microbial oils would be highly useful for
study of their storage, usage, and transportation conditions.
The oxidative stability would also be useful when studies on
combustion engines using microbial biodiesel are performed.
Hence, the study observed the effect of high temperatures and
oxidation of single cell oil (SCO) under temperatures of 110
and 120 °C and studied their characteristics with respect to the
end products of oxidation.

This study has focused on the oxidative stability of microbial
lipids and FAMEs from oleaginous yeast that were grown in
industrial wastewater. The waste water was distillery spent wash
which is obtained after distilling of ethanol. It is a highly cara-
melized waste water which is high in BOD and COD (x 10° mg
171) which makes it very difficult to treat (Saha et al. 2005; Tewari
et al. 2007). And for every 1 I of alcohol produced, 15 1 of DSW
is generated as waste. However, as observed by Willian et al.
(2013), it contains a high amount of sugars which can be utilized
for oleaginous microbial biomass growth. And a mixture of
DSW with other less polluting wastewaters can be viewed upon
as potential media for oleaginous biomass growth.

Materials and methods
Microbial culturing

Obtaining of microbial biodiesel required three steps, viz.,
culturing, lipid extraction, and trans-esterification. Culturing
of oleaginous yeasts onto the wastewater media was per-
formed using sterile techniques under a laminar hood. The
target organism was cultured in distillery spent wash (DSW)
under special conditions and allowed to grow to maximum
biomass for 4 days in a 5-1 benchtop fermenter (Dunn 2006).
The fermenter had provisions for air supply, temperature con-
trol, pH control, and anti-foamin (Hiruta et al. 1997)g as
shown in Fig. 1. After the growth period, microbes were har-
vested from the liquid medium using centrifugation tech-
niques. According to Santamauro et al. (2014), after a certain
time, the lipid contents of the microbes had declined and
hence the harvesting of the lipids was carried out when the
biomass was at its maximum value.
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Fig. 1 The bioreactor setup

The initial studies on raw DSW yielded non-satisfactory
results as done by Anbarasan and Regina (2015). Hence,
pre-treatments were performed to increase the carbon-to-
nitrogen ratio for higher lipid yields. Table 1 lists the DSW
characteristics before and after the various pre-treatments. The
waste stream from the most effective pre-treatments was then
used for culturing of oleaginous yeasts.

Lipid extraction methods

From the wet biomass, lipid extraction was carried out by two
methods, viz., Bligh and Dyer (1959) and Hara and Radin
(1978). Extraction from dry biomass is easier and generates
higher lipid content, but wet biomass extraction is more cost-
effective (Bellou et al 2016). Wet biomass extraction elimi-
nates the need for high-temperature drying that is costly and
can potentially destroy the target lipid contents. To obtain
intracellular lipids, it is indispensable to break the cell wall
before going for lipid extraction. For extraction of lipids from
wet biomass, a combination of solvents with varying proper-
ties is a requirement.

Table 1 Pre-treatments of DSW for improving C/N ratio

Sample number Pre-treatment Dry biomass (g 1") C/N ratio

1 3% acid+7 g SD 1.682 22.5
2 7 g KOH alkaline 1.96 15.6
3 9 g lime 1.871 19.4
4 Algae 1.452 21.2
5 Anaerobic digestion 7.085 30.56
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Since lipids consist of both polar and non-polar types, it is
quite difficult to extract all lipid contents. Hence, for extrac-
tion, low toxic, low viscous, and highly volatile solvents are
preferred. In order to efficiently separate non-polar lipids from
other polar compounds, a biphasic solvent mixture is neces-
sary. Hence, the combinations like methanol and chloroform,
and hexane and isopropanol are widely used for lipid extrac-
tions from oleaginous biomass. This procedure is also advan-
tageous since the lipid-containing layers can easily be separat-
ed for purification. Hence, Hara and Radin method was cho-
sen as it gave higher lipid content (Hara and Radin 1978).

Recovering lipids from wet biomass also calls for removal
or disruption of the cellular wall or membrane so that the
stored lipids are released into the solvents for extraction pur-
poses. There are several methods of disruption such as me-
chanical disruption, bead milling (Ranjith et al 2015),
ultrasonication, pulse electric field, and microwaving
(Athenaki et al. 2017). A combination of mechanical disrup-
tion followed by bead milling was found to release more lipids
than any one single method alone.

The pre-treatment method was done using 0.1 N hydro-
chloric acid to remove the cellular wall of the yeasts. The
wet biomass was treated with HCI and grinded in a high-
pressure homogenizer for destruction of outer cell covering.
Extraction was achieved by action of the solvents, hexane
(non-polar, water immiscible and low-viscous solvent), and
isopropanol (polar, water miscible, high viscous solvent)
mixed with biomass in the ratio 5:3:1 to extract the lipids from
other hydrophilic compounds. Glass beads were added to the
solution to further improve cell wall disruption and left at
stirring for 2 h in a thermomixer. After the completion of
biomass disruption, the formation of two layers of solvents
was observed. The hexane layer in which most of the non-
polar lipids were extracted to was pipetted out. The solvent
hexane was removed from the lipid extract by evaporation in a
rotary vacuum evaporator.

Biodiesel conversion

The lipids from the extraction procedure were converted into
FAME by means of trans-esterification methods. In situ trans-
esterification methods involving the usage of strong alkali
agents with a short-chain alcohol were performed (Forough
et al. 2014; Mandal et al. 2013; Thliveros et al. 2014). The
reagents used included sodium hydroxide and methyl alcohol
in the optimum molar ratio to lipid of 6:1.

The mixing and trans-esterification reactions were carried
out in a thermomixer by heating to 90 °C and rotating the
mixtures at 900 rotations per minute for 90 min. After
90 min of trans-esterification, the FAME layer was pipetted
out and washed several times with 0.9 M sodium chloride
solution to remove any water-soluble products. The final
products were separated and evaporated to get purified

FAME (Doshia et al. 2002) in a rotary vacuum evaporator.
The obtained FAME was a yellow liquid with the smell of oil.

Rancidity experiment

The thermal stability of the obtained lipids and biodiesels was
checked for their thermo-oxidative stability under various
temperatures. A Metrohm Rancimat system running on
STABNET software was employed for the purpose
(Metrohm 2008). The instrument measured the oxidative sta-
bility of the oil or biodiesel sample by analyzing the conduc-
tivity of the vapors coming out from the heated oils at specif-
ically set temperatures. The instrument consisted of two
blocks each with options for different temperatures.

The oils were heated to the specified temperatures (110 and
120 °C) and purged with air at 15 1 h™". The elevated tempera-
tures caused the oxidation of the oils due to the air supply and the
exhaust was sent through an electrical conductivity sensor dipped
in deionized water (electrical conductivity was zero). The sensor
measured the conductivity of the water as the exhaust air carrying
the carboxyl ions entered the water. Thus, the conductivity of
water increased slowly and as the oils approached rancidity in-
duction point, there was a spike in the conductivity of the sensor
after which the conductivity of the vapors remained stable. This
marked the rancidity induction time for the particular sample at
the particular temperature (Metrohm 2008). Oxidation stability
index (OSI) is defined as the point of maximum rate of oxidation
and is determined by analysis of the maximum in the second
derivative or by extrapolating of time of onset of oxidation peak.
OSI data reported are mean values from replicate analyses of
duplicate samples (Robert Dunn 2006).

Five grams of oil or FAME samples was weighed and filled in
the heating blocks, and the instrument was set up as shown in
Fig. 2. The air flow was started from the start of experiment until
the induction time was reached. After that point, the air supply
was cut off.

Fig. 2 Rancimat setup used in the experiment
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The conductivity versus time graph showing the induction
time, oxidation peak, and rancidity was generated as a result.
Storage stability times for each samples were calculated indi-
vidually after the oxidation was completed by means of ex-
trapolation formulae built in to the software and used for gen-
erating storage stability times at room temperatures.

Extrapolation of ambient stability

The induction time is an indicator for stability at that temper-
ature and temperatures of 110 and 120 °C were used. All the
experiments were performed in duplicate. From the two tem-
perature stability values, the stability time for real-world con-
ditions set at 30 °C were obtained using extrapolation tech-
niques built in to the software. This extrapolation was indica-
tive of the stability time for all samples that were stored in real
world conditions (Bondioli et al. 2001).

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a non-
invasive and non-destructive technique that gives information
on the many biomolecules present in the given sample and the
types of bonding present in the molecular chains. This method
has been used by Dean and Vongsvivut to determine the lipid
contents of microalgae and other microbes (Dean et al. 2010;
Vongsvivut et al. 2013).

Fourier-transform spectroscopy utilizes infrared beams for
analyzing the vibration characteristics of individual molecular
bonds such as bending, stretching, and rotation of individual
atoms present in the molecules. The graph showing the IR
spectra could be generated from middle infrared (MIR)
source. As per Ami et al. (2014), it was possible to identify
the FAME and also quantify the most represented classes of
the lipids present in the microbial oil samples. Hence, the
samples containing the lipid groups can be identified and
quantified through their infrared transmission spectra.

A Perkin Elmer spectrum 2 instrument operating in the
MIR range (4000-400 cm™ ') was employed with the accesso-
ry of horizontal attenuated total reflection (HATR) for analyz-
ing the lipid samples (Lucarini et al. 2018). The HATR anal-
ysis of the samples was performed both before and after
Rancimat analysis to check for the reduction of the target
carboxyl groups and oxidation products. The inbuilt library
named FLUKA was employed for identifications of molecular
products in the samples.

Gas chromatography-mass spectrometry analysis
For fatty acid profile determinations, lipids were trans-
esterified and analyzed with a GC instrument equipped

with a split/splitless injector. GC instrument was equipped
with a DB 35-MS capillary standard non-polar column
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(30 m, ID 0.25 mm, film 0.25 pm). Helium was employed
as the mobile phase carrier gas set at a flow rate of
1.0 ml min~'. The inlet temperature was set at 220 °C.
The temperature program was ramped from 70 to 260 °C
at the rate of 6 °C per minute. The detector temperature
was maintained at 320 °C.

Results and discussions

The effects of temperature on various biodiesels were ana-
lyzed for storage stability at elevated temperatures. The stor-
age stability of the oils was found to be thermally stable in
meeting the requirements of both ASTM and EN.

Microbial growth kinetics and lipid accumulation
kinetics

The Monod growth kinetics followed for the batch culturing
of the oleaginous yeasts strains gave the following values for
specific growth rate and doubling time. The values for obtain-
ed biomass and the extracted lipids are given in Table 2.

From the table, it is clear that the specific growth rate (u)
varies from 0.007 to 0.01 h™"

And the time for doubling 7, =41.36 h.

The maximum growth of biomass and lipid were reached
simultaneously at 80 h.

For the calculation of specific lipid accumulation rates, the
results are tabulated in Table 3.

The values of maximum biomass, lipid consumption, and
lipid converted per biomass and sugar consumed are given in
Table 4. Hence, the amount of sugar consumed for biomass
formation Yyg (g cell dry weight formed/g of substrate con-
sumed) were found to be about 2.23 g of glucose consumed
for growth of 1 g of biomass. And the formation of 1 g of
biomass yielded (Y;,y) was approximately 0.373 g of lipids.
Hence, the value of Y;,5 was approximately 6.23 g of sugars
consumed for the formation of 1 g of lipid. This consumption
of carbohydrates for formation of lipids was consistent with
the studies done by several authors.

Table 2 Growth of biomass and lipid yield along with specific growth
rate of the target organism in the study period

Sample  Time Biomass dry Lipid dry Specific growth
number  (h) weight (g I weight (g ') rate I )

1 24 17 2.55 0.0070

2 48 38 9.5 0.0079

3 72 75 28.5 0.0104

4 9 102 40.8 0.0106

5 120 115 414 0.0096
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Table 3  Results of bioreactor kinetics of yeast growth using fermenter

studies

Time Biomass Lipid Sugars Biomassyield  Lipid yield

(h) yield® yield® utilized® coefficient Yy;s  coefficient Y7 x
@l @l @

24 17 255 40 0.42 0.063

48 38 92 108 0.35 0.082

72 75 29.8 346 0.22 0.086

96 102 40.8 533 0.19 0.076

120 115 414 405 0.28 0.102

Maximum value of biomass reached from three independent
measurements

 Maximum lipid yields extracted from the biomass

¢ Maximum sugar utilization amount obtained from three measurements
The oxidation stability
Microbial biodiesel

Microbial lipid and FAME were tested at 110 and 120 °C and
the stability time for each temperature was found out from the
Rancimat instrument analysis. Microbial biodiesel had a ther-
mal stability at 110 °C of about 18 h, as shown in Fig. 3, which
is higher than the required time set out by European EN
standards.

The same induction time measurement which was carried
out at 120 °C saw a rapid reduction of thermal-oxidative sta-
bility to 9.7 h as shown in Fig. 4. This is a 50% reduction of
the stability observed at 110 °C. This observation of stability
reduction is characteristic of biological samples which can
remain stable only up to 135 °C, after which there is destruc-
tion. The oxidation of the biodiesel can affect the acidity in-
dex, the viscosity, and the cetane number (Dunn 2008;
McCormick et al. 2007) of the fuel when they are fueled into
engines whether as blends with conventional diesel (B10,
B20, etc.) or as pure biodiesel (B100).

Initially, the study of oxidation stability was made with
biodiesel of M. pulcherrima oil. Biodiesel has a thermo-
oxidative stability higher than other biodiesels with a stability
time of 18 hat 110 °C as observed by Zuleta et al. (2012). The
stability of the biodiesel requires a minimum of 3 to 8§ h sta-
bility at room temperature as per ASTM or EN14112.

Table 4 Induction times for oil, FAME, and air-exposed samples

Sample number Substrate Induction time (h)
110 °C 120 °C
Mp FAME 18.41 9.7
Mp lipid 8.68 4.72
Air-exposed samples 5 3.52
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Fig. 3 Rancimat induction time for microbial FAME at 110 °C

Microbial oil

From the values of stability time, it is observed that the
stability of M. pulcherrima oil reaches above 8 h which is
more than the minimum requirement of 8 h laid down by
EN 14214:2012. Figure 5 shows the induction time curve
for the stability at 110 °C. The stability times for the
temperature of 120 °C shows a drop of nearly 50% of
the time reached for 110 °C. Figure 6 shows the conduc-
tivity curve for 120 °C. This is again consistent with those
values observed for microbial FAME.

The stability times for the same oil and biodiesel at
room temperatures of 30 °C were extrapolated using
extrapolation techniques. The stability times obtained
from 110 and 120 °C were used for extrapolating the
stability time for the storage temperature taken to be
30 °C. The results are consistent with the presence of
linoleic acids which act as natural antioxidants as ob-
served by Loha et al. (2006).
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Fig. 4 Rancimat induction time for microbial FAME at 120 °C
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Fig. 5 Rancimat induction time for microbial lipid at 110 °C
Air exposure sample

The samples exposed for atmosphere under light conditions
were also analyzed for stability under the same conditions of
temperatures.

The exposed samples had lowered induction times with the
same temperatures of 5 and 3.52 h at 110 and 120 °C, respec-
tively. These values are shown in Figs. 7 and 8, respectively.
This can be due to the effect of light and air exposure that
forms oxidation products that accumulate over time.

The comparative values of induction times for each sample
at each temperature are tabulated in Table 4.

Extrapolation of stability time

Extrapolation of stability time at storage temperature was
done by taking the ambient temperature to be 30 °C. The
values are obtained by feeding the values obtained at previous
values (110 and 120 °C).
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Fig. 6 Rancimat induction time for microbial lipid at 120 °C
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Fig. 7 Rancimat induction time for aged microbial FAME at 110 °C

The extrapolation time was calculated by Arrhenius equation.

Arrhenius formula : 1 = A x exp&*!/T)

where A is the regression coefficient, B is the Arrhenius
coefficient, and 7 is temperature. Figure 9 shows the stability
time for microbial biodiesel as extrapolated to 30 °C from 110
and 120 °C.

The time for microbial FAME was found to have reached
nearly 1.6 years indicating a highly stable FAME. The R*
values are consistent with the linearity of the calculated values
(Fig. 10).

Arrhenius Formula : 7 = A x exp®*!/7)

Regression coefficients

A=21010" R?>=1.00, B (Arrhenius coefficient)

=9654.1

Extrapolation time = 14,221 h or 1.62 years
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Fig. 8 Rancimat induction time for aged microbial FAME at 120 °C
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Fig. 9 The extrapolated stability Extrapolation

time for microbial biodiesel at
30 °C 1K T

3.3E-3(30°C) 1

32E-3(39°C)

3.1E-3(49°C)

3E-3(60°C) A

29E-3(72°C) 1

28E-3(84°C)

27E-3(97°C)

26E-3 (111°C)

2.5E-3 (127 *C)

Similarly for microbial oil stability, Fig. 9 shows the stabil-
ity time as extrapolated to 30 °C from 110 and 120 °C.

A=357E'" R?>=1.00, B (Arrhenius coefficient)

=9162.4
Extrapolation time =4775 h or 0.54 years
FTIR spectral analysis
The level of oxidation end products at the end of the Rancimat

experiment is a good indicator of oxidative instability as well
as viscosity of the lipid and FAME. Oxidative attack targets

Fig. 10 The extrapolated stability Extrapolation
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the long alkyl chains and also ester bonds present in the lipid
molecules. Their spectra reveal the difference between them at
the molecular level. Hence, an oxidized sample has less of
esters and more of aldehydes, ketones, and carboxylic acids
than fresh samples. Both of the effects can be assessed in the
sample by reading the spectral signatures in their respective
wavenumbers that correspond to different molecular groups.
The FTIR spectra obtained from fresh samples possess
deep ester peaks which indicate a higher number of
unoxidized ester molecules and lower aldehyde and ketone
products as seen in Fig. 11. A decrease of the ester peak is
seen in rancid samples indicating oxidation as compared to
fresh samples. On the other hand, the rancid samples show

time for microbial lipid at 30 °C
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Fig. 11 FTIR spectra comparing the oil samples before and after Rancimat treatment

shallower peaks at the wavenumber bands of 1740-1690 cm

which correspond to the presence of aldehyde and ketone
groups in the molecules. The rancidized samples show reduc-
tion of the ester peak or disappearance or a shift from the ester
band range indicating alteration of replacement of the ester
molecules by aldehyde or ketone groups. The depth of the
peaks indicates the amount of degradation products and the
likely molecules associated with the peaks. Comparison of
samples before and after Rancimat experiment has revealed
the oxidation products.

As seen from Fig. 11, it is evident that the lipid samples had
undergone deep oxidation and the peaks were moving from the
fresh samples to new wavenumbers. The new wavenumbers are
characteristic of short-chain degradation products of long-chain

Table 5  Analysis of spectra of various molecular groups in oil before
and after Rancimat treatment

fatty acids (aldehydes and ketones). The extent of reduction of
peak depth of oil samples is shown in Table 5.

In lipid samples, the ester peaks at 1750 cm ™ are seen to be
shifted toward the aldehyde and ketone end nearer to
1735 cm™'. At the rancidity experiment conducted for
120 °C, the ester peak vanishes and replaced by alkene bonds.
Those of hydroxyl peaks at 3500-2800 cm ' have reduced
considerably (~40%) and those of long-chain peaks at
725 cm ! are reduced by nearly 60%. So there is considerable
amount of oxidative damage to the lipid sample under rancid-
ity conditions. Hence, it can be inferred that the inherent in-
stability of pure microbial oil to oxidation is relatively higher
than trans-esterified oils.

The oxidation products included aldehydes, ketones, and
carboxylic acids, and the peaks corresponding to them are
given in Table 6.

Table 6  Analysis of spectra of various molecular groups in microbial
biodiesel before and after Rancimat treatment

FTIR peaks % Transmittance

Before Rancimat ~ After Rancimat ~ Reduction
Ester peak 17.8 ND ND
Alkyl peaks 19.37 ND ND
C=0 peaks 19.35 ND ND
Hydroxyl peaks 57.18 952 38.6
Long chain peaks ~ 37.75 93.17 55.42
ND not detected

@ Springer

FTIR peaks % Transmittance

Before Rancimat ~ After Rancimat ~ Reduction
Ester peak 22.89 58.57 35.68
Alkyl peaks 10.13 59.6 49.47
Hydroxyl peaks 49.6 91.2 41.6
Long-chain peaks ~ 34.95 74.54 39.6
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Fig. 12 FTIR spectra comparing the microbial biodiesel samples before and after Rancimat treatment

From Fig. 12, it can be seen that the fresh samples possess
deep ester peaks and the rancid samples have reduced peaks of
esters, aldehydes, and ketones. The region of IR in the range of
20001200 cm ' is generally referred to as the fingerprint re-
gion which is very specific for each and every molecular com-
pound. The ester peaks at 1750 cm™" have gone down by about
35.68% as compared to fresh samples implying a reduction of
the ester groups. Hydroxyl groups at wavenumbers of 3359—
3387 cm ! are also reduced by 50%. Also, the long-chain
groups associated with wavenumbers at 725 cm™ ' have been
reduced by 40% indicating oxidative attack had broken the
esters down into smaller oxidation products such as carboxylic
acids, aldehydes, and ketones. The aldehyde C—H stretching
seen at ~2850 cm ' confirms the presence of aldehydes in
the rancidized sample. Those of the C—C stretching of ketones
seen at vibrations of 1300—~1100 cm ™" are confirmative of the
presence of ketone molecules in the samples. The oxygen
attacked and thereby nicked the chains and hence a reduction
in the peaks of long-chain compounds was observed. The
breakage of long chains can be inferred from the shallowing
of the methylene peaks at 725 cm™

The FAME samples spectra retain the ester and long-chain
peaks implicating their higher resistivity to oxidation than the
lipid samples. This is due to the presence of the terminal
methyl groups on the FAME which confer resistivity to the
samples. Also, the resistivity can be attributed to the presence
of oleic acids in the sample which act as an antioxidant and
prevent oxidative radical damage to lipid samples.

Gas chromatography-mass spectrometry analysis

The GC-MS analysis of the FAME before and after Rancimat
experiment reveals the differences between the two and the
degree of oxidative damage done by Rancimat experiment.
The analysis is a definitive confirmation of the presence of
compounds such as aldehydes and ketones in the oxidized
sample, whose presence confirms oxidation products after
the oxidation events as compared with fresh samples.

In the initial runs, the FAME can be seen to possess more
unsaturated FAME such as methyl oleate (C18:1w-9,
27.63%), methyl palmitoleate (C16:1w—7, 17.03%), methyl
linoleate (C18:3w—3, 41.3%), and methyl ricinoleate (3.37%)
Falk and Meyer-Pittroff 2004).

All of the mentioned esters belong to the long-chain unsat-
urated fatty acids, which is typical of SCOs from oleaginous
microbes. The amount of esters in the sample before Rancimat
analysis is calculated to exceed 85% of the total composition
which sits well with the FTIR analysis of the samples which
show a spectral library match of 88% with various methyl
esters. The characteristic methyl esters of oleic acid and
linoleic acid together compose 68% of the sample, which is
common in the FAME obtained from microbial TAGs (Bucy
et al. 2012; Ramos et al. 2009; Stefania et al. 2003).

The time-aged samples resulted in the oxidation of long
alkyl chains via chain radical attack and resulting in a number
of aldehydes and carboxylic acids as shown in Table 6 These
compounds belonged to alkanals, 2-alkenals, alkanes,
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Table 7 GC-MS analysis of

FAME samples before and after Compound Molecular formula Retention ~ Area %
Rancimat treatment time
(min) Pre-aging Exposure  Post-
oxidative
aging
Hydrocarbons
Hexane CeHy4 3.08 1.63 1.75 0.78
Dodecane CioHog 8.19 0.18 0.2 0.12
Pentadecane CysHsp 9.24 0.21 0.23 0.02
Tridecane Ci3Hag 9.62 0.27 0.28 0.08
Tetradecane Ci4H30 11.31 0.32 0.31 0.12
Hexadecane Ci6Hzs 13.36 0.37 0.36 0.05
Trimethyl pentadecane CeHy4 16.54 0.12 0.11 0.12
Eicosane CyoHyo 17.66 0.6 0.54 0.1
Octadecane CigHsg 19.54 0.21 0.15 0.21
Aldehydes and ketones
Pentanal C4HoCHO 4.15 ND ND 3.58
Hexanal CsH;CHO 6.80 ND ND 3.68
E-2-hexenal CsH;;CHO 8.45 ND ND 9.23
Heptanone C3H,COC;H, 9.85 ND ND 5.36
Heptanal C¢H,3CHO 10.30 ND ND 5.31
Benzaldehyde C¢HsCHO 12.65 ND ND 1.23
2,3-Octane-dione CsHyCOCH,COCH;  13.45 ND ND 5.01
Octanal C,H,;sCHO 14.23 ND ND 3.21
3-Octen-2-one CgH 1 COCH;3 15.54 ND ND 6.32
2-Nonanone C-;H;5COCHj; 17.42 ND ND 4.5
Nonanal C gH{7CHO 17.8 ND 0.2 4.9
Decanal CoH;,CHO 22.00 ND 2.3 5.3
Carboxylic acids
Methoxyacetic acid CH;0CH,COOH 9.35 ND ND 4.45
Nonanoic acid CgH,,COOH 12.02 0.39 ND 5.8
Octadecadioic acid C,7H3;COOH 12.34 0.4 ND 0.2
Tetradecanoic acid C,3H,cCOOH 18.18 0.13 0.21 2.13
Fatty acid methyl esters
Methyl palmitoleate C,5H,oCOOCH; 20.67 17.03 16.05 2.02
Methyl oleate C17H33COOCH; 21.82 27.63 24.03 52
22.47 0.61 2.01 2.05
Cholestenol-3-ol-2-meth-
ylene
Celidoniol-deoxy 23.12 0.30 ND 5.2
Methyl linoleate C,7H3;COOCH; 25.36 41.30 37.03 7.68
Methyl oleate C,7H33COOCH; 26.05 0.18 0.12 0.03
Methyl stearate C7H35COOCH; 26.34 2.12 1.58 0.3
17-Octacynoic acid C7H3;COOH 28.69 0.17 ND 0.1
Methyl ricinoleate C7H33COOCH;3 29.01 3.37 ND 1.2
Eicosenoic acid methyl 29.38 0.67 ND 0.2
ester
Methyl linolenate C17H29COCH; 30.05 0.36 ND 0.2
30.79 0.23 ND 1.25

Methyl-2-octyl-cyclopro-
pene 1-octanoate

ND not detected
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Table 8 GC-MS analysis of
molecules present in the lipid Compound Molecular formula Retention ~ Area %
samples before and after time
Rancimat experiment (min) Pre-aging Exposure  Post-
oxidative
aging
Hydrocarbons
Hexane CeHy4 3.08 1.65 1.75 0.78
Dodecane CioHog 8.19 0.19 0.2 0.12
Pentadecane C;sHsz, 9.24 0.21 0.23 0.02
Tridecane Ci3Hag 9.62 ND 0.28 0.08
Tetradecane Ci4H30 11.31 ND 0.31 0.12
Hexadecane Ci6Hzs 13.36 ND 0.36 0.05
Trimethyl pentadecane CeHy4 16.54 0.12 0.11 0.12
Eicosane CyoHyo 17.66 0.6 0.54 0.1
Tetradecanoic acid C3H,7, COOH 18.18 0.13 0.21 2.13
Aldehydes and ketones
Pentanal* C4HoCHO 4.15 ND ND 8.01
Hexanal* CsH;CHO 6.8 ND ND 8.18
E-2-hexenal* CsH;;CHO 8.45 ND ND 9.23
Heptanone* C3H,COC;H, 9.85 ND ND 5.36
Heptanal* C¢H,3CHO 10.3 ND ND 8.31
Benzaldehyde* C¢HsCHO 12.65 ND ND 1.23
2,3-Octane-dione* CsHyCOCH,COCH;  13.45 ND ND 5.01
Octanal* C,H,;sCHO 14.23 ND ND 321
3-Octen-2-one* CgH 1 COCH;3 15.54 ND ND 6.32
Nonanal* CgH;,CHO 17.8 ND 0.2 2.5
Decanal* CoH;oCHO 21.22 ND 2.3 35
Carboxylic acids and esters
Acetic acid CH;COOH 2.03 1.34 2.5 6.5
Butyric acid CH;CH,COOH 5.02 1.25 0.25 4.5
Nonanoic acid CgH,3 COOH 12.02 0.39 ND 1.24
Palmitoleic acid C15H20COOCH; 19.54 17.03 16.05 2.02
Oleic acid C17H33COOCH; 20.82 27.63 24.03 52
22.12 0.61 2.01 2.05
Cholestenol-3-ol-2-meth-
ylene
Celidoniol-deoxy 2245 0.3 ND 32
Linoleic acid Cy7H5,COOH 24.29 41.3 37.03 6.68
Palmitic acid Cy7H5,COOH 2531 0.18 0.12 0.03
Stearic acid Cy7H35COOH 25.39 2.12 1.58 0.3
17-Octacynoic acid C,7H3;COOH 27.69 0.17 ND 2
Ricinoleic acid C16H33COCOOH 28.21 3.37 ND 1.2
Eicosenoic acid methyl C,oH39COOH 28.18 0.67 ND 0.2
ester
Linolenic acid C17H20COOH 29.23 0.36 ND 0.2
CyoH3602 30.79 0.23 ND 1.25

Methyl-2-octyl-cyclopro-
pene 1-octanoate

ND not detected

* indicate the compounds that contain carbonyl compounds like aldehydes and ketones

alcohols, ketones, and furans derived from lipids and one ar- analyzed, the presence of aldehyde molecules like hexanal,
omatic hydrocarbon (Sakthivel et al. 2018). In the samples heptanal, octanal, nonanal, and decanal was observed. These
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carbonyl compounds are known to result from the oxidation of
polyunsaturated fatty acids, which takes place in foods rich in
fat (Klensporf and Jeleii 2005).

After the thermal oxidation at 120 °C, the oxidation prod-
ucts were analyzed with GC-MS and the compounds that are
present have been tabulated in Table 6, and the results are
consistent with the results from the FTIR results. The alde-
hyde compounds have been found to have a decrease in the
amount of the sample than in the fresh samples (Rajamohan
and Kasimani 2018). The decrease in the aldehyde and ke-
tones is a steep 25% when compared with fresh samples. And
the carboxylic acids have been found to increase after the
Rancimat (Peer et al. 2017). The residue left behind has been
shown to contain a multitude of compounds that were either
formed as di-els or as hemi-acetals (Natarajan 2012). Their
accumulation was attributed to the breaking of the long chain
and the ester groups of the constituent molecule due to their
oxidation. The double bonds are especially vulnerable to ox-
idative attack due to the pi bond electrons in the C=C radicals
(Pullen and Saeed 2012) (Tables 7 and 8).

Conclusions

Microbial lipids and the biodiesel produced from microbial
biomass that were grown on industrial waste possess the dual
advantages of waste reduction and energy generation. In ef-
fect, the pollution is converted into useful products in the form
of liquid fuel, food additives, antioxidants, and a variety of
other compounds. And the stabilities are also higher. The fresh
samples of microbial biodiesel and lipids reportedly are found
to have higher stability time values of 18.62 and 8.68 h at
110 °C. The higher temperature study at 120 °C reveals a
shorter time than at 110 °C. The arrived stability times indicate
that the microbial-derived biodiesel is more stable than the
conventional biodiesels. Two samples exposed to ambient
air conditions for 6 months have lowered stability times of 5
and 3.52 h after Rancimat experiment. The storage stability
extrapolation to room temperature 30 °C was able to arrive ata
value of 14,221 and 4775 h which far exceed the times for fuel
storage requirements at room temperature. The GC-MS results
identified the presence of oleic acid esters that were responsi-
ble for the stability of FAME and their concentrations before
and after the Rancimat experiment. The FTIR spectrum also
was able to corroborate the GC results by showing the pres-
ence of oleic acids and other esters that make up microbial
biodiesel. The end products were identified at the molecular
level with their spectral signatures and also through direct
chromatographic analysis of the FAMEs before and after the
experiment. Hence, the study established the superior stability
of SCO when compared to existing biodiesel fuel. Hence,
storing, transporting, and ultimate usage of the microbial
FAME as everyday fuel can be approached upon on a practical

@ Springer

basis. Future studies involving the emission characteristics of
the biodiesel used as blends in a CI diesel engine are to be
carried out and corroborated with the spectral characteristics
and are planned upon for further studies.
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