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Abstract

Microbial lipids have the potential to substantially reduce the use of liquid fossil fuels,
though one obstacle is the energy costs associated with the extraction and subsequent
conversion into a biofuel. Here we report a one-step method to produce fatty acid methyl
esters (FAME) from Rhodotorula glutinis by combining lipid extraction in a microwave
reactor with acid-catalysed transesterification. The microwave did not alter the FAME
profile and over 99% of the lipid was esterified when using 25 wt% H,SOa4 over 20 minutes at
120 °C. On using higher loadings of catalyst, similar yields were achieved over 30 seconds.
Equivalent amounts of FAME were recovered in 30 seconds using this method as with a 4
hour Soxhlet extraction, run with the same solvent system. When water was present at less
than a 1:1 ratio with methanol, the main product was FAME, above this the major products

were FFA. Under the best conditions, the energy required for the microwave was less than



20% of the energy content of the biodiesel produced. Increasing the temperature did not
change the energy return on investment (EROI) substantially; however, longer reaction
times used an equivalent amount of energy to the total energy content of the biodiesel.
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Introduction

Due to the increasing costs, the associated environmental impact and the uncertainty of
supply, renewable replacements for fossil fuels are being increasingly sought. One potential
source of liquid fuels are lipids derived from oleaginous organisms grown using waste
resources, such as microalgae from waste water (1), or yeasts cultivated on effluent or
agricultural waste (2).

One such organism is Rhodotorula glutinis, which can accumulate up to 60% dry
weight in lipids, and has the ability to grow on a variety of hexose and pentose sugars, as
well as waste streams (3-5). Biomass production has been reported as high as 185 g L?,
using a fed batch methodology, though 10-15 g L'l is normal in a batch system (6, 7). The
lipid profile obtained from R. glutinis contains palmitic acid (16:0), stearic acid (18:0) oleic
acid (18:1) and linoleic acid (18:2) as the main fatty acids (8).

The lipids from these organisms can then be chemically upgraded into fuels, such as
biodiesel, that can be used blended with current fossil fuels, without significant engine
modification. However, there are a number of energy intensive steps in the production of
these fuels that limit their adoption for large-scale production. These include the cultivation

of the organisms, harvesting of the biomass, the extraction of the lipid and the subsequent



chemical conversion into a suitable biofuel (9). It is essential that lower energy techniques
are investigated in each of these areas.

Often, combining production stages in the chemical industry leads to a more
economic process. For example, in the production of biodiesel a large research effort has
been underway to develop heterogeneous catalysts that can convert both free fatty acids
(FFA) and glycerides simultaneously to avoid a multi-stage acid catalysed and then base
catalysed process (10). Further work has suggested that the combination of reactive and
separation stages in the manufacture of biodiesel will also provide a more economic process
(11).

Lipid extraction is reportedly the most costly component of the production process,
and a number of techniques that have been investigated to reduce this cost (12, 13). These
include using mechanical stress to break open the cell (14, 15), cavitation through sonication
(15), Soxhlet solvent extraction with organic solvents, and using CO; at high pressures and
temperatures (16, 17). Microwave extraction also has potential to extract lipids over a short
time-frame (18, 19). In this method, first reported in the 1980s, the cell walls are shattered
by a combination of the high frequency microwaves and the rapid, simultaneous, localised
heating throughout the sample (20).

For effective microwave heating, the solvent molecules must either have a dipole
moment or a charge. For molecules with a dipole moment, the applied oscillating electric
field causes the dipole to constantly realign creating heat in the form of friction. For charged
molecules, the electric field moves ions continually backwards and forwards, causing
collisions and therefore producing heat (21). Compared to conventional heating methods,
where energy transfer is dependent on thermal conductivity and convection currents,

microwave heating is considerably faster since solvents directly absorb and distribute the



energy to the surrounding solution more efficiently (22). Since the efficiency of microwave
heating is therefore dependent on the polarity of the solvent, polar solvents such as water,
methanol or DMSO (dimethyl sulfoxide) are necessary rather than less polar solvents such
as chloroform or hexane.

Currently, microwaves are used on an industrial scale for a number of high
throughput applications, including in the food industry to dry pasta and snack foods and to
pasteurize food before packaging, to heat rubber to a workable elasticity, drying paint in
timber production and in other chemical, textile, plastic, paper, tobacco, pharmaceutical,
oil, leather and coal industries (23-25).

The industrial-scale conversion of vegetable oils into biodiesel uses potassium or
sodium alkoxide catalysts with conventional heating (26). The transesterification reaction,
using a sodium methoxide catalyst, has also been successfully combined with microwave
heating (27). Since this method of heating is extremely efficient, shorter reaction times and
lower catalyst loadings than traditional transesterification have been reported (28).
However, when water or free fatty acids are present in the lipid these basic catalysts react
to form soaps reducing the yield and making the extraction of the lipids problematic. In the
conversion of microbial resources, the removal of all the water and polar lipids is impractical
and therefore a Brgnsted acid catalyst, such as H,SO4 must be employed. However, H,SO4 is
roughly 4000 times slower than sodium methoxide at 65 °C (29), but significantly has been
shown to convert lipids more rapidly with microwave heating (30, 31). The non-catalytic
production of FAME from fatty acids using microwave heating has also been demonstrated
at elevated temperatures (150-225 °C), though with low efficiency with only a maximum of

60% FAME recovered after one hour (32).



The processing time and cost could potentially be reduced significantly by combining
the transesterification step with the microwave extraction, to eliminate the time-consuming
catalytic second stage. With reduced extraction times and simplified method, microwaves
allow fast throughputs of consistent samples due to the uniform heating and the automated
settings on the microwave. The volume of solvent required per sample is also small,
reducing overall solvent consumption and improving the economics of the process (23). The
aim of this study was to combine the microwave extraction process of microbial lipids, from
the oleaginous yeast Rhodotorula glutinis, and the transesterification reaction converting
the lipids to FAME in one step. This technique was then compared with the Soxhlet solvent

extraction.

2. Materials and methods

All chemicals and solvents were purchased from the Sigma-Aldrich chemical company apart
from deuterated chloroform (CDClz), which was purchased from Fluorochem. All reactants

were used as received with no additional purification.

2.1 Microbial cultivation

R. glutinis (2439) was purchased from the National Collection of Yeast Cultures, Norwich, UK
and was cultured aerobically in a 1.5 litre jacketed, airlift fermentor at 30 °C as this
temperature was previously found to promote high growth rates and lipid accumulation (8).
The culture medium was a standard YMG media (containing by weight 10% glucose, 5%
bactopeptone, 3% malt extract and 3% yeast extract) used in previous studies to promote
lipid accumulation in R. glutinis (8). After 7 days culture, the yeast was concentrated

through settling, the supernatant removed and replaced with a 2% glucose solution to



promote lipid accumulation, the yeast was held in this stage for 5 days. On completion, the
yeast biomass was centrifuged for 10 minutes at 6000 rpm, the supernatant was removed
and the resulting biomass washed with distilled water and freeze dried. The resulting

powder (9.1 g) was stored in an air-tight container at -20 °C prior to use.

2.2 Soxhlet extraction

0.1 g of microbial biomass was added to a cellulose finger in Soxhlet glassware and the lipids
were extracted over 0.5, 1, 2, 4, 12, 24 or 48 hours with a 2:1 CHCl3/MeOH mixture (50 ml).
This solvent mixture has been demonstrated to be suitable for lipid extraction, and is polar
enough to be suitable for use with microwave heating (33). On completion the volatiles
were removed under reduced pressure and the resulting lipid was added to MeOH (10 ml)
and H2S04 (0.1 g) and refluxed for a further 8 hours. The excess methanol was removed
under reduced pressure and the lipid extracted into CHCls. The organic layer was washed
with water to remove the acid catalyst and glycerol and the volatiles were removed under

reduced pressure prior to analysis.

2.3 Microwave extraction

Microwave extraction was undertaken using an Anton Parr monowave 300 microwave
reactor equipped with a MAS 24 autosampler capable of loading 10 ml sealable reaction
vessels capable of sustaining a pressure of 30 bar. The biomass (0.1 g) was suspended in a
2:1 CHCl3/MeOH mixture (6 ml) with H,SO4, 1wt% (0.001g), 10wt% (0.01g), 25 wt% (0.025g)
or 100 wt% (0.1g) and a stir bar. In the experiments containing water, the microbial mass

(0.1g) was added to the reaction vessel with the requisite amount of distilled water; this



meant that while the level of solvent increased in the reaction vessel, the same amount of
biomass and lipid was present in each of the samples.

The microwave was set on an automated cycle containing 1) heating to the desired
temperature and pressure (typically taking less than 1 minute) with 1000 rpm stirring, 2) the
reaction (0.5-20 minutes, 1000 rpm stirring) 3) fast cooling using compressed N> (typically
less than 2 minutes depending on temperature). The resulting lipid was extracted into
chloroform and washed with water three times; the chloroform was then removed under

reduced pressure prior to the analysis.

2.4 Lipid analysis

The FFA content of the resulting lipids was calculated by *H NMR, following the procedure
given by Satyarthi et al. (34).The FAME conversion was calculated by dissolving a fraction of
the sample in CDCl3 and analysing by *H NMR in an adapted method given by Knothe (35). In
this method the integration of the peak assignable to the glyceride backbone (6 4.0 - 4.5
ppm) was compared that of the methyl ester (6 3.6 ppm). FFA content was calculated by
comparison of the a-CH, group of the carbonyl group (6 2.29-2.32 ppm) with the glyceride
backbone and methyl ester peaks. The lipid content and FAME profile were calculated by
GC-MS calibrated to known standards. The GC-MS analysis was carried out using an Agilent
7890A Gas Chromatograph equipped with a capillary column (60m x 0.250mm internal
diameter) coated with DB-23 ([50%-cyanpropyl]-methylpolysiloxane) stationary phase
(0.25um film thickness) and a He mobile phase (flow rate: 1.2ml/min) coupled with an
Agilent 5975C inert MSD with Triple Axis Detector. A portion of the biodiesel samples

(approximately 50mg) was initially dissolved in 10ml dioxane and 1ul of this solution was



loaded onto the column, pre-heated to 150°C. This temperature was held for 5 minutes and

then heated to 250°C at a rate of 4°C/min and then held for 2 minutes.

2.5 Energy return on investment (EROI)

Energy content of fuels was determined using a Parr 1341 plain jacket adiabatic bomb
calorimeter using a Parr 1108 oxygen combustion bomb. Approximately 0.3 g of each
sample was placed in the crucible within the bomb and the bomb then filled with oxygen to
a pressure of approximately 25 bar. The temperature change of the water within the stirred
calorimeter was determined to an accuracy of 0.0005 °C. The lower heating value of the
microbial lipid was found to be 39.99 MJ kg, the lower hearing value of the resulting
biodiesel (with a FAME profile given in table 1) was found to be 40.12 MJ kg*. The power
used for the microwave was calculated by integrating the energy output from the
microwave using the trapezium rule with a step change of 0.05. The experimental data from
the study was used to calculate the EROI based on both the lipid extracted and the biodiesel
produced. Calculations for an increased amount of lipid were undertaken assuming the

same power output would be used irrespective of the level of lipid extracted.

3. Results and Discussion

3.1 Soxhlet extraction

Soxhlet extraction has been the main method of laboratory lipid extraction for over a
century (36). While hexane is the main solvent used in industry for microbial lipid extraction,
hexane is too non-polar (dielectric constant, €, is 1.88) for efficient microwave heating (9).
An alternative solvent system, first proposed by Bligh and Dyer (33), is a CHCl; and MeOH

mixture (2:1 w/v), this mixture is more polar with the dielectric constants of CHCI3 being



4.81, and 32.70 respectively. Due to containing one of the reactants, the suitability for the
extraction and the polarity, this solvent system was then used for the extraction and
subsequent transesterification. In the present work, the yeast lipid was first extracted by
using Soxhlet glassware, over a range of different reaction times (fig. 1). Following
extraction, samples were transesterified with an excess of methanol using conventional
heating at reflux with 10 wt% H,SO4 as the catalyst. The total saponifiable lipid (lipid that
can be converted into biodiesel), was then calculated by GC-MS. In the Soxhlet extraction
around 20% of the lipid was extracted within an hour, but complete lipid recovery (32%)
required 4 hours of extraction. The lipid level, as well as the FAME profile, remained
constant from this point onwards demonstrating that no significant degradation of the lipid

is observed over the longer reaction times.

3.2 Microwave extraction

An Anton Parr 300 monowave was used to extract the lipid from R. glutinis biomass. In this
reactor the temperature, pressure and wattage was recorded (fig. 2). The pressure and
temperature increased gradually during the first minute of the reaction as the microwave
heated the mixture to the set temperature. The sample temperature was then held for the
length of the reaction, during which time the pressure of the sample remained constant.
Once the set time had elapsed, the system was cooled with high pressure of nitrogen
causing the pressure in the system to return to its initial state. The initial period of sample
heating required the largest energy input. As the set temperature was reached, the power
input reduced. For all the microwave reactions an excess of methanol and chloroform (6 ml
equates to approximately 50 mmols of each solvent) was used and the effect of H,SO4 on

the conversion was established by 'H NMR (fig. 3). Three reaction times, 0.5, 5 and 20



minutes were selected, three temperatures 80 °C, 100 °C and 120 °C and four catalyst
loadings of 1 wt%, 10 wt%, 25 wt% and 100 wt% in relation to the biomass.

The lowest catalyst loading was completely ineffective in the conversion of lipids
with only a maximum of 7% of the glycerides converted into biodiesel. Though this improves
using 10 wt% H,S04, only a maximum 60% conversion was observed at the higher
temperature and longer reaction times. In contrast, using 25 wt% catalyst achieved
conversions over 95% at 120 °C and 5 minutes. Similarly high conversions were achieved
after 20 minutes microwave time at the lower temperatures.

On using 100 wt% catalyst, yields of over 98% were obtained at all temperatures
over 5 minutes. For the conversion of lipid to FAME in the microwave reactor large catalyst
loadings are needed to fully transesterify the lipids under reasonable reaction times. This is
largely in accord with previous studies where full transesterification of castor oil required 10
wt% catalyst and a 30 minute reaction time (30), and full conversion of soybean oil required
40 minutes with 5 wt% H,SO4 catalyst (31).

To measure the FAME vyield, all unreacted lipids from these reactions were esterified
under reflux conditions and the resulting FAME analysed by GC-MS (fig. 4). A total of 32 dry
wt.% lipid was recovered using Soxhlet after 4 hours. At 0.5 minute reaction times,
irrespective of the catalyst loading or temperature, a majority of the lipid was extracted
using the microwave reactor. On the addition of 1 wt% H,SO4 the same amount of lipid was
recovered at 120 °C as the Soxhlet reaction, though the yield was slightly reduced at lower
temperatures. On increasing the amount of H,SO4to 10 wt% the majority of lipid was
recovered at 0.5 minutes over the entire temperature range investigated. However, on
running the reaction for 20 minutes, a reduction in the total lipid was observed at 120 °C.

This effect was further exacerbated at a catalyst loading of 25wt% and 100 wt% suggesting

10



that very harsh conditions have an inverse effect on lipid yield, possibly due to degradation
to alternative products. A reduction in the biodiesel yield over longer reaction times was
also observed on the transesterification of waste and rapeseed oils using microwave heating
(37, 38).

The FAME profile of microwave extracted and transesterified lipid was analysed
using GC-MS (table 1; fig. 5). On extraction no significant change in the FAME profile was
observed irrespective of the reaction conditions or the quantity of lipid extracted. This
demonstrates that the FAME is not degrading significantly even at high catalyst loadings and
longer reaction times.

The main mechanism of lipid degradation is oxidative (39). Polyunsaturated esters
are more prone to oxidation than the monounsaturated or saturated counterparts (40).
Consequently, lipid degradation through this mechanism would be expected to
preferentially consume polyunsaturated esters. Since there was no change in the FAME
profile, simply a reduction in the total lipid, it is unlikely that this is the cause of the
observed reduction in lipid yield. There is some evidence that at high power loading, or for
long reaction times, water can be produced from the glyceride oils and as a result elevated
production of FFA is observed (40, 41). It is possible that when elevated levels of H,SO4
were used, other parts of the microbial cells were broken down to unknown by-products,
that reacted with the lipid to reduce the total FAME vyield.

However, under optimum conditions this effect was evidently minor since the same
amount of FAME was recovered as from the Soxhlet extraction. Using the microwave, the
extraction of lipids was relatively facile with 30 seconds being sufficient time to recover the
majority of the lipids; the esterification of these lipids to FAME required the longer reaction

times or elevated temperatures.
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3.3 Effect of water on the extraction and conversion of yeast lipid
The R. glutinis biomass used in this study was freeze-dried prior to use. However, the
process of drying microbial lipids is energy intensive and therefore the complete removal of
water is not feasible for the industrial production of microbial fuels (42). While microwave
reactors allow low-energy extraction and transesterification of microbial lipids, the ability to
extract lipid from wet biomass would further increase the utility of the process. To examine
the effect of water on the microwave extraction process, distilled water was added to the
freeze-dried yeast cells to simulate wet biomass (Fig. 6a). The concentration of yeast was
kept constant to allow comparability with previous experiments. The experimental
conditions were 100 °C, over five minutes with 100 wt% catalyst. A similar level of lipid was
recovered from each run, irrespective of the amount of water in the sample.
H,SO4 is very effective at converting the glyceride lipids under these conditions.
When no additional water was added the level of glyceride was less than 4 % of the reaction
mixture. At low water levels (below 25% of the total biomass) the FFA content remained a
relatively small part of the total. However, increasing the water content to 50 wt%, which is
an equivalent molar ratio to the methanol, resulted in 40% FFA. The level of FFA in the
product mixture increased as the molar ratio of water to methanol increased. However,
presumably due to the increased solubility of the methanol and lipid in chloroform, the FFA
content was only 58% even at the highest water to methanol ratio.
The data above suggests that the production of FFA could be minimised by
ensuring that the water/methanol ratio is kept below 0.5. However, on an industrial scale,

elevated levels of water in the biomass would consume energy via heating. In the reactor
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used in this study for example, heating a sample containing 95% water used 1.5x the energy

used to extract lipid from the freeze dried sample (Fig. 6b).

3.4 Energy return on investment (EROI)

The energy used in the microwave extraction step was calculated as a percentage of the
energy present in the lipid (fig. 7). The higher temperatures and longer reaction times
require the largest input of energy and at 120 °C over 20 minutes, more energy is used for
the extraction than is present in the extracted lipid. However, shorter reaction times
resulted in a large increase in the EROI. For example, extraction at 80 °C over 30 seconds,
produced lipid with 6x the amount of energy than was consumed in its extraction.

It seems a reasonable assumption that the energy input will not change substantially
as a result of increased cellular lipid content. By using the data presented above, the effect
of the lipid content on the EROI was also extrapolated. Unsurprisingly, higher lipid contents
changed the EROI substantially, though this effect has arguably less impact on the energy
invested than the time of reaction. While it seems logical to aim for an oil content of 60-70%
of the cell, Ratledge et al. reasoned that due to the increased level of nutrients and
decreased production of biomass, the optimal level of lipid production for heterotrophic
organisms is roughly 40% dry weight (43).

The EROI calculation was then applied to the biodiesel produced from the
microwave reactions (fig. 8). As the conversion to biodiesel was significantly reduced at
10wt% catalyst loading, a substantial amount of energy, in most cases more than is present
in the resulting biodiesel, was needed to extract and convert the lipid. This demonstrates
the need for effective catalysts under these conditions. At higher loadings of catalyst the

biodiesel yield is increased and over a 30 second reaction time, only 20% of the energy
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present in the fuel is needed to run the microwave system. Irrespective of the catalyst
loading the higher temperatures, undertaken over 20 minutes, used at least 80% of the
energy present in the biodiesel produced. This demonstrates that high biodiesel yields are
important, though it is more efficient to use a higher temperature than an increased
reaction time to achieve this. While a large amount of sulphuric acid is necessary to achieve
this conversion this level of loading is consistent with the use for FFA esterification in a two
stage biodiesel production process (44).

In terms of the whole system, it can be misleading to compare one set of laboratory
results to other microwave systems or to a scaled industrial process though the EROI for the
extraction of lipids is extremely promising. Currently, there are no industrial processes
involved in the production of yeast oil biodiesel, so it is difficult to place this figure in a
relevant industrial context. However, a pilot scale process to produce a cocoa butter (oil)
substitute using a yeast was developed by DSIR Industrial Development in the earlier 90s
(45). In this process they calculated that the feedstock was the most expensive part of the
process, with only waste whey being close to economically viable (46). The authors also
reasoned that reducing the water to just 5% would be economically unviable to produce
cost-effective lipid, in this case wet biomass must be used. The extraction technology used
in this pilot scale study was a bead mill followed by hexane extraction, though the
researchers suggested that an additional polar solvent (such as methanol or chloroform)
was also needed. The process economics of the extraction were most severely affected by
the length of time beyond any other variable. The process data from these extensive pilot
plant experiments coupled with a large scale fermentation trial in a dairy factory gave the
total cost of the oil to be near £1,500 t1, taking into account plant depreciation, interest on

capital investment, manufacturing overheads and todays elevated costs of production (43).
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While there is little work published on yeast oils, a large body of economic and life cycle
analysis data has been presented for microalgae. Algal biodiesel is estimated in most studies
to cost more than the figure estimated for the yeast oil, though a large amount of the
processing costs will be similar (43). Sills et al. recently published a comprehensive
uncertainty analysis, investigating the environmental impact of algal biofuels (47). In this
analysis, the researchers determined that using a solvent extraction with hexane, followed
by a transesterification stage, would then account for 54% of the energy present in the
biofuel. While the best EROI found in the course of this work for these stages was found to
be less than 20%, it should be noted this has not been optimised on a similar scale to that
presented in the literature.

While this is a significant proportion of the fuel, the authors demonstrated that the
major cost in this type of processing were the drying stages, which accounted for over 180%
of the energy present in the resulting biodiesel. A traditional base-catalysed biodiesel
process cannot be operated with a water content over 0.5% (due to the competing
saponification reaction) though acid catalysts can be used effectively with elevated levels of
water. In this case, another advantage of using a microwave system is that the microwave
heating accelerates the rate of the reaction, with a Brgnsted acid, to allow extraction and
transesterification in a reasonable timeframe.

While the EROI would change substantially for a scaled up process, it seems likely
that the length of reaction and level of lipid in the yeast would be the predominant factors

in determining an efficient microwave-extraction process.

4. Conclusions
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Biodiesel sourced from terrestrial crops has a large ecological impact, a negative public
image and can only meet a fraction of fuel demand. Yeast lipids offer a promising future
feedstock for fuel production, however, the estimated cost of producing these lipids,
especially from lignocellulosic resources must be reduced substantially if they are to
compete with current terrestrial oil and fossil fuel alternatives. Three key areas that warrant

future research in this area are:

1. To reduce the costs of the lignocellulosic feedstock and move to producing the lipids from
waste resources.

2. Producing fuels from wet biomass. The cost of drying the biomass is substantial and any
technology that will be used in the future must avoid this costly step.

3. A reduction in the cost and energy impact of the existing processes. For example the
extraction and chemical conversion have been estimated to use up over half of the energy
present in microalgal biodiesel, this figure must be reduced substantially to provide an

effective process.

In this study the second and third point were addressed using a promising oleaginous yeast,
Rhodotorula glutinis. A microwave reactor was shown to be suitable for the simultaneous
extraction and transesterification of lipids, even from wet biomass. The lipids can be
extracted in 30 seconds at 120 °C, as opposed to 4 hours by Soxhlet solvent extraction.
However, catalyst loadings of 25 wt% H,SO4and increased reaction times were necessary to
complete the associated transesterification to FAME. Irrespective of the conditions, the
microwave extraction did not significantly alter the FAME profile and water was tolerated

up to 25 wt% without a large increase in the total FFA content. Consequently, the
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simultaneous extraction and transesterification of lipids using microwave irradiation is both
a powerful technique for laboratory use and has the potential to reduce energy costs in
future industrialised biofuel production. While it is difficult to estimate the energy costs of a
scaled up microwave process, the EROI of the optimal process for the microwave reactor
used in this study is promising, provided increasing the time of reaction, which has the

largest negative impact on EROI, is avoided.

Acknowledgements

The authors would like to thank the EPSRC for funding part of this work, through the
Doctoral Training Centre at the Centre for Sustainable Chemical Technologies and to Roger
Whorrod for his kind endowment to the University resulting in the Whorrod Fellowship in

Sustainable Chemical Technologies held by the corresponding author.

References

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

[2] Angerbauer C, Siebenhofer M, Mittelbach M, Guebitz GM. Conversion of sewage sludge
into lipids by Lipomyces starkeyi for biodiesel production, Bioresource Technol
2008;99:3051-56

[3] Dai CC, Tao J, Xie F, Dai YJ, Zhao M. Biodiesel generation from oleaginous yeast

Rhodotorula glutinis with xylose assimilating capacity. Afr J Biotechnol. 2007;6(18):2130-4.

17



[4] Marova |, Carnecka M, Halienova A, Certik M, Dvorakova T, Haronikova A. Use of several
waste substrates for carotenoid-rich yeast biomass production. J Environ Manage
2012;95:5338-542.

[5] Chatzifragkou A, Makri A, Belka A, Bellou S, Mavrou M, Mastoridou M, et al.
Biotechnological conversions of biodiesel derived waste glycerol by yeast and fungal
species. Energy 2011;36(2):1097-108.

[6] Pan JG, Kwak MY, Rhee JS. High-Density Cell-Culture of Rhodotorula-Glutinis Using
Oxygen-Enriched Air. Biotechnol Lett 1986;8(10):715-18.

[7] Schneider T, Graeff-Honninger S, French WT, Hernandez R, Merkt N, Claupein W, et al.
Lipid and carotenoid production by oleaginous red yeast Rhodotorula glutinis cultivated on
brewery effluents. Energy 2013;61(0):34-43.

[8] Sargeant LA, Chuck CJ, Donnelly J, Bannister CD, Scott RJ. Optimizing the lipid profile, to
produce either a palm oil or biodiesel substitute, by manipulation of the culture conditions
for Rhodotorula glutinis. Biofuels 2014;5(1):33-43.

[9] Wang C, Chen L, Rakesh B, Qin Y, Lv R. Technologies for extracting lipids from oleaginous
microorganisms for biodiesel production. Front Energy 2012;6:266-74

[10] Endalew AK, Kiros Y, Zanzi R. Heterogeneous catalysis for biodiesel production from
Jatropha curcas oil (JCO). Energy 2011;36(5):2693-700.

[11] Mazubert A, Poux M, Aubin J. Intensified processes for FAME production from waste
cooking oil: A technological review. Chem Eng J 2013;233:201-23.

[12] Lee J-Y, Yoo C, Jun S-Y, Ahn C-Y, Oh H-M. Comparison of several methods for effective

lipid extraction from microalgae. Bioresource Technol 2010;101:575-S77

18



[13] McMillan JR, Watson IA, Mehmood A, Jaafar W. Evaluation and comparison of algal cell
disruption methods: Microwave, waterbath, blender, ultrasonic and laser treatment. Appl
Energ 2013;103:128-34

[14] Zheng H, Yin J, Gao Z, Huang H, Ji X, Dou C. Disruption of Chlorella vulgaris Cells for the
Release of Biodiesel-Producing Lipids: A Comparison of Grinding, Ultrasonication, Bead
Milling, Enzymatic Lysis, and Microwaves. Appl Biochem Biotech 2011;164:1215-24

[15] Lee SJ, Yoon BD, Oh HM. Rapid method for the determination of lipid from the green
alga Botryococcus braunii. Biotechnol Tech 1998;12:553-56

[16] Ageitos JM, Vallejo JA, Veiga-Crespo P, Villa TG. Qily yeasts as oleaginous cell factories.
Appl Microbiol Biotechnol 2011;90:1219-27

[17] Mercer P, Armenta RE. Developments in oil extraction from microalgae. Eur J Lipid Sci
Techn 2011;113:539-47

[18] Wang L, Weller CL. Recent advances in extraction of nutraceuticals from plants. Trends
Food Sci Tech 2006;17(6):300-12.

[19] Patil PD, Gude VG, Mannarswamy A, Cooke P, Munson-McGee S, Nirmalakhandan N,
Lammers P, Deng S. Optimization of microwave-assisted transesterification of dry algal
biomass using response surface methodology. Bioresource Technol 2011;102:1399-1405
[20] Kaufmann B, Christen P. Recent extraction techniques for natural products: Microwave-
assisted extraction and pressurised solvent extraction. Phytochem Analysis 2002;13:105-13
[21] Gedanken MKaA. Optimization of bio-diesel production from oils, cooking oils,
microalgae, and castor and jatropha seeds: probing various heating sources and catalysts.

Energy Environ Sci 2012;5:7460-9.

19



[22] S. Khoomrung PC, S. Jansa-ard, I. Nookaew, J. Nielsen. Fast and accurate preparation
fatty acid methyl esters by microwave-assisted derivatization in the yeast. Appl Microbiol
Biotechnol 2012;94:1637-46

[23] Cristina Leonelli TIM. Microwave and ultrasonic processing: Now a realistic option for
industry. Chem Eng Process 2010; 49:885-900

[24] Stuchly MAS, Stuchly SS. Industrial, scientific, medical and domestic applications of
microwaves, |IEE Proceedings A 1983;130:467-503

[25] Wang MJ, Huang YF, Chiueh PT, Kuan WH, Lo SL. Microwave-induced torrefaction of
rice husk and sugarcane residues. Energy 2012;37(1):177-84.

[26] Freedman B, Butterfield RO, Pryde EH Transesterification kinetics of soybean oil. ] Am
Oil Chem Soc 1986;63:1375-80

[27] Kanitkar A, Balasubramanian S, Lima M, Boldor D. A critical comparison of methyl and
ethyl esters production from soybean and rice bran oil in the presence of microwaves.
Bioresource Technol 2011;102:7896-902

[28] Leadbeater NE, Stencel LM. Fast, easy preparation of biodiesel using microwave
heating. Energ Fuel 2006;20:2281-83

[29] Goff MJ, Bauer NS, Lopes S, Sutterlin WR, Suppes GJ. Acid-catalyzed alcoholysis of
soybean oil. J Am Oil Chem Soc 2004;81:415-20

[30] Perin G, Alvaro G, Westphal E, Viana LH, Jacob RG, Lenardao EJ, D'Oca MGM.
Transesterification of castor oil assisted by microwave irradiation. Fuel 2008;87:2838-41
[31] Wahlen BD, Barney BM, Seefeldt LC. Synthesis of Biodiesel from Mixed Feedstocks and

Longer Chain Alcohols Using an Acid-Catalyzed Method. Energ Fuel 2008;22:4223-28

20



[32] Melo-Junior CAR, Albuquerque CER, Fortuny M, Dariva C, Egues S, Santos AF, Ramos
ALD. Use of Microwave Irradiation in the Noncatalytic Esterification of C18 Fatty Acids.
Energ Fuel 2009;23:580-585

[33] Bligh EG, Dyer WJ. A Rapid method of total lipid purification. Can J Biochem Phys
1959;37:911-7.

[34] Satyarthi JK, Srinivas D, Ratnasamy P. Estimation of Free Fatty Acid Content in Qils, Fats,
and Biodiesel by 1H NMR Spectroscopy. Energ Fuel 2009;23(4):2273-7.

[35] Knothe G. Monitoring a progressing transesterification reaction by fiber-optic near
infrared spectroscopy with correlation to H-1 nuclear magnetic resonance spectroscopy. J
Am Oil Chem Soc 2000;77(5):489-93.

[36] Carrasco-Pancorbo A, Navas-Iglesias N, Cuadros-Rodriguez L. From lipid analysis
towards lipidomics, a new challenge for the analytical chemistry of the 21st century. Part 1:
Modern lipid analysis, Trac-Trend Anal Chem 2009;28:263-278

[37] Azcan N, Danisman A. Microwave assisted transesterification of rapeseed oil. Fuel
2008;87:1781-8

[38] Chen KS, Lin YC, Hsu KH, Wang HK. Improving biodiesel yields from waste cooking oil by
using sodium methoxide and a microwave heating system. Energy 2012;38:151-6.

[39] Frankel EN. Lipid oxidation - mechanisms, products and biological significance. ] Am Qil
Chem Soc 1984;61:1908-14

[40] Chuck CJ, Jenkins RW, Bannister CD, Han L, Lowe JP. Design and preliminary results of
an NMR tube reactor to study the oxidative degradation of fatty acid methyl ester. Biomass

Bioenerg 2012;47:188-94.

21



[41] N. Saifuddin, Chua KH. Production of ethyl ester (biodiesel) from used frying oil:
optimization of transesterification process using microwave irradiation. Malays J Chem
2004;6:77-82

[42] Sharma YC, Singh B, Korstad J. A critical review on recent methods used for
economically viable and eco-friendly development of microalgae as a potential feedstock for
synthesis of biodiesel. Green Chem 2011;13:2993-3006

[43] Ratledge C, Cohen Z. Microbial and algal oils: Do they have a future for biodiesel or as
commodity oils? Lipid Technol 2008;20(7):155-60.

[44] Nurfitri I, Maniam GP, Hindryawati N, Yusoff MM, Ganesan S. Potential of feedstock and
catalysts from waste in biodiesel preparation: A review. Energ Conv Manage
2013;74(0):395-402.

[45] Davies RJ. Scale Up of Yeast Qil Technology. Industrial Applications of Single Cell Qils:
AOCS Publishing; 1992.

[46] Michael B, Anne K, Randal D, Carole D, Beena G, Adan E, et al. Production of Microbial
Cocoa Butter Equivalents. Industrial Applications of Single Cell Oils: AOCS Publishing; 1992.
[47] Sills DL, Paramita V, Franke MJ, Johnson MC, Akabas TM, Greene CH, et al.

Quantitative Uncertainty Analysis of Life Cycle Assessment for Algal Biofuel Production.

Environ Sci Technol 2013;47:687-94

22



Figures

40 ~
S
g b g ¢ $
g |®
% 20 o
h=l
2
=< 10 -
1S
0 n T T T 1
0 1000 2000 3000 4000

Soxhlet time (min)

Fig. 1 Extraction of lipids from R. glutinis in the Soxhlet extraction set-up, using 50 ml of

CHCls:MeOH, over 24 hours
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Fig. 2 Reaction conditions for Anton Parr monowave 300, showing the pressure,
temperature and power of the microwave extraction with 100 wt% H»SO4 at 80 °C over 5

minutes.
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Fig. 3 Conversion of extracted lipid to FAME as a function of catalyst loading for the

microwave irradiated samples, using the Anton Parr monowave 300 reactor.
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Fig. 4 The effect of the length and temperature of the microwave reaction on the total lipid

extracted from R. glutinis, using the Anton Parr monowave 300 reactor.
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microwave reaction, using the Anton Parr monowave 300 reactor, for R. glutinis using 100

wt% H2S04
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Fig. 7 Energy Return On Investment of the microwave step, using a) the lipid content found

in the yeast biomass over the course of the study, b) an extrapolation based on a variable

lipid content at 120 °C, c) an extrapolation based on a variable lipid content over 5 minutes.
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Fig. 8 Energy Return On Investment of the microwave step, for the biodiesel produced using
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FAME R. glutinis
Lipid content (% dry weight) | 31

14:0 1.0

16:0 23.8

16:1 1.0

18:0 29.1

18:1 41.7

18:2 3.4

Table 1. FAME profile for R. glutinis calculated from the microwave extraction, using an Anton Parr

monowave 300 reactor, held at 80 °C over 5 minutes. The biodiesel produced was found to contain

0.7% glycerides, this level falls within the European fuel standard EN 14 214.
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