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Abstract
Crude glycerol is a major by-product of the biodiesel industries. For every 100 kg of biodiesel
produced, approximately 10 kg of the byproduct glycerol is generated. With the large increase
in biodiesel production, there is a glut in the glycerol produced. Presently crude glycerol is
purified to its purer marketable form, burnt as a fuel or mixed with animal feed. However, none
of these options contribute considerable revenues to the concerned biodiesel industry.
Additionally, some of these routes are not environmentally friendly. It has thus become

imperative to find ways to convert crude glycerol to some value-added products.

Bioconversion of crude glycerol to microbial lipids is one possible way to valorize it. However,
impurities like methanol, salts and soap present in crude glycerol inhibit the growth of microbes
used for such conversions. The research work carried out in this thesis addressed these issues

and developed tangible alternatives to overcome these problems.

Initially the possible use of a heterogeneous catalyst Calcium oxide (CaO) attached to support
alumina (Al>03) for the production of biodiesel was studied. We found that the use of such a
catalyst improves the purity of biodiesel and the glycerol produced. Crude glycerol obtained
using such insoluble catalysts contained lower levels of impurities and can be converted
relatively easily to other useful products. With CaO anchored on Al>O3 as catalyst, the purity
of biodiesel and glycerol were found to be 97.66% and 96.36% respectively. The unanchored
heterogeneous catalyst CaO resulted in purities of 96.75% and 92.73% respectively. As the
byproduct glycerol containing smaller amount of impurities, the use of anchored heterogeneous
catalyst is recommended. The potential use of ash from various sources as a cheap alternative
heterogeneous catalyst was also studied. With the use of ash from birch bark and fly ash from
wood pellets as catalysts, biodiesel and glycerol with purity in the ranges of 88.06%-99.92%
and 78.18%-88.23% respectively were obtained. Since such catalysts are cheap and reusable,

their application can reduce expenses and the use of environmentally unsafe compounds.

The crude glycerol used in all experiments was obtained from a biodiesel producer in Ontario
(Canada). It was found to contain 44.56 wt.% glycerol and many impurities including 13.86

wt.% methanol, 32.97 wt.% soap and 4.38 wt.%. After the characterization of the sample it was
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converted to microbial lipids using an oleaginous yeast Rhodosporidium toruloides ATCC
10788. When this strain was grown on crude glycerol, double the biomass (21.16 g/L) and triple
the lipid concentration (11.27 g/L) was obtained compared to growth on pure glycerol media.
The capacity of this strain to grow on crude glycerol with high levels of impurities and produce
large amounts of lipids proves its robustness. Investigation of the effect of individual
components on the lipid production ability of this strain showed it to be capable of using soap
as a sole carbon source. This was also the reason for enhanced lipid production even in the
presence of other impurities present in crude glycerol. The lipids obtained were rich in oleic
acid (47.16%), a mono-unsaturated fatty acid (MUFA). Feedstock rich in MUFA are considered
suitable for biodiesel production. Thus, the process of conversion of crude glycerol to microbial
lipids can be integrated to existing biodiesel plants. This will help in the management of crude
glycerol produced during biodiesel production, save transportation and disposal costs and

contribute to the revenues of such industries.

The possible applications of microbial lipids obtained from oleaginous (oil producing) microbes
depends on its fatty acid composition. Most reports suggest the potential use of microbial lipids
for biodiesel production. However, tailoring lipids obtained from these microbes, by changing
the fatty acid composition, can make it suitable for use in various biotechnology, pharmaceutical
and food industries. The possible use of essential oils from plant sources to change the fatty acid
profile of the lipids obtained from R. foruloides ATCC 10788 was studied. The addition of
seven types of essential oils into the growth medium resulted in lipids with seven different fatty
acid profiles. Most of the essential oils tested enhanced the stearic acid content of the lipids.
The latter has numerous applications in food, pharmaceuticals and cosmetic industries.
Additionally, specific levels of these essential oils in the media changed the metabolic pathways
of lipids production resulting in unique fatty acids compositions. For example, use of 2 g/L of
orange essential oil in the growth medium produced lipids with fatty acid composition similar
to mahua butter which has a number of food, cosmetic and medical applications. Addition of
origanum (0.3 g/L) or pine essential oil (3 g/L) into the media improved the oleic acid content
of the lipid by 17.90% and 14.35% respectively. This study also provides an insight into the
ability of these essential oils to affect the activity of enzymes involved in fatty acid biosynthesis

metabolism of R. toruloides ATCC 10788. Most of the essential oils used were found to inhibit
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A9 and A12 desaturase enzymes present in the fatty acids biosynthesis metabolic pathways of
this strain. This in turn increased the amounts of stearic acids in most of the lipids obtained.
Further investigations showed that mono-terpenoids in the essential oils played a major role in
bringing about such changes in the fatty acids composition and that the effect of essential oils

are specific to the microbial species under study.

Subsequently, the possible use of microbial lipids obtained from crude glycerol for polyol
production was studied. Polyol is a precursor to the production of polyurethane foams. In order
to produce large quantities of lipids, fermentation of crude glycerol was carried out in a 1L
bioreactor. This resulted in 27.48 g/L of biomass and 18.69 g/L of lipids at the end of 168 h.
The lipids obtained were then converted to polyol using epoxidation and oxirane ring opening
reactions. For comparison, polyols from commonly used vegetable oils (i.e. canola and palm
oil) were also produced under similar reaction conditions. The hydroxyl numbers of polyols
from canola, palm and microbial oil were found to be 266.86, 222.32 and 230.30 (mg KOH/g
of sample) respectively. These values are within the range required for polyurethane production.
We subsequently converted the polyols obtained from these oils into rigid and semi-rigid types
of polyurethanes. Polyurethanes produced can potentially be used for various commercial
applications. In this way, we have been successful in demonstrating the possible use of

microbial lipids in biopolymer industries.

The use of a robust microbial strain capable of growing on crude glycerol and the conversion
of the lipids obtained to bioplastics can not only help fix the carbon produced (leading to
reduction in GHG emission obtained by its combustion), but also potentially bring revenues to

industries that integrate such processes into existing facilities.
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Chapter 1

General Overview Rationale and Objectives



1.1. Introduction

Due to the dramatic rise in energy demand, fluctuating prices of fossil fuels, depletion of its
sources and various environmental issues associated with its use, researchers from across the
world are constantly looking for alternative sources of energy [1-3]. Biodiesel, chemically
known as Fatty Acid Methyl Ester (FAME), is renewable and environmentally friendly
alternative to its fossil based counterpart. It can be produced from various sources, including
plants oils, animal fats or microbial lipids and blended in different proportion with the fossil
based diesel for its use in conventional engines [1]. Many of the developed and developing
countries, such as USA, Canada, Brazil and Australia, have made it mandatory to blend

biodiesel with fossil based diesel in the range of 2-20% (v/v) [4].

Typical biodiesel production processes involve a transesterification reaction between
triglycerides (oils) with methanol in the presence of a catalyst [5]. Significant amount of
glycerol is produced as a by-product (or co-product) during this reaction process [1]. The
catalyst used for biodiesel production can be acidic, basic or biological in nature. Among these,
basic catalysts are most commonly used in many of the biodiesel production industries [6].
Basic catalyst such as sodium hydroxide, potassium hydroxides and calcium oxides are less
caustic and requires milder reaction conditions (low temperature and less reaction time) than
acidic catalyst such as sulfuric acid and hydrochloric acid. On the other hand, they are cheaper
than biological catalyst such as lipases [5, 7]. Even though homogeneous basic catalysts (such
as sodium hydroxide) possess various advantages, it cannot be reused. Additionally, if such
catalyst are employed for biodiesel production, large quantities of wastewater is generated
during the removal and cleaning of catalyst and the products [8]. In order to resolve this issue,
the use of heterogeneous basic catalyst has been reported by various authors [1, 9-11].
Heterogeneous catalysts are insoluble in and can be easily separated from the final product
making them reusable [12]. Thus, when heterogeneous catalyst such as calcium oxides or
magnesium oxides are used, purer biodiesel and crude glycerol by-product are obtained making
downstream processing easier. Even though heterogeneous catalyst possesses various benefits
over homogeneous catalysts, it will take some time for the industries to adopt it into their
production processes. The development of cheaper heterogeneous basic catalysts for biodiesel

production would also be of great interest to the prevailing biodiesel industries [1].



During biodiesel production, approximately 10 wt.% of glycerol is produced as a by-product
[13]. The glycerol produced during the biodiesel production process is also known as “crude
glycerol”. With the rise in production of biodiesel across the world, there is also a rise in crude
glycerol accumulation [2]. As detailed in published report by OECD 2016, world biodiesel
production is expected to reach 37.9 billion liters by the end of 2020 [14, 15]. This will thus
leave us with approximately 3.8 billion liters of crude glycerol to be dealt with. From a global
perspective, Canada produces a very small percentage of global biodiesel market share [15]. As
per the OECD Agricultural Outlook (2016), 32.8 billion liters of biodiesel was produced across
the world in 2014 whereas Canada’s annual production that year was only 347.5 million liters
[15]. However, large production is required to meet the federal biodiesel blending mandate of
approximately 2% that varies from province to province. Currently, Canada imports biodiesel
from outside to meet such federal mandate [ 16]. Therefore, the amount of production is expected

to increase in the coming years.

As pure glycerol has various applications, purification of crude glycerol to its purer forms is
one of the options available to the biodiesel producer. However, due to over production of crude
glycerol, the price of pure glycerol has slumped making this route quite uneconomical [2].
Potential use of crude glycerol as a feed for cattle or a low energy fuel has also been explored
[17, 18]. But both these options do not add much revenue to the industries either. Additionally,
burning of crude glycerol is not a preferred option from an environmental point of view [19].
Thus, many industries have already started treating crude glycerol as a waste [2]. Hence, it has
become imperative to produce value added chemicals and products using such a low value

commodity.

Conversion of crude glycerol to various value added products have been adopted by various
authors [20, 21]. Crude glycerol can be chemically or biologically converted into different
components. Some of these includes hydrogen, 1,2 propandiol, butanol, succinic acid,
dihydroxyacetone, single cell oils. etc. However, both these conversion processes have been
hindered by the impurities present in crude glycerol [20-25]. Crude glycerol generally contains
glycerol and other impurities including light solvents (methanol or ethanol, water), soap,

residual FAME:s, glycerides, free fatty acids, salts and ash [2, 20]. The ratio of each of these



components in crude glycerol however varies. This is because the types of feedstocks, methods
and catalyst used, and the number of downstream processes adopted varies between the
biodiesel producers. Among the different components mentioned, methanol, water, soap and

salts are the major inhibitors for the conversion of crude glycerol into other useful products [2].

Various microorganisms are capable of accumulating lipids to levels more than 20 wt.% of their
dried biomass. Such organisms are known as oleaginous microbes and the lipids obtained from
them are called as microbial lipids (single cell oils or microbial oils). Production of microbial
lipids from crude glycerol using microalgae, fungi or yeasts (also known as oleaginous
microbes) have been previously studied [2, 26]. Bioconversion of crude glycerol into microbial
lipids is one of the options to valorize the former. Microbial lipids are chemically similar to
vegetable oils. This makes microbial lipids a suitable feedstock for biodiesel production. Most
of the previously reported work have focused on utilizing microbial lipid into biodiesel.
Conversion of crude glycerol to microbial lipid have an added advantage as the process can be
easily integrated to the prevailing biodiesel industries. The microbial lipid produced can be fed
back into the biodiesel production plant, thus reducing transportation costs. Besides biodiesel
production, use of such lipids to produce various other components would make the overall
conversion process (i.e. crude glycerol to microbial lipid) more sustainable [2]. During the
bioconversion of crude glycerol into microbial lipids, the impurities present in crude glycerol
have been shown to inhibit the growth of microbes used. This subsequently reduces the overall
yield of the product [24, 27, 28]. In order to overcome this problem, in certain instances, crude
glycerol has been pre-treated before its use for lipid production. Pretreatment of crude glycerol
can be suitable for large biodiesel producers but for small and medium scaled industries such

pretreatment will not be a possible option as the overall process becomes quite expensive.

1.2. Rationale for the work

With mandatory blending requirement of biodiesel into petroleum based diesel there has been
a very rapid increase in its production in many parts of the world. In Canada, the production
was 370.59 million liters in the year 2016 [15]. With a kilogram of glycerol produced per 10 kg
of biodiesel produced, there is a huge glut in its production. Heterogeneous catalysts can reduce

the generation of environmentally harmful chemicals used during the production of biodiesel.



On the other hand, the crude glycerol produced needs to be converted in an economically
feasible manner to useful products. With this background the rational for this study was as

follows.

1. Heterogeneous catalysts have advantages over their homogeneous counterparts because
they can easily be separated from their final products and reused (i.e. biodiesel and crude
glycerol). However, they can still leach into the final products. Thus, the possibility of
attaching such heterogeneous catalyst onto supports that reduce leaching of such catalysts
into the final product are being developed. Hence, we decided to explore the possibility of
using ash from different sources as a cheap alternative renewable catalyst for biodiesel

production along with some chemical supports (objective 1).

2. Attempts have and are being made to convert glycerol to value added products.
Bioconversion of crude glycerol to microbial lipids is one route to valorize it. However,
most of the previously studied microbial strains for such conversions succumbed to the
harsh growth conditions posed by the impurities present used in crude glycerol. This in turn
reduced the overall yield of the obtained product. Thus, it is required to find, characterize
and optimize fermentation of robust microorganisms capable of withstanding these
inhibitors and producing large quantities of lipids (objective 2). The effects of individual
components present in crude glycerol on the growth and lipid production ability of such a
strain have had to be determined. We felt that such a robust strain could have number of

beneficial applications.

3. Microbial lipids obtained from oleaginous microbes have frequently been explored for their
use as biodiesel feedstock. However, altering the fatty acid composition of obtained lipids
can expand the applications of such lipids. Use of essential oils have been shown to alter
the fatty acid composition of microbial oil produced. Very few studies have been carried
out to understand its effect on oleaginous yeasts. The possibility of using essential oils from

different plant sources to alter the chemical composition of lipid can be beneficial. This



was third objective of our study. Tailored lipids with desirable fatty acids composition

could be used in food, cosmetic and pharmaceutical industries.

4. Presently, microbial lipids from crude glycerol have been studied for their potential use in
food and biodiesel industries. However, its conversion into biopolymer has not been
reported previously. We wanted to demonstrate the possible conversion of microbial lipids
obtained from crude glycerol to polyol and its subsequent conversion into polyurethane
foams (Objective 4). Development of such processes will make the microbial lipid

production from cheaper carbon substrate, including crude glycerol, quite sustainable.

1.3. Research objectives
Based on the above rationale the overall objective of this work was to produce value added

products from crude biodiesel based glycerol. The specific objectives of this study were to:

1. Develop a cheap heterogeneous basic catalyst for biodiesel production.

2. Improve production of microbial lipids using crude glycerol containing high amounts of
impurities.

3. Alter the fatty acid metabolic pathway of the oleaginous yeast to obtain lipid with useful
fatty acid composition.

4. Produce polyol a precursor to polyurethane foam using microbial lipids produced from

crude glycerol.
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Chapter 2

Literature Review: “Current prospects on production of microbial lipid and other value

added products using crude glycerol obtained from biodiesel industries”

In this chapter a literature review of the work carried out in this thesis is presented. In the

introduction to each of the subsequent chapters, additional literature directly related to the

specific objectives are included.

This chapter has been submitted to BioEnergy Research (IF 2.4) *

* Uprety BK, Venkatesagowda B, Rakshit SK (2017) Current prospects on production of
microbial lipid and other value added products using crude glycerol obtained from biodiesel

industries. BioEnergy Res. (Submitted on: 09 Mar 2017)
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2.1. Biodiesel and its production
Biodiesel is one of the most promising alternatives to fossil based diesel. It is generally produced
by the transesterification of triglycerides using an alcohol and in the presence of catalyst [1].

The typical reaction involved in biodiesel production process is shown in Fig. 2.1.

CH OCOR, CH; OH R,——COOCH;
Catalyst l
0 OCOR. —+ 3ROH < > H OH + R,——COOCH;
(|3H OCOR,4 CH; OH R;——COOCH;
Triglyceride Alcohol Glycerol Fatty Acid alkyl

esters (Biodiesel)

Fig 2.1. Transesterification of triglyceride into biodiesel

Biodiesel is also known as Fatty Acid Alkyl Esters or FAAE, chemically [2]. The alkyl group
is decided by the acyl acceptor used for the transesterification reaction of triglycerides (TAGs).
Since methanol is commonly used in the prevailing biodiesel production plants, biodiesel is also
known as Fatty Acid Methyl Ester or FAME [3, 4]. Biodiesel can be blended in various ratios
with fossil based diesel and can be used even in conventional engines [5]. Its popularity is
mainly due to reduced emission of toxic gases upon its use and the renewable nature of the

feedstocks required for its production [3].

Feedstocks for biodiesel production includes plant oils, waste cooking oils, animal fats and
microbial lipids [6]. Biodiesel production using vegetable oils including canola, rapeseed,
soybean, palm, corn and olive have been reported by Joshi et al. (2009), Zhang and You (2015),
Alkabbash et al. (2009), Mata et al. (2012), Sanchez and Vasudevan (2006) respectively [7—11].
Biodiesel production from plant oils require use of agricultural lands for cultivation of oil seed
crops. Moreover, used of vegetable oils for such purposes could lead to a spiraling rise in edible
oil prices [1]. Table 2.1 lists varieties of vegetable oils used for biodiesel production and their

unit price as of 2016.
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Table 2.1. Cost comparison of vegetable oils commonly used for biodiesel production. Values were obtained
from [12] but in case of canola oil the value was obtained from [13]. The price available in Canadian Dollars
was converted into USD (1 CAD = 0.74 USD)

Dec 2005
Oil Sources Cost/(lI\J/[Se]t)r)ic ton Cost /MDef:icz(t);fl (USD)

Soybean 466.00 800.26
Palm 368.90 711.76
Rapeseed 769.72 917.34
Peanut 947.00 1507.50
Coconut 553.00 1683.75
Canola 410.24 751.75

Similarly, production of animal fat oils requires large amounts of feed for producing the animals
and need of large areas to cultivate them. Thus, use of oils obtained from varieties of fungi,

yeast and algae have been explored as an alternative feedstock for its production [14].

Global biodiesel production has increased from approximately 797 million liters in 2000 [15]
to 32.8 billion liters in 2014 and is expected to reach 37.9 billion liters by 2020 [16, 17]. In
2015, USA was the leading biodiesel producer followed by Brazil and Germany [18, 19]. As
per the OECD Agricultural Outlook (2016), 142.61 million liters of biodiesel was produced
across Canada in 2010 and increased to 347.5 million liters in 2014 [20]. The amount of
biodiesel produced in Canada in year 2014 was still only ~1% of the total biodiesel produced
across the world. From a global perspective, Canada produces a very small percentage of global
biodiesel market share [20]. However, large production is required to meet the federal biodiesel
blending mandate of approximately 2% that varies from province to province. Currently,
Canada imports biodiesel from outside to meet such federal mandate [21]. Therefore, the

amount of production is expected to increase in the coming years.
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2.2. Heterogeneous catalyst used in biodiesel industries

Generally, the catalysts used for transesterification reaction can be either acidic or basic in
nature. Acid catalysts such as sulfuric acid, hydrochloric acid and solid acids (such as silica-
bonded N-propyl sulfamic acid, SO4/SnO,, S-ZrO» sulfated zirconia, etc.) are used for biodiesel
production. Similarly, sodium hydroxide and potassium hydroxide are commonly employed as
basic catalysts in many biodiesel industries [3]. Acid catalysts are suitable for the
transesterification of low-grade oils containing water and free fatty acids, while base catalysts
are commonly used for the transesterification of triglyceride feedstocks with low amounts of
water and free fatty acids content [22]. Acid catalyzed transesterification reactions are corrosive,
quite slow and requires high molar ratio of alcohol to oil and reaction temperatures [23, 24].
The use of bases are preferred over acids as catalysts, as the former are comparatively faster
and requires less reaction temperature [25]. Additionally, the use of base reduces the amount of
alcohol used during biodiesel production process [1, 24]. Basic catalysts such as sodium
hydroxide or potassium hydroxide are known as homogeneous catalyst as they form a single
phase with the reactants [26, 27]. Even though use of homogeneous catalysts possesses several
advantages, they are not reusable in nature. Additionally, large quantity of water is required to
remove or neutralize such catalyst at the end of reaction. This in turn generate large quantities
of wastewater [28, 29]. In order to address these issues, use of heterogeneous basic catalysts
such as CaO and MgO have been reported by previous workers [30, 31]. We have recently
reported the use of wood ash as a cheap heterogeneous basic catalyst for the biodiesel production
[32]. Drawbacks of using heterogeneous catalysts for biodiesel production, include mass
transfer limitations, low active sites available for catalytic reaction and leaching of the catalyst
into the reaction media [32]. To overcome such problems, use of various types of catalyst
supports (mainly alumina, silica, zinc oxide and zirconium oxide) have been reported by various
authors [3, 32-35]. Anchoring of heterogeneous catalyst to these supports have shown to reduce

diffusion limitation and leaching and increase the catalytic activity of the used catalyst [36].

Besides acids and bases, enzymes (biocatalysts) have also been used as catalysts [37]. Lipases
obtained from various microbial sources have been explored for their ability to convert
vegetable oils into biodiesel [38]. Enzyme catalysts requires milder conditions compared to acid

catalysts and possess better resistance to free fatty acids and water present in oil feedstocks

13



when compared to basic catalysts [2, 39]. Additionally, purity of biodiesel and glycerol obtained
using such catalysts have shown to be better compared to acid or base catalysts [2]. Because of
this, fewer numbers of washings are required to purify the obtained products. Hence, use of
enzyme catalyst is an environmentally friendly process as reduced amount of wastewater is
generated from biodiesel [40]. However, the activity of enzyme during the transesterification
process is inhibited by alcohol and the glycerol by-product. This subsequently will reduce the
overall biodiesel yield [41]. Moreover, use of enzyme to produce biodiesel is still an expensive

process due to high costs of the enzymes required [38, 42].

2.3. Crude glycerol from biodiesel industry

During biodiesel production, approximately 10% wt. of glycerol is produced as a by-product.
For every 100 kg of biodiesel produced, approximately 10 kg of glycerol is obtained. The
glycerol obtained during biodiesel production process contains many impurities and thus called
crude glycerol [43, 32]. Pure glycerol finds its use in varieties of sectors including food, pharma
and cosmetics industries. Thus, purification of crude glycerol into its pure form has been one of
the most common routes to manage the large amount of crude glycerol by-product [37]. Use of
a single or a combination of techniques to purify crude glycerol have been reported previously.
Some techniques include acidification followed by neutralization and solvent extraction,
distillation under reduced pressure, membrane separation technology, ion-exchange adsorption
and nano-cavitation technology [23, 44]. However, with considerable increase in biodiesel
production, there is a rise in glycerol production too [45-47]. As discussed in section 2.1, the
amount of biodiesel produced across the world is expected to reach approximately 38 billion
liters by 2020 [16]. This will generate approximately 3.8 billion liters of crude glycerol. Due to
a glut of crude glycerol in the market, the price of pure glycerol has plummeted over the last
few years. This has made crude glycerol purification into its purer form quite uneconomical.
Before the expansion of biodiesel production in USA, the price of pure and crude glycerol was
$0.70 per pound and $0.25 per pound respectively. By 2007, the amount of pure glycerol
slumped down to $0.30 per pound and that of crude glycerol to $0.05 per pound [48]. By mid-
2014, the market price of pure glycerol and crude glycerol were $0.41/b and $0.11/lb
respectively [49, 50]. Even though there is improvement in market prices of these two

commodities recently, the cost is expected to go down in future with increased biodiesel
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production across the world [17]. Most biodiesel industries are currently facing a problem to
manage the glycerol produced in a cheap and environmentally friendly way. In this regard it is
worth mentioning that some of the biodiesel companies have already started treating crude
glycerol as waste [51, 52]. Hence, it has become quite important to vigorously develop ways

to use crude glycerol to produce value added chemicals and products.

2.4. Impurities in crude glycerol

Generally, crude glycerol contains glycerol, light solvent (methanol or ethanol, water), soap,
small amount of FAME, glycerides, free fatty acids, salts and ash [50]. The amount of each of
these components in any crude glycerol however varies. Chemical composition of crude
glycerol reported by some researchers is tabulated in Table 2.2. Valerio et al. (2015) reported
the glycerol content in crude glycerol from biodiesel to be as low as 15.4 wt. % whereas Hansen
et al. (2009) found out the glycerol concentration in crude glycerol (obtained from 7 biodiesel
producers across Australia) to be in the range of 38 to 96 wt.%. Similarly, methanol, soap,
water, FAMEs and free fatty acids (FFAs) can vary between 0.-22.7, 0-36.1, 0-28.7, 0-30.9 and
0-3.6 wt.% respectively. The difference in compositions are mainly due to variation in

feedstock, catalyst, methods and downstream processing among biodiesel producers [43].

Table 2.2. Typical composition of crude glycerol reported in literature

Components  Hu et al. Hansen et  Xiaoetal. Valerio et Chen and Liang et al.
(Wt.%) (2012) al. (2009) (2013) al. 2015)  Walker (2011) (2010)

[55] [54] [56] [53] [57] [46]

Glycerol 22.9-63.0 38.4-96.5 31.5-74.5 15.4-30.2 62 48.7

Methanol 6.2-12.6 <0.01-13.94 - 14.4-15.5 22.6 22.7

Water 1.0-28.7 0.0-16.1 - 0.9-5.1 8.0 25.6

Soap BDL-31.4 - 19.8-36.1 22.4-29.1 - 3.0
FAMEs BDL- 28.8 - 0.6-29.3 22.4-30.9 - -
Glycerides BDL- 7.0 - 0.5-4.3 - - -
FFAs BDL-3.0 - 0.0-3.6 0.5-2.1 - -
Ash 2.7-5.7 0.0-29.4 - 3.5-4.2 2.4 -

BDL: Below Detection Level
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In addition to the major components shown in Table 2.2, crude glycerol also contains small
quantity of metals such as Na, Ca, Mg, P and S. Concentration of sodium metals depends on the
amount sodium hydroxide catalyst used during the biodiesel production. Thus, its amount in
crude glycerol can in some cases exceed 1%, whereas other metals are mostly present in the

range of 4-163 ppm [58].

From an environmental point of view, disposal of crude glycerol in an unmanaged way could
lead to various problems. Many large-scale biodiesel producers recover excess unreacted
methanol and reuse it. However, due to the low cost of methanol, most of the medium and small
sized biodiesel industries finds it uneconomical to recover the methanol [59]. If crude glycerol
containing high levels of methanol is released to the environment, it can be toxic to various flora
and fauna present available in the ecosystem as methanol poses inhibitory activity on their
growth. Contamination of drinking water resources with methanol can be very toxic to humans
as well [48, 60]. Most of the produced crude glycerol are generally basic in nature as it contains
large amount of sodium hydroxide catalyst used during the biodiesel production. The release of
such basic compound into the environment without any treatment harms the biotic community
of the surrounding [60]. Contamination of water systems with such crude glycerol can produce
offensive odors as microorganisms present in nature takes a lot of time to recycle alkaline water.
Additionally, other components such as soap and heavy metals also have detrimental effects on
the health of human beings and animals. Hence, it is essential to develop methods which can

make use of glycerol for the production of value added products.

2.5. Conversion of crude glycerol into value added products

Presently, crude glycerol obtained from biodiesel industries is mainly used as an animal
feedstock or burnt as a low energy fuel [48]. Even though crude glycerol contains varieties of
impurities, it has found to be a good energy source. Thompson and He (2006) carried out the
nutrition content of crude glycerol and found to have protein, fats and carbohydrates in the range
of 0.06-0.44%, 1-13%, 75-83% respectively [61]. Inclusion of certain amount of crude
glycerol in the diets of ruminants and non-ruminants have thus shown to have beneficial effects.
Crude glycerol samples can have a digestible energy values in the range of 1600-1650 kcal/lb
with metabolizing energy values in the range of 1500-1580 kcal/lb [62]. Therefore, addition of
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crude glycerol up to 6.7% in the diets of broilers have shown to improve the feed conversion
ratio [63]. Similarly, feeding crude glycerol up to 15% to cattle significantly improved their
weight and feed efficiency [48]. However, certain impurities present in crude glycerol can cause
various negative effects in these animals. For example, presence of potassium impurities in
crude glycerol has caused wet litter problems in broilers [64]. Presence of higher concentrations
of methanol is toxic to animals. Thus, crude glycerol with lower amounts of impurities can only
be used as an animal feedstock and must be studied in detail before its inclusion in animal feeds
[62]. However, producing crude glycerol with low levels of impurities is not easy and

economically feasible as multiple purifications steps are required.

Energy obtained by burning crude glycerol can be used to run the biodiesel process or another
co-located systems. Glycerol is very viscous in nature, has high auto-ignition temperature and
low heating value [59]. This makes burning crude glycerol technically complex, energy
inefficient and economically unsuitable. Moreover, incomplete combustion of glycerol also
releases highly toxic aldehydes (such as acrolein) thus making such process unsafe for humans

and for the environment [65].

Due to problems discussed in the above paragraphs, many researchers have studied the
conversion of crude glycerol into various value added chemicals and products [66]. The routes
used to convert crude glycerol into useful chemicals or products can be generally categorized

as (1) Chemical conversion routes and (ii) Biological conversion routes.

2.5.1. Chemical conversion routes

Different researchers have discussed chemical methods to convert crude glycerol into different
value added compounds [53, 67-71]. Some of the common chemicals that have been obtained
by this route include hydrogen, 1,2 propandiol, acrolein, dihydroacetone (DHA), glyceric acid,

triacetin, monoglycerides, etc. [50].

Product yields of over 80% using chemical route have been previously reported. For instance,
during the chemical conversion of crude glycerol to hydrogen or 1,2 propandiol overall yield of

88% and 90% respectively were achieved [67, 68]. However, most of these chemical processes
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make use of expensive catalysts, faces the problems of catalyst deactivation, use of high
pressures, temperatures and harmful chemicals [50, 69, 70, 72]. Different impurities (mainly
methanol and water) present in crude glycerol have been shown to reduce the efficiency of
catalyst used [70]. During the production of dioxlane and dioxane from crude glycerol,
Wegenhart et al. (2012) reported the clumping of catalyst used (MCM-41) and decrease in its
catalytic activity due to absorption of water present in crude glycerol [73]. Some of the
impurities present in crude glycerol has also found to react with the synthesized final compound
to produce undesirable by-products. For instance, [lham and Saka (2016) found that during the
production of glycerol carbonate from crude glycerol, glycerol carbonate (final product) reacted
with water and salts present in crude glycerol to form glycidol. Formation of this undesirable
by-products reduced the overall yield of glycerol carbonate from crude glycerol [74]. Table 2.3
shows varieties of compounds that can be potentially obtained from crude glycerol using various
chemical pathways. It includes the yield and associated problems during such the conversion

Processes.
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Table 2.3. Value added compounds obtained from crude glycerol using chemical processes and the related yields, conversion and associated problems

associated

Crude glycerol

General problems associated with the

Products composition (wt.%) Method used Operating conditions Performance used method References
Glycerol 70-90
Methanol <15 . o, ) e Heavy components in CG promote coke
Hydrogen Water <15 Steam reforming 52.5_600 C, 1.09h; Y: 88% formation reducing the hydrogen yield [67]
. process Ni/Co catalyst . .
Inorganic salts <5 e High temperature required
Polyglycerol
impurities <5
Glveerol R0 240 °C; 10 h; 40 bar; e Not communicated
1,2 propandiol Y Hydrogenolysis  Cu: Zn:Cr:Zr mixed Y: 90% e In general, this route makes use of [68]
FAMEs 20 . . .
metal oxide expensive catalysts and the salts present in
CG typically poisons the catalyst used [75]
Glycerol 91.7
Methanol 3.8
Soap ~3.3 o Alkali residue present in CG neutralizes the
+ 0C- . . ; : i i
Acrolein Ig: y ?éllgomné%L Dehydration 431;511 1\% I_;HSB 172 bar; Y- >80% ?suilliruesded. Thus, high amount of acid is [69]
2 4
K* 19.1 mg/L !
AT 4  mg/L
Mg % 2.4 mg/L
e Deactivation of catalyst due to impurities in
Glycerol 68.5
Sulphur N 5' the crude substrate
Dihydroxyacetone Phosphorous 0.2 S 60°C; 24 b; 1 atm; 1M C:4.7% ° Technlque S not  reliable s no
. Oxidation NaOH; 600 rpm; CHco improvement in overall conversion was [70]
(DHA) Potassium 34 . S: 25% . . o
. Au/TiO; catalyst obtained even after removal of impurities in
Sodium 0.1 CG
Water ~18.8
Glycerol 40.3 60 °C; 175 mins; 5 bar . .
Mothanol 247 O2: 1500 rpm: . Ig/)l(lilzlzrt?(lmsalrtscl;?:e negative effect on the
Glyceric acid Water 7.4 NaOH/Gly. 4; C:47.2% « Residual p . " ‘i d [76]
Ash 6.6 Oxidation 1wt% Pt/ALOs Catalyst csiduat organic matter present in crude
MONG 457 glycerol strongly hinders the reaction rates.
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Glycerol 78

NaCl 8 120 °C; 4 h;1 atm;
N KCl1 3 . . Acetic acid/Gly 10; C: 99.6% o Not Available
Triacetin - \fethanol 1 Bsterification '+ o, HSiW/Z10, S 30.5% 771
Water 10 catalyst
S[lglclszr(;l ceri des70 37 200 °C; Y- 60.8% o Impurities present in CG significantly
Monoglycerides So diurgn }111y droxide 2' Glycerolysis Gly/Palm stearin 2.5:1; P: 62 '2%: reduced the yield and purity of the product [78]
20 mins A
100 °C. 20 min. o Large amount of catalyst required.
. ’ ’ Reduced catalytic activity due to absorption
Dioxol d  Glycerol 87 , Furfural/Gly 5 * .
10;(;;;1;% Im}];(lzlerﬁ)ies NC Condensation II’Z Aﬁminﬁl)silicate Y:<1% of water present in CG by the catalyst [50]
MCM-41 catalyst
Glycerol 70 e Water and salts present in CG partly
Glycerol Water 9.82 . . 300 °C; 20 MPa; 15 . o decomposed the formed glycerol carbonate
carbonate Salt 20.18 Esterification mins Yi~40% into glycidol thus reducing the overall yield (741
Soap 35,100 ppm
Glycerol 15.4
Soap 224 180 °C; 250 rpmy; 6 h; o Impurities (mainly soap and free fatty
FFA 2.1 Glye erc’)l /succini’c aci’d acids) present in CG reduced the yield of
Polyesters FAME 30.9 Polycondensation | g.¢ Y:53.9% the reaction and resulted in of product with [53]
Methanol 5.1 o different chemical structures as that
Ash 4.2 obtained with pure glycerol
80 °C; Catalyst loading
. . > 5 wt%; 1-2 h; e Poisoning of catalyst by the impurities
Glycerol ethers  NC Etherification Gly. / Tsobutylene ~3. NC present in CG [79]

NC: Not Communicated; Gly: Glycerol; FFA Free fatty acids; C: Conversion; Y: Yield; S: Selectivity; P: Purity
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2.5.2. Biological conversion routes

Biological processes do not need the starting reactant to be pure and is considered
environmentally safe and cost effective in many cases. Various authors have thus explored the
possibility of converting crude glycerol into different commercially useful compounds. Some
of such compounds include hydrogen, 1,3 propanediol, n-butane, citric acid, trehalose,
propanoic acid, ethanol, single cell oil, etc. [45]. All the biological conversion processes used
for crude glycerol conversion make use of either bacteria, yeast, fungi or microalgae. Klebsiella,
Clostridium, Propionibacterium, Yarrowia, Candida, Rhodosporidium and Schizochytrium are
some of the microbes that can convert crude glycerol into useful compounds [43, 45, 80—84].
But their commercial feasibility is not easy. Table 2.4 lists some of the products that can be

obtained from crude glycerol using different types of microorganisms.
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Table 2.4. Bioconversion of crude glycerol into various value added products using different microorganisms

Yield

Products Crude glycerol composition Microorganism Species (/g glycerol) References
Glycerol 1% (w/v) . .
Hydrogen Methanol Removed Bacteria Thermotoga neapolitana DSM 4359 0.029 [85]
Other impurities NC
. Glycerol 55 wt.% . L .
1,3-Propanediol Fatty acids 1 wt.% Bacteria Clostridium butyricum AKR102a 0.514 [86]
Chloride 31,408 ppm
n-butanol NC Bacteria Clostridium pasteurianum MTCC 116 0.35 [87]
Glycerol 13.2 wt.% Bacteria Propionibacterium freudenreichii [84]
Trehalose Soap 0.4 wt.% subsp. Shermanii NCIM 5137 0.104
Ash 1.4 wt.%
Glycerol 86 wt.% Lo . o
Propanoic acid  (partially refined, desalinated Bacteria Propionibacterium fi rquenrezchn S3p- 0.56 [88]
. shermanii 1
and devoided of methanol)
Glycerol 80 -85% (w/v)
Methanol 0.5% (w/v)
Ethanol Salts 5-6% (w/v) Bacteria Kluyvera cryocrescens S26 0.80 [89]
Water 10% (w/v)
Nonglycerol organics 2% (w/v)
Glycerol 42% wt.
Succinic acid Impurities NC Bacteria Pasteurellaceae strain DD1 1.20 [90]
Glycerol 80 wt.%
Water 10.8 wt.% . L
PHB Methanol <0.01 wt.% Bacteria Cupriavidus necator JIMP 134 0.14 [91]
NaCl 5.5 wt.%
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Glycerol  56.45-62.35 wt.%
DHA Methanol 12.79-28.27 wt.% Microalgae Schizochytrium limacinum SR21 NC
Soap 15.28-25.17 wt.%

[83]

Glycerol 65 wt.%
Methanol 3 wt.%
o Water 26 wt.% Lo .
Citric acid Heavy metals & lignin 1 wt.% Yeast Yarrowia lipolytica ACA-DC 50109 0.56 [92]
Potassium & sodium salts 4-5 wt.%

Other organic matter 0.5 wt.%

Glycerol 42.2% (w/v)
Single cell oil Impurities NC Yeast Candida sp. LEB-M3 0.33 [82]

Glycerol 44.56 wt.%
Methanol 13.86 wt.%

. . Ash 10.47 wt.% Rhodosporidium toruloides ATCC
Single cell oil FFA 0.48 wi.% Yeast 10788 0.44 [43]
Soap 32.9 wt.%
Glycerol 80 wt.%
Methanol 1 wt.%
N . .
Single cell oil Water 13.5 wt.% Fungi Cunninghamella echinulata ATHUM 010 (93]

Potassium & sodium salts 4 wt.% 4411
Heavy metals & lignin 1 wt.%

NGOM 0.5 wt.%

Glycerol 65 wt.%
Methanol 3 wt.%
Water 26 wt.%
Single cell oil Heavy metals & lignin 1 wt.% Fungi Mortierella isabellina ANTHUM 2935 0.08 [92]
Potassium & sodium salts 4-5 wt.%
Other organic matter 0.5 wt.%

NC: Not communicated; FFA: Free fatty acid; NaCl: Sodium Chloride; NGOM: Non-glycerol organic matter; DHA: Docosahexaenoic Acid; PHB: poly(3-hydroxybutyrate)

23



2.6. Problems associated in bioconversion of crude glycerol

During the bioconversion of crude glycerol, impurities (mainly methanol, salt and soap) present
in it inhibit growth and product formation. For instance, during the production of phytase
enzyme by Pichia pastoris, reduced cell density was due to inhibition by impurities present in
crude glycerol [23, 94]. Methanol present in crude glycerol has been found to reduce the growth
of Schizochytrium limacinum SR21 [46] and Rhodosporidium toruloides 32489 [95] during the

conversion to microbial lipids.

Presence of saponified fatty acids (soap), a component in crude glycerol, in the fermentation
media was found to inhibit the growth of Rhodopseudomonas palustris NCIMB 11774, thus
reducing the overall yield of hydrogen produced by this strain [96]. Similar effects of soap were
observed when microalgae was used for the production of docosahexaenoic acid (DHA) from

crude glycerol [83].

During the anaerobic digestion of crude glycerol into biogas, the salts present in the former
negatively affect the metabolism of microbes used [97]. Similarly, Mothes et al. (2007) reported
the reduction in poly-3-hydroxybutyrate (PHB) production by Paracoccus denitrificans DSMZ
413 and Cupriavidus necator JIMP 134, when crude glycerol contaminated with sodium chloride
salt was used as a carbon source [91]. Fig 2.2 summarizes the effect of some of the impurities

present in crude glycerol during its bioconversion into various products.

In order to address these issues, it is important to find a robust microbial strain that can grow in
a harsh chemical environment and produce higher amount of commercially useful compounds
is important. In addition, developing a process that can be easily integrated to an existing
biodiesel plant would make such processes commercially viable. With respect to energy
balances, Zhang et al. (2016) found crude glycerol conversion to microbial lipid is a better
option when compared to its conversion to hydrogen, biogas or ethanol [98]. Hence, we decided

to focus on the production of microbial lipids in our study.
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Fig 2.2. Some known effects of impurities on the bioconversion of crude glycerol
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2.7. Microbial lipids and its production from crude glycerol

Microbial lipids (single cell oil, SCO) are obtained from the oleaginous microorganisms such
as bacteria, fungi, and algae. If a microorganism accumulates lipids to levels higher than 20%
of its dried cell biomass, it is known as an oleaginous microbe. The obtained lipid from
oleaginous strains are chemically similar to vegetable oils and can be converted into biodiesel
and biopolymers [99—101]. Hence, microbial lipids are considered as potential alternatives to
the plant and animal based oil [102]. Unlike plant and animal oil, microbial lipid production
does not require the use of huge arable lands and also poses less risk as they are not dependent

on agricultural practices, weather and has no effect on food security [43, 103].

Most of the eukaryotic cells such as fungi, yeast, plants, microalgae and animals accumulate
lipid in the form of triacylglycerol or TAG [14, 104, 105]. TAG’s plays an important role in
intracellular energy storage and energy balance. Microbial lipid (single cell oil or microbial oil)
production from crude glycerol is an attractive concept as such processes can easily be
integrated to present biodiesel production plants, thus saving transportation cost and startup
costs [43]. Production of biopolymers from such oil can add to revenues of the industries

involved. Some of the bacteria belonging to actinomycetes group accumulate up to 70% of

25



intracellular lipids inside them. However, most other bacteria store their energy in the form of
complex lipoids, such as polyhydroxyalkanoic acids [14, 103]. Thus, many fungi, yeast or
microalgae have been explored for their ability to grow on crude glycerol and produce lipids.

Details of this will be discussed in the following sections.

2.7.1. Microalgae

Certain microalgae grow fast and accumulate large amount of lipid and thus explored for their
ability to consume crude glycerol. The quantity of lipid accumulated by microalgae varies
between species. Additionally, other factors that affects the lipid production by microalgae
includes media compositions, irradiance and temperature [106]. Among the different
microalgae species, Schizochytrium limacinum SR21 has been studied the most for its use in
crude glycerol bioconversion [46, 83, 107-109]. The microbial lipid obtained from this strain
was found to be rich in Docosahexaenoic acid (C22:6; DHA), a type of polyunsaturated fatty
acid (PUFA), which is of considerable commercial interest. Chi et al. (2007) reported a
maximum of 33.62% of DHA in the obtained microbial lipid. Schizochytrium limacinum SR21
is also capable of growing in harsh environmental conditions posed by crude glycerol. While
growing in a crude glycerol (23 g/L) containing high concentration of methanol (22.7%) and
soap (3%) and other impurities, this strain was reported to accumulate approximately 65.8 wt.%
of lipid at the end of incubation. O’Gardy and Morgan (2011) and [57] explored the ability of
Chlorella protothecoides UTEX 256 to produce microbial lipid from crude glycerol. Chen and
Walker (2011) also studied the lipid production ability of this strain using batch and fed-batch
fermentation with crude glycerol as carbon source. With batch fermentation 23.5 g/L of biomass
containing 62% of lipid was obtained whereas 45.1 g/L of biomass with 54% of lipid was
obtained when fed-batch was carried out. Even though the lipid content was less when fed-batch
was carried out, the lipid productivity (g/L-day) was higher with this approach. Besides these
two microalgae, Choi and Yu (2015) studied the ability of C. vulgaris (KMMCC-355), B.
braunii (KMMCC-1681) and Scenedesmus sp. (KMMCC-1235) to grow on crude glycerol from
biodiesel industry. The obtained lipid from these strains were predominantly richer in oleic acid,
a monounsaturated fatty acid (MUFA). Such lipid can be fed back into the biodiesel plant as
feedstocks rich in MUFA are quite suitable for biodiesel production [43].

26



However, microbial lipid production using microalgae have some drawbacks such as the need

for phosphorus for their growth, high upfront capital costs, need for considerable large amounts

of land and water and the requirement to maintain temperature conditions [14, 112—-114]. All

together these requirements have made the process less competitive and uneconomical. This

might be one of the reasons for fewer algal strains (compared to yeast and fungus) to have been

studied for microbial lipid production using crude glycerol as a sole carbon substrate. Table 2.5

summarizes the advantages and disadvantages of using oleaginous microbes including

microalgae for the production of microbial lipids from crude glycerol.

Table 2.5. Advantages and disadvantages of utilizing different types of microbes to produce lipids from crude

glycerol
Microbes Advantages Disadvantages
Highest growth rate Very few produce oils suitable for
Involves easy culture method biodiesel productions.
Bacteria Some actinomycetes spp. can accumulate Instead of lipid, most of the bacteria
up to 70% of lipid accumulate complicated lipoid (i.e.
polyhydroxyalkanoates)
Need to b d trolled
Fast grower and produce huge amount of eed 1o be grown undet controtte
bi d livid temperature conditions
romass anc ipid. . Requires phosphorus as a fertilizer which
Utilize carbon-dioxide thus reducing the is becoming scarce
Microalgae ir.een.h 01111 5¢ ﬁases ditions due to thei Relatively high upfront capital costs
url1\i/:ellrllu1:rrsor Cs(l)rrrll llf:(;ﬁfll til::i:ll(l)l larelr Requires a considerable amount of land
structure P and water.
Presently cost of production is too high.
. Can withstand harsh growth conditions F}lamentous fgngl can stick to t'he wall of
Fungi L . - bioreactor during the fermentation.
(molds) Accumulate significant quantity of lipids Slow erowers compared to other
predominantly rich in triacylglycerol g . P
oleaginous microbes
f: i ial . .
Yeast Grows fast and does not require especia More robust strains are required

growth requirements like microalgae
Can accumulate high quantities of lipids
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2.7.2. Fungi

Fungi have the capacity to produce a variety of products. Endophytic fungi are presently being
explored for their ability to produce various useful products [115]. Apart from enzymes,
vitamins, nutraceuticals, primary and secondary metabolites, fungi can produce single cell oil
and low molecular mass hydrocarbons (i.e. mycodiesel) which could be used as alternative
sources of fuels [116-119]. Filamentous fungi can withstand harsher environmental condition
and accumulate high quantity of intracellular lipids. This makes them a suitable candidate to
convert crude glycerol to microbial lipid. Various authors have reported the use of Mortierella
isabellina, Mortierella alpine, Cunninghamella echinulate, Thamnidium elegans, and
Aspergillus niger for the conversion of crude glycerol from biodiesel industry. The lipids
accumulated by these fungal species range between 41.4 to 71.1 wt.%. In shake flask
experiments carried out by Chatzifragkou et al. (2012), Thamnidium elegans CCF 1465 utilized
crude glycerol as a carbon source and was found to accumulate 16.3 g/L of biomass with a lipid
content of 71.1 wt.% [120]. Similarly, certain Aspergillus species have shown to be tolerant to
high concentration of salts and other impurities present in crude glycerol. When Aspergillus
niger LFMB 1 and Aspergillus niger NRRL 364 was grown on a crude glycerol (70 wt.%
glycerol, 12 wt.% of salts, non-glycerol organic material 1 wt.%, methanol 2 wt.% and water
14 wt.%) with higher amount of salts, biomass with lipid content of 57.4 wt.% and 41.4 wt.%
respectively were obtained at the end of fermentation [121]. The obtained lipids were mainly
rich in oleic and linoleic acids which makes them suitable for their use in fuel and food
industries. However, compared to yeast and microalgae, fungi are slow growers. Additionally,
due to the filamentous nature of molds (a type of fungi), they can stick to the walls and probes
of bioreactors and create uncalled for issues during the fermentation and separation of

intracellular lipids [122].

2.7.3.Yeast

Yeasts are a type of single cell fungus which are widely distributed in natural environment and
are capable of growing in under extreme environmental conditions such as low temperature and
low oxygen levels [123]. Many yeasts have been reported to accumulate significant quantities
of lipids (more than 20%) and are thus considered to be oleaginous microbes. Yeasts can grow

faster than other group of fungus (mainly molds) thus enhancing the lipid productivity. They do
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not require special growth conditions like algae (requirement of light source and phosphorus)
which can be expensive. Various oleaginous yeasts belonging to the genera Yarrowia, Candida,
Rhodotorula, Rhodosporidium, Cryptococcus and Lipomyces have been studied for their ability
to use crude glycerol as a carbon source. Cells containing a lipid up to 69.5 wt.% have been
reported for Rhodosporidium toruloides AS2.1389, while growing in a crude glycerol [124].
Liang et al. (2010) used Cryptococcus curvatus ATCC 20509 to consume crude glycerol
containing glycerol, soap, methanol, and water in the percentages of 48.7, 3.0, 22.7, and 25.6
wt.% respectively [52]. In order to reduce the effect of impurities (present in crude glycerol) on
the growth of this strain, experiments were carried out in a two-stage fed -batch operation. At
the end of 12 days, 32.9 g/L of biomass containing 52 wt.% of lipids were obtained.
Furthermore, Yarrowia lipolytica QU 21, Trichosporondoides spathulata JU4-57, Lipomyces
starkeyi DSM 70296, Candida spp. LEB-M3, Trichosporon fermentans CICC 1368,
Trichosporon cutaneum AS 2.0571 and Kodamaea ohmeri BY4-523 have been studied for their
abilities to produce lipids from crude glycerol as a carbon source [125-129]. Recently, we
reported a robust yeast strain, Rhodosporidium toruloides ATCC 10788, capable of growing on
crude glycerol with high concentration of soap (32.97 wt.%) and methanol (13.86 wt.%) to
produce 21.16 g/L of biomass containing 53.28 wt.% of lipid at the end of 7 days [43]. The lipid
obtained was predominantly rich in oleic acid (47.16 %), making it suitable for its use in
oleochemical and polymer industries. After a few initial experiments with other organisms, we
decided to work with this species in our studies. Different oleaginous microorganisms capable

of utilizing crude glycerol to produce lipid has been listed in Table 2.6.
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Table 2.6. Biomass and lipid concentration of various oleaginous microbes grown on crude glycerol as a carbon source

Biomass concentration

Strains Microbes type Culture mode (/L) Lipid content (wt.%) References
Rhodosporidium toruloides NRRL Y-27012 Yeast Shake flask 30.1 40.0 [127]
Rhodosporidium toruloides AS2.1389 Yeast Batch 26.7 69.5 [124]
Cryptococcus curvatus ATCC 20509 Yeast Fed batch 32.9 52.9 [52]
Yarrowia lipolytica QU 21 Yeast Shake flask 3.85 22.1 [125]
Trichosporondoides spathulata JU4-57 Yeast Fed batch 13.8 56.4 [126]
Lipomyces starkeyi DSM 70296 Yeast Shake flask 344 359 [127]
Candida sp. LEB-M3 Yeast Shake flask 19.7 50.2 [128]
Trichosporon fermentans CICC 1368 Yeast Shake flask 16.0 324 [129]
Trichosporon cutaneum AS 2.0571 Yeast Shake flask 17.4 322 [129]
Kodamaea ohmeri BY4-523 Yeast Shake flask 10.3 533 [126]
Rhodosporidium toruloides ATCC 10788 Yeast Shake flask 21.16 53.28 [43]
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Mortierella isabellina ATHUM 2935

Cunninghamella echinulate ATHUM 4411

Thamnidium elegans CCF 1465

Mortierella alpine LPM 301

Aspergillus niger LFMB 1

Aspergillus niger NRRL 364

Schizochytrium limacinum SR21

Schizochytrium limacinum SR21

Chlorella protothecoides UTEX 256

Scenedesmus sp. KMMCC-1235

Botryococcus braunii KMMCC-1681

Fungus

Fungus

Fungus

Fungus

Fungus

Fungus

Microalgae

Microalgae

Microalgae

Microalgae

Microalgae

Shake flask

Shake flask

Shake flask

Shake flask

Shake flask

Shake flask

Shake flask

Batch

Batch

Batch

Batch

8.5

7.8

16.3

15.6

54

8.2

13.1

18.0

23.5

60.0

57.82

51.7

25.6

71.1

333

57.4

41.4

71.1

51.0

62.0

16.24

16.41

[92]

[93]

[120]

[130]

[121]

[121]

[46]

[107]

[57]

[111]

[111]
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2.7.4. Biochemistry of lipid production

Even though there are similarities in fatty acid biosynthesis pathway among eukaryotes, there
are some crucial differences between oleaginous and non-oleaginous organisms. The
biochemistry of lipid accumulation within the oleaginous fungus and yeasts are quite similar.
However, in microalgae, a slight difference in lipid accumulation mechanism exists. Details on
pathways for algal oil production has been discussed in literature [131-133]. Here, we will

discuss the mechanism of lipid production in oleaginous yeasts and fungus.

Oleaginous and non-oleaginous microbes mainly differ in their ability to direct the consumed
carbon source towards the production of lipid at nutrient limited condition, mainly nitrogen
[134]. When oleaginous microbes are grown in a media with excess of carbon but nitrogen
limited conditions, it continues to assimilate available carbon source and directs it towards the
production of lipids. However, a non-oleaginous organism under similar growth conditions
would either stop further proliferation of cells or directs the excess carbon towards the
production of polysaccharides such as glycogen, glucan and mannans but not towards lipids.
Oleaginous microbes usually possess two main attributes [105, 134, 135] :
I.  They should continuously produce Acetyl-CoA (a precursor for fatty acid synthesis) and
II.  Have sufficient supply of NADPH reductant from malic acid or similar alternative NADPH

generating sources.

In case of oleaginous microbes, isocitrate dehydrogenase, a component of TCA cycle, is
uniquely dependent on adenosine monophosphate (AMP). The concentration of AMP is
regulated by the activity of enzyme known as AMP deaminase. Under nitrogen limited
condition, as there is no nitrogen source in the media, the cell tries to get the nitrogen source (in
the form of ammonia) from within the cell by converting AMP into inosine monophosphate
(IMP) and free ammonia. This reduces the amount of AMP in the cytosol and mitochondrion
[136]. Due to reduction in the amount of AMP, the activity of isocitrate dehydrogenase (which
is linked to the presence of AMP) also decreases, thus leading to a higher accumulation of
isocitrate in the TCA cycle (inside mitochondrion). The higher amounts of isocitrate equilibrate
with the citrate making a higher concentration of citric acid across the mitochondrion. This then

enters the cytosol and is cleaved by ACL to give acetyl-CoA and oxaloacetate. In this manner,
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the cell constantly receives acetyl-CoA which then enters the fatty acid biosynthesis pathway

[134—-136]. A simplified schematic diagram of this process is shown in Fig 2.3.

Under nitrogen limited
condition

AMP gets converted to IMP and
free ammonia

1

AMP concentration reduced in
cytosol and mitochodrion

~z

Isocitrate Dehydrogenase activity
reduced in TCA cycle inside
mitochondrion

Ly

Excess amount of Isocitrate inside
mitochondrion

~z

Excess Isocitrate enters cytosol and
gets cleaved to Acetyl CoA and
Oxaloacetate

U

Acetyl CoA enters fatty acid
biosynthesis pathway

Fig 2.3. Schematic diagram to show the continuous production of Acetyl-CoA by oleaginous yeast and fungi under
nitrogen limited conditions

Generally, malic enzyme present in most oleaginous microbes are responsible for continuous
supply of NADPH required during fatty acid biosynthesis. NADPH is an essential reductant in
fatty acid biosynthesis and is used to reduce 3-keto- fatty acyl group produced by condensation
reaction between acetyl-CoA with malonyl-CoA. NADPH is produced by malic acid by
converting NADP" into pyruvate, carbon dioxide and NADPH. However, malic acid is absent
in some of oleaginous microorganisms (such as Lipomyces spp. and Candida spp.). Under such
circumstances, it is believed that NADPH is produced by alternative NADPH generating
enzymes such as cytosolic NAPDH-dependant isocitrate dehydrogenase [134]. The end-product
of fatty acid biosynthesis is commonly saturated C16 or C18 which is then modified into various

unsaturated and polyunsaturated fatty acids through a series of activities of elongases and

33



desaturases enzymes [136]. Palmitic (C16:0), stearic (C18:0), oleic (C18:1) and linoleic acid
(C18:2) are the common fatty acids present in lipid obtained from oleaginous microbes [134,
136]. Conversion of C16:0 to C18:0, C18:0 to C18:1, C18:1 to C18:2 are catalyzed by enzyme

elongase, A9 desaturase and A12 desaturase respectively [134].

2.7.5. Fatty acids profile of microbial lipids

The lipids produced by microbes vary widely depending on the types of species and strains
used. The commercial applications of lipids obtained from oleaginous microbes depend on the
fatty acid composition of the obtained lipids. Triacylglycerol (TAG) is the most common lipid
obtained from most of the oleaginous microbes as it is a primary storage form of carbon and
energy [137]. In oleaginous microbes two type of lipids are mainly present i.e. polar and non-
polar (neutral). Polar lipids mainly make up the extracellular components of these organisms
[137, 138] and store energy in the form of neutral lipids, which are found to be suitable for
biodiesel production [105, 139]. The amount and types of neutral lipids accumulated by these
microbes also varies with species, strain and culture conditions. For example, in oleaginous
yeast, TAG and/or sterol esters (SE) are the primary neutral lipids accumulated inside the cell,
whereas in specific types of bacteria and archaea, smaller amounts of TAG are accumulated,
with polyhydroxyalkanoates (PHA) being the major compound produced [105]. Similarly,
oleaginous microalgae contain both neutral and polar lipids. Under stressed conditions, certain
microalgae can convert polar lipid to its neutral form [137]. Fatty acids present in the microbial
lipid range from lauric acid (C12:0) to docosahexaenoic acids (C22:6). However, as mentioned
in section 2.7.4., the major fatty acids present include palmitic (C16:0), stearic (C18:0), oleic
(C18:1) and linoleic acid (C18:2). Generally, lipids obtained from yeast and fungus are rich in
polyunsaturated fatty acids with oleic (18:1), linoleic (18:2) acids and palmitoleic acids (C16:1)
being the common constituents [14]. Certain strains of microalgae can accumulate lipid richer
in eicosapentaenoic acid (C20:5; EPA) and docosahexaenoic acid (C22:6; DHA) which have
high nutritional value [140, 141]. Table 2.7 shows the fatty acids compositions of lipid obtained

from crude glycerol using different oleaginous microbes.
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Table 2.7. Fatty acid composition of lipids obtained from various oleaginous microbes using crude glycerol as carbon source and comparison with vegetable
oils

Name Type % C16:0 % Cl16:1 % C18:0 % C18:1 % C18:2 % C18:3 % Others References

Rhodosporidium yeast 20.1 . 127 55.3 1.9 . . [125]

Rhodosporidium
Z’g‘g‘ig‘igg Yeast 29.2 - 13.9 414 10.4 2.9 2.2 [124]

Rhodosporidium
toruloides

NRRL Y-27012 Yeast 354 - 12.2 44 2.4 - 6 [127]

Cryptococcus
curvatus ATCC Yeast 23 0.9 16.7 39.6 15.2 0.66 3.94 [52]
20509

Yarrowia
lipolytica QU Yeast
21

15.52 5.49 17.49 52.52 6.49 - 2.49 [142]

Trichosporondo
ides spathulata Yeast 35.1 2.1 7.5 41.1 11.2 - 3.0 [126]
JU4-57

Trichosporon
fermentans Yeast 273 - 11.1 46.8 12.2 - 2.6 [129]
CICC 1368
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Trichosporon
cutaneum AS
2.0571

Candida sp.
LEB-M3

Rhodosporidium
toruloides
ATCC 10788

Mortierella
isabellina
ATHUM 2935

Mortierella

ramanniana
MUCL 9235

Thamnidium
elegans CCF
1465
Mortierella
alpine LPM 301

Schizochytrium
limacinum SR21
Botryococcus

braunii
KMMCC-1681

Scenedesmus sp.

KMMCC-1235

Palm

Yeast

Yeast

Yeast

Fungus

Fungus

Fungus

Fungus

Microalgae

Microalgae

Microalgae

Vegetable
oil

24.6

19.2

24.39

22.0

21.6

23.1

15.3

54.70

13.23

15.04

42.70

7.45

4.2

4.1

2.49

2.10

12.6 47.1

3.73 56.43

16.38 47.16

43 50.0
4.1 48.8
5.1 553
21.1 14.4
1.04 -
5.84 48.36
2.85 47.05
2.13 39.37

13.9

9.15

12.05

16.7

19.3

9.9

41.4

19.73

17.65

10.62

0.85

3.7

5.1

24

53

7.03

11.12

0.21

1.9

3.2

0.02

1.1

0.1

3.1

44.26*

3.32

4.19

4.97

[129]

[143]

[92]

[144]

[120]

[130]

[107]

[111]
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Vegetable

Canola o 3.75 0.21 1.87 62.41 20.12 8.37 3.27 [43]
Corn Veg(fitf‘ble 10.34 - 2.04 25.54 59.27 1.07 1.74 [43]
Olive Veg(fitf‘ble 11.8 15 2.7 742 8.5 0.7 0.6 [143]

Sunflower Vegetable 6.2 0.1 3.7 25.2 63.1 0.2 1.5 [145]

oil

*5.16% Myristic acid (C14:0) + 5.48% Docosapentaenoic acid (C22:5; DPA) + 33.62% Docosahexaenoic acid (C22:6; DHA)
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2.7.6. Methods of lipid extraction from cell biomass

Separation of lipids from cell biomass consist of two steps (i) cell disruption and (ii) extraction.
Several researchers have explored different mechanical and non-mechanical cell disruption
methods to extract lipid from biomass [146]. Use of mechanical methods such as bead milling,
homogenization, ultrasonication and non-mechanical methods such as osmotic shock,
microwave treatment, drying, use of acids and enzymes have been previously reported [147—
153]. Similarly, extraction using classical methods, pressurized method and supercritical fluids
have been studied [154—157]. Details of these methods are discussed in a recent review [146].
The most commonly used extraction techniques to obtain lipid from cell biomass will be
discussed here. These include Soxhlet extraction, Folch et al. extraction and Bligh-Dyer method

for lipid extraction.

The Soxhlet extraction method is a classical technique used to obtain lipid from microalgae and
yeast biomass [135, 158—160]. This method requires a Soxhlet apparatus which is suitable for
solid-liquid extraction. The extraction takes place by continuous washing of the sample by an
extractant. Use of Soxhlet extractor is one of the oldest methods to extract lipids. However, the
methods reported by Folch et al. (1957) and Bligh and Dyer (1959) to extract lipids from
biological sources including oleaginous microbes are also gaining acceptance [161, 162]. In
1957, Folch et al reported a method to extract lipid from animal tissues. The method makes use
of chloroform, methanol and water mixture (8:4:3) as an extraction solvent to obtain lipid from
a homogenised sample. The ratio of sample to extractant was 1:20 [161]. This method was
adapted and modified by various authors to extract lipid from different sources [135, 156]. Bligh
and Dyer (1959) suggested another important alternative method for the extraction of lipid from
biological sources [143, 162, 163]. The method is similar to Folch et al. (1957) but uses different
ratios of chloroform, methanol and water. It also uses smaller amounts of sample to solvent ratio
compared to the Folch et al (1957) method. In the Bligh and Dyer (1959) method, the sample
needs to have 80% of water and thus water can be added to obtain the required ratio [135, 162].
The method makes use of chloroform, methanol and water in the ratio of 2:2:1.8 (after dilution
of sample). The ratio of sample to solvent used during extraction is lowered to 3 as compared

to 20 in case of Folch et al.’s method, thus reducing the amount of solvent used [135, 156].
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2.7.7. Hurdles in commercial production of microbial lipid from crude glycerol

One of the major problems in commercial production of microbial lipids from crude glycerol is
the variation in crude glycerol composition. As discussed above (section 2.4), the chemical
composition of crude glycerol differs from batch to batch and amongst different biodiesel
producers. Hence, a suitable method for crude glycerol obtained from one biodiesel producer,
might have to be re-tuned for crude glycerol from another source. Secondly, fluctuating prices
of vegetable oils and fossil based resources have a huge impact on the economics of production
of microbial lipid from biodiesel derived crude glycerol. However, with the increase in demand
of energy and food to meet the need of the growing world population, the prices of fossil fuel
and vegetable oils is expected to grow immensely in the coming years [164, 165]. Under such
circumstances, microbial lipids will certainly be a useful alternative to vegetable oils for

biodiesel production.

Another major problem in microbial lipid production from crude glycerol is the low productivity
due to lack of robust oleaginous strain that can withstand impurities present. Such problems
could be solved by screening or adapting for more robust oleaginous strains or through the

development of genetically engineered species, metabolic engineering and molecular biology.

2.7.8. Potential applications of microbial lipids

Lipids obtained from various microbial sources can be used as feedstocks in biodiesel industries,
oleochemical industries, food and pharmaceutical industries. Some of the oleaginous yeast
strains have been found to withstand the inhibiting effect of impurities present in crude glycerol
and accumulate considerable quantity of lipids. We reported a strain of Rhodosporidium
toruloides which can grow in crude glycerol media containing as high as 13.83% wt. of
methanol and 32.97 wt.% of soap. The strain was reported to accumulate ~53.26 wt.% of lipid.
In the referred publication, we have also discussed the unique ability to consume some of the
impurities present in crude glycerol as a carbon source [43]. Similarly, Liang et al (2010)
reported the ability of Cryptococcus curvatus ATCC 20509 to grow in crude glycerol and
accumulate up to 52 wt.% of lipids in a two-step fed batch process [52]. Methanol present in
crude glycerol did not have much inhibitory effect on this strain. The obtained lipids were found

to be rich in monounsaturated fatty acids, thus making them suitable for use in biodiesel
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production [48, 52]. Similarly, Duarte et al. (2013) [128], Saenge et al. (2011) [166],
Chatzifragkou et al. (2011) [120] and Chen and Walker (2011) [57] have reported the use of
Candida spp. (yeast), Rhodotorula glutinis TISTR 5159 (yeast), Thamnidium elegans CCF
1465 (fungi) and Chlorella protothecoides UTEX 256 (microalgae) respectively to convert

crude glycerol to lipids suitable as biodiesel feedstocks.

Lipids from various microalgae and fungi are mostly rich in polyunsaturated fatty acid (PUFA)
which makes them suitable for their use in food and pharmaceutical industries. Chatzifragkou
et al. (2011) reported the ability of 7. elegans CCF 1465 to produce lipid rich in linolenic acid
(GLA), a type of PUFA [120]. The fungal strain was able to consume 90 g/L of crude glycerol
and produce 371 mg/LL of GLA. Similar abilities have been reported for certain strains of
Cunninghamella and Mortierella [93]. Using crude glycerol as a substrate, Cunninghamella
echinulata  ATHUM 4411 and Mortierella isabellina ATHUM 2935 were able to produce 190
mg/L and 116 mg/L of GLA respectively [93]. Bioconversion of crude glycerol to
docosahexanoic acid (DHA) using Schizochytrium limacinum SR21 and eicosahexanoic acid
(EPA) using Pythium irregular have been reported by Chi et al. (2007) [107] and Athalye et al.
(2009) [167] respectively. Both DHA and EPA are types of omega-3 fatty acids. Omega-3 fatty
acids are a type of PUFA which provides health benefits to the people suffering from cancer,
Alzheimer’s and cardiovascular disease. Similarly, inclusion of DHA in infant’s diets is very
important to ensure their normal development [146]. At present, fish oil is the major source of
DHA and EPA [168]. Thus, production of PUFA from algal and fungal source could be of great

interest for vegetarians across the globe.

As mentioned previously, the lipids obtained from oleaginous microbes are chemically similar
to vegetable oils. Thus, their potential use as an alternative to vegetable oil to produce
biopolymer has also been explored. Petrovi¢ et al. (2013) [100] and Pawar et al. (2016) [99]
reported the conversion of algal oil to polyols suitable for polyurethane production. Conversion
of crude glycerol into microbial lipid using R. toruloides ATCC 10788 and its subsequent
conversion to polyurethane has been successfully carried out in our lab [101]. Thus, microbial
lipid produced from cheaper substrate such as crude glycerol is of commercial interest as it has

number of possible applications.
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2.8. Present and future scope of conversion of crude glycerol to microbial lipid

Very few companies are involved in the commercial production of microbial lipids from any
carbon sources. Commercial production of PUFA as an alternative to expensive evening
primrose oil began in 1985 using Mucor cicinelloides [134]. However, the process became cost-
inefficient and the company had to shut down six years down the line. This might be one of the
reasons why many industries are still apprehensive about commercial production of microbial
oil. Additionally, the fluctuating prices of agriculture products and oleaginous chemicals are
also factors which deter companies from investing on research in single cell oil production. At
present, most of the companies working towards the production of microbial lipids have focused
their interest on using algal strains and glucose as a carbon source. However, use of glucose as
a starting material makes the overall process economically inefficient [170]. Hence, cheap
alternative feedstocks should be used to make the process commercially feasible. Some of the

companies working towards the production of microbial lipids are listed in Table 2.8.

Table 2.8. List of some of the algal fuel producers and technology providers across the world

Name Company Type Location References
Neste Oil Microbial lipid producer Finland [171]
British Algoil Technology provider Britain [172]
Produces food, feed, cosmetics and
Buggypower nutraceuticals from algal biomass Portugal [173]
Pond Biofuels Technology provider Canada [174]

Algal oil with customized properties

Algaeneers Inc. Canada [175]
Producer of algae pellets, oil and

Algae Farms briquettes Greece [176]

Sapphire Energy Algal oil producers USA [177]

The search for alternative sources of carbon such as glycerol from biodiesel industry, cellulose

from lignocellulosic biomass and waste have been explored by different researchers [178].
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However, most experiments have been restricted to a lab scale. Considerable research involving
the genetic manipulation at molecular level is also being done at present [179-182]. However,
no work has reached the commercial scale. This can be due to insufficient understanding of
microbial lipid production and control at a molecular level. However, with more researchers
focusing on ways to control the biochemical pathways of these oleaginous strains [104, 183—

185], the scenario is expected to change in the near future.

At present, compared to the use of microbial lipid, vegetable oils feedstocks for biodiesel
production is cost effective. However, the price of lipids from plant and animal keeps fluctuating
[186]. Recently, the cost of vegetable oils has increased and is expected to increase even further
in the future [164]. There will be a competition between vegetable oils for food and biodiesel
production. When that situation arises, the use of microbial lipid as an alternative to vegetable
oils will certainly become feasible. Additionally, with the increasing demands of fuels across
the world and the deterioration of climate due to use of fossil fuels [43], biodiesel production is
expected to grow in the future as well. Under such circumstances, lipids from microbes will be

required to meet the demand.

Furthermore, cost of microbial lipids production depends on various factors including type of
species used, obtained biomass concentration and lipid content within such biomass [187]. The
selection of either algae, fungus or yeasts to produce such oils with regards to economics will
depend on the environmental condition in which it is proposed to be produced. For instance, in
cold countries like Canada, oil production from algal biomass might be expensive as such
process must be undertaken in closed photo-fermenters. Both the installation and running cost
of such equipment are very expensive when compared to the growth requirements of yeast based
system [ 187, 188]. However, if we think of tropical countries like India, Brazil and certain parts
of USA, it would be better idea to produce oil from algal biomass than from other microbes as
open race-track cultivation of such microbes may be cheap and feasible. There is a need for
techno-economic evaluation of oil production from microbes using crude glycerol as a carbon
source to be carried out taking these parameters into account. Assessment of economic
feasibility of microbial oil production using glucose as a carbon substrate has been done by

Koutinas et al. (2014) [170] and Ratledge and Cohen (2008) [189]. The result showed
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commercial production from glucose to be economically non-feasible. However, the authors
also support the idea of its production from cheaper feedstocks such as crude glycerol, waste
effluents, lignocellulosic biomass, etc. as they are likely to make the process commercially
viable. It is worthwhile mentioning that all such work takes into account phase out of fossil

fuels due to its effect on the environment in the short term and its depletion in the long term.

2.9. Summary

Due to increased biodiesel production, crude glycerol has started to accumulate in large
quantities. Conversion of crude glycerol has become important both from an economic and
environmental point of view. Bioconversion of crude glycerol into microbial lipids is one of the
options to valorize crude glycerol. Various fungus, yeast and microalgae have been explored
for their ability to convert crude glycerol to lipids. Crude glycerol from different biodiesel
industries varies in their chemical compositions. Besides, this by-product also contains
methanol, soap and salts as major impurities. The impurities present in crude glycerol inhibit
the growth of microorganisms used for lipid production. This subsequently reduce the overall
lipid produced from the crude glycerol used. Thus, a robust strain capable of growing in crude
glycerol with varying concentrations of impurities is important for biodiesel producers.
Microbial lipids obtained from crude glycerol have various applications in food, pharma and
oleochemical industries. Most of the studies carried out in the past focus on the conversion of
microbial lipid into biodiesel. Recently, use of such lipid for the production of polyols and
subsequent conversion to bioplastics have also been explored. Currently, microbial lipid from
crude glycerol cannot compete with vegetable based oils as a feedstock for biodiesel. However,
with the increasing cost of vegetable oil and rising demands for biodiesel production, there is a
possibility of spiraling increase in vegetable oil prices. The use of alternative resources for

vegetable oil will then be needed to bridge the gap.
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Abstract

Transesterification of vegetable oils or animal fats with methanol in the presence of catalysts
produces fatty acid methyl esters (FAME) and glycerol as a co-product. This study was focused
on a comparative study of the transesterification of refined, bleached and deodorized palm oil
(RBD palm oil) using a heterogeneous catalysts CaO with and without y -alumina (y-Al,0O3) as
a support. The results were also compared to that using sodium hydroxide (NaOH), which is a
homogenous catalyst. Parameters like the amount of catalyst, the molar ratio of methanol to oil,
reaction time and reaction temperature that affect methyl ester and glycerol formation were
analyzed and the optimum conditions were determined. The FAME and glycerol content
(96.75% and 92.73% respectively) obtained using CaO were lower in purity compared to that
using CaO/Al,03 (97.66% and 96.36% respectively). In the second phase of our work, wood
ash from two different sources (birch bark & flyash from a biomass based power plant), which
were calcined at 800 °C were studied for their potential use as a cheap renewable alternative
heterogeneous catalyst. Both the wood ash samples were found to have good potential for use
in such production process, but needs to be optimized further to obtain biodiesel which meets
fuel biodiesel specifications. Both CaO and CaO supported on alumina produces FAME to
levels that meet the fuel specifications required for blending with diesel. However, the latter
produces a purer form of byproduct glycerol that can be easily be converted to value added
products, without the need for purification. On this basis, the supported catalyst is recommended
for use in industry as it can add to profits in integrated plants which produces biodiesel and

simultaneously uses the byproduct glycerol for value added products.
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3.1. Introduction

Biofuels and renewable forms of energy are being developed to substitute conventional fossil
fuels due to the finite nature, fluctuating costs and climate effects of the latter. Biodiesel has
attracted considerable attention as it offers several advantages. It is a mixture of fatty acid alkyl
esters derived from renewable feedstock such as vegetable oils or animal fats. Although there
are several methods to produce biodiesel, fatty acid methyl esters (FAME) are commonly
produced by the transesterification of triglycerides with alcohol. The resultant product has
physical and chemical characteristics similar to petroleum based diesel. Therefore, biodiesel
can be used in diesel engines without further modification [1]. The advantages of biodiesel over
conventional diesel fuel include a high flash point, high cetane number, low viscosity, high
lubricity, biodegradability, and environmentally friendly nature as it emits lower levels of

carbon monoxide and sulfur dioxide [2].

Transesterification reactions for fatty acid alkyl ester formation can be catalyzed by acids, bases
and enzymatic catalysts. Glycerol is produced as a co-product to a level of 10% (w/w) of the
biodiesel produced [3]. With the increase in production of biodiesel over the years, there is a
simultaneous accumulation of huge amounts of glycerol (also known as crude glycerol) which
contains considerable amounts of impurities. Purification of crude glycerol into pharmaceutical
and technical grade glycerol is an expensive process and is not commercially feasible for small
and medium sized biodiesel industries [3—5]. Additionally, direct conversion of crude glycerol
into value added products is hindered by the presence of toxic impurities. An alternative
biodiesel production process which produces purer glycerol together with biodiesel which meets
fuel specifications is very important for the biodiesel industry [3, 4, 6]. This can bring larger
profits to the overall biodiesel production process by cutting the cost involved in the
downstream processing and make possible the use of glycerol to produce various value added

products.

Conventionally, sodium or potassium hydroxide and alkoxides are the common homogenous
base catalysts used in this reaction under mild conditions and results in high yields of methyl
esters in short reaction times [7]. However, its solubility in the reaction medium leads to

formation of soap via saponification which is a serious problem because it reduces biodiesel
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yield, consumes catalysts and causes significant difficulties in product separation and
purification [8]. The use of acids such as sulfonic acid, sulfuric acid and hydrochloric acid as
catalysts in biodiesel production can eliminate soap formation from free fatty acid. But the rate
of reaction is slower than the use of basic catalysts and also needs high reaction temperatures
[9-11]. Enzymatic reaction is highly specific and chemically clean, however the production of
a lipase catalysts are considerably costlier compared to a chemical catalyst [10]. Therefore,
heterogeneous alkali catalysts are being studied to overcome these problems. The latter can be
easily separated, reused and regenerated due to their low solubility and consumption in the
reaction. However, heterogeneous catalysts also have some drawbacks such as mass transfer
limitation, low active sites availability for catalyst reaction and in some cases, they leach into
the reaction media. In order to address these issues, various types of catalyst supports (mainly
alumina, silica, zinc oxide and zirconium oxide) have been used for biodiesel production [7,
11-13]. Alumina, is the most commonly used catalyst support for biodiesel production because
of its enhanced thermal and mechanical stability, high specific surface area (as high as 300
m?/g), large pore size (5-15 nm), large specific pore volume (0.6 cm?®/g) and ability to be shaped
into pellets and extruded. In general, attaching catalysts to a support, like alumina, increases
surface area and number of pores for active species. This minimizes the diffusion limitations, a
major problem with the use of heterogeneous catalyst, thus improving the rate of reaction [14].
In comparison to the unsupported CaO catalyst, the composite catalyst (CaO/Al>O3) has a larger
specific surface areas and more active sites and pores. This facilitates the attachment of large

triglyceride molecules with the active catalyst species [14].

This study involves biodiesel production starting from refined, bleached and deodorized palm
oil (RBD palm oil) by transesterification using heterogeneous catalyst with and without support.
The optimum conditions were determined taking into account the conversion to methyl esters,
glycerol yield and purity. The quality of biodiesel produced was then evaluated to see if it meets

the specifications of commercial biodiesel.

Calcium oxide (a solid heterogeneous catalyst) has a high basicity, low solubility, low price
and is easy to handle. However, the transesterification reaction it catalyzes is inadequate for

practical applications due to mass transfer limitations as mentioned above [13, 15]. Aluminum
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oxide has been widely used as a support in catalysis processes and many researchers have tried
to attach various compounds, including calcium oxide, for the efficient production of biodiesel
[16]. However, little work involving a comparative study of calcium oxide and calcium oxide
attached to y- alumina under similar reaction conditions has been reported, in spite of the known
advantages of attached catalyst. In our study, the results from these two catalysts have also been

compared to sodium hydroxide, a homogeneous catalyst.

Additionally, we also explored the possibility of utilizing wood ash from two different sources
(birch bark and flyash from a power station) as a cheaper alternative heterogeneous catalyst to
carry out the transesterification reaction. Ash from birch bark is considered an alternative source
of calcium oxide and magnesium oxide as they are present in higher levels compared to other
woody plants [17, 18] . Utilization of ash from birch bark can serve as a reusable catalyst that
is widely available in Canada and various other parts of the world. Flyash acquired from Ontario
Power Generation Inc. (Canada) was utilized to convert triglyceride into biodiesel in our
experiments. This is one of world’s first power plants that has been retrofitted from a coal based
unit to biomass-fueled power generation plant. Every year it produces large amount of flyash,
which can serve as a cheap catalyst. Flyash has limited large scale applications besides being
used as a soil stabilizer [19, 20]. Hence, utilization of this flyash would be of economic
importance for the biodiesel industry. Finally, this paper also tries to make a case, that if a higher
purity byproduct glycerol stream can be produced, then it can be used on-site to produce higher

value products and increase profits of an integrated plant.

3.2. Materials and methods

3.2.1. Materials

The vegetable oil used in this research study was refined, bleached and deodorized (RBD) palm
oil which was obtained from Oleen Company Limited, Bangkok, Thailand. The properties and
fatty acid composition of the palm oil as provided by the supplier is tabulated in Table 3.1 and
3.2 below. All the chemicals used in this work were of analytical reagent grade and obtained
from Sigma Aldrich, Fisher Sci & Merck. Sample analyses were performed in duplicates and

percentage errors were expressed as mean = standard deviation.
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Table 3.1. Properties of Refined, Bleached and Deodorized (RBD) palm oil used in this study

Properties Unit Limits Method RBD palm oil
Density at 15 °C? kg/m? 860 min. and 900 ASTM D 1298 910
max.
Kinematic Viscosity® cSt 3.5 min. and ASTM D 445 44.5155
5.0 max.
Free fatty acid % 0.1% max. A.0.C.S Ca 5a-40 0.06

(as palmitic acid)®

Peroxide value® meq/kg 2.0 max. A.0.C.S Cd 8-53 0.56
Moisture and impurities® % 0.10% max. A.O0.C.S Ca2c-25 0.03
Todine value® - 50-55 A.0.C.SCd 1-25 51.57

2 European standard specification for biodiesel fuel in EN 14214-2003; ® Thai industrial standards for palm oil in TIS 288-2521

Table 3.2. Fatty acid composition of Refined, Bleached and Deodorized (RBD) palm oil (Oleen, Co., Ltd)

Fatty acid Chemical Structure Molecular weight of fatty acid Wt.%
Caprylic acid C 8:0 144.21 0.0143
Capric acid C 10:0 172.26 0.0158
Lauric acid C 12:0 200.31 0.2068
Myristic acid C 14:0 228.36 0.8312
Palmitic acid C 16:0 256.42 44.0902
Stearic acid C18:0 284.47 4.7035
Oleic acid C18:1 282.47 30.0319
Linoleic acid C 182 280.77 10.6056
Linolenic acid C 183 278.43 0.1991
Arachidic acid C20:0 312.53 0.3023
Total fatty acid 100.0007
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3.2.2. Preparation of catalyst

Calcium oxide (CaO) supported on alumina (y-Al.O3) was prepared using an impregnation
method of an aqueous solution of calcium acetate on alumina support as reported by Zabeti et
al. (2009) [1] . In this method [1], y-alumina in powder form was preheated to 600 °C for 1 h to
remove absorbed water. It was then added to 100.54% (w/v) solution of calcium acetate
precursor in distilled water. The mixture was stirred for 4 h at 60 °C. The obtained slurry was
heated overnight in an oven. Prior to its use in the transesterification reaction, CaO/Al.O3 was
calcined in furnace at 718 °C for 5 h. Similarly, pure CaO was prepared by calcination at 600
OC for 4 h.

Birch bark obtained from Trowbridge Falls Park (Canada) was cleaned with water and dried at
80 °C for 24 hours in an oven. After 24 hours, dried bark was burnt to obtain ash. Similarly,
flyash from burnt wood pellets was obtained from Ontario Power Generation Inc., Atikokan,
Ontario (Canada). Both these ash powder were calcined at 800 °C for 4 hours before they were

utilized to catalyze the transesterification of palm oil [21].

3.2.3. Catalyst characterization
X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) analysis techniques were
used to characterize prepared CaO/y-Al>Os3 catalysts.

3.2.4. X-ray diffraction (XRD)

The X-ray diffraction technique was utilized to characterize and identify the internal structure,
bulk phase and composition in crystalline phase of CaO/y-Al,Os catalysts. The prepared catalyst
was analyzed at XRD/XRF X-ray Techniques Laboratory, Analysis and Testing Research Unit,
National Metal and Materials Technology Center (MTEC), Thailand. A JEOL JDX-3530 theta-
2theta X-ray diffractometer equipped with CuK, radiation (4 = 1.5406) was used as an X-ray
source with an acceleration voltage of 30 kV and beam current of 40 mA. A detector scanned
the X-ray reflection from the sample as a function of 20 angle between 10° to 80° using 0.02°
step angle and 1.0 s. counting time at each angle step with D-, R- and S-slits at 1°, 0.2 mm and

1°, respectively.
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3.2.5. Scanning electron microscopy

A scanning electron microscopy (SEM) was utilized to identify the microstructure and capture
images of catalyst morphology. The prepared catalysts and catalyst support were placed on a
stub and coated with gold in a sputtering device before being observed by the SEM, PHILIPS
XL 30 CP at the Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn
University, Thailand.

3.2.6. Transesterification of oil using heterogeneous catalyst

The transesterification of RBD palm oil using CaO or CaO/Al>O; was carried out in a 250 ml
two-necked round bottom flask equipped with reflux condenser and thermometer. 50 grams of
RBD palm oil was weighed in the flask, which then was immersed in a constant temperature
water bath and heated to the desired temperature. Known amounts of methanol and catalyst
were mixed in a beaker for 5 minutes and then added into the reactor which was stirred using a
magnetic stirrer for the desired reaction time. Subsequently, the reaction mixture was immersed
in a room temperature (25 °C) water bath to stop the reaction and solid catalysts were removed
from the mixture by centrifugation and filtration. The reaction mixture was then evaporated to
remove excess methanol under vacuum in a rotary vacuum evaporator. The obtained
transesterified product was transferred to a separating funnel and allowed to stand overnight to
allow complete separation of methyl ester and glycerol phases. The glycerol phase (bottom
phase) was drawn off first. The methyl esters (top phase) was washed with warm distilled water
at 50 °C several times, until the wash-water was clear. Finally, the remaining water in the
product was removed by adding 20 wt.% anhydrous Na>SOj4. A similar procedure was used with

birch wood ash and flyash from burnt wood pellets.

3.2.7. Analysis of biodiesel and glycerol

The methyl esters were analyzed by using a Gas chromatograph (Thermo Scientific, Trace 1300
model) equipped with a Flame Ionization Detector (FID) and a polar column (TG WaxMS A;
30 m x 0.25 pm x 0.25 pm). Analysis parameters were adapted from a work reported by Khan
(2013), with slight modification [22]. Helium which was used as the carrier gas had a flow rate
of 1 ml/min, linear velocity of 30 cm/s and a sample injection split ratio of 50:1. The temperature

gradient maintained in the oven was 100 °C (0.25min), 30 °C/min, 220 °C (0 mins) and 10
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°C/min, 250 °C (3 mins). Air flow of 350 ml/min, H, at 35ml/min, and N> at 40ml/min were
adopted throughout the runs. Each components of methyl esters were identified by known peaks
of standards Supelco FAME mix C4-C24 and using methyl nonadecanoate as the internal
standard. The %FAME or purity of biodiesel (mg/mg of sample) was calculated using equation

(3.1):

%FAME =

A—Ag) CgxV,
@ B) E‘m %100 Equation 3.1

Ag;

Where, > A4 is the total peak area from methyl esters in the range Ci4 to Co4:1, 4, is the peak
area of methyl nonadecanoate, C,, is the concentration of the methyl nonadecanoate solution,
(mg/ml), V,, 1is the volume of the methyl nonadecanoate solution being used (ml) and m is the

mass of the sample, mg. Similarly, biodiesel conversion (%) was calculated using equation
(3.2):

o ) Weight of biodiesel produced x %FAME )
Biodiesel conversion, % = - - Equation 3.2
Weight of oil

The analyzed FAME mixtures consisted of mixtures of Myristic Acid Methyl Ester, Palmitic
Acid Methyl Ester, Stearic Acid Methyl Ester, Oleic Acid Methyl Ester, Linoleic Acid Methyl
Ester and Nonadecanoic Acid Methyl Ester.

Glycerol content was determined by using Agilent 1260 infinity HPLC using Aminex ion-
exchange Biorad column (HPX-87H, 300 x 7.8mm) and Refractive Index (RI) detector. The
operating condition for analysis included SmM Sulfuric Acid as mobile phase, 0.60 ml/min flow

rate, 50 °C column and detector temperature.

3.2.8. Specification requirements for biodiesel

The physical and chemical properties of biodiesel obtained from CaO and CaO/y-Al>Os3 in this
work were also tested according to the specification of the Department of Energy Business B.E.

2548 (2005) [23].
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3.3. Results and discussion

3.3.1. Catalyst characterization

3.3.1.1. X-ray diffraction (XRD) data analysis

The XRD pattern of CaO/ y-Al,O3 with 100.54% loading of calcium acetate is shown in Figure
1. The XRD pattern of CaO crystallite phase showed clear diffraction peaks at 20=~32.2, ~37.4,
~53.9, ~64.2 and ~67.4 and also that of gamma-alumina crystalline phase at 26= ~45.7 and
~67.0. The XRD pattern exhibited high peak intensity for CaO, since residual amounts of
calcium oxide remained on the composite after calcination, as a result of loading at more than
the spontaneous dispersion capacity on the surface of alumina. In contrast, the peak could not

be detected when calcium oxide was dispersed as a monolayer on alumina (Fig 3.1).
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Fig 3.1. XRD patterns of 100.54% loading of calcium oxide precursor on y-AlOj; calcined at 718 °C for 5 h

Earlier, it had been reported that the X-ray diffraction patterns were observed mainly as calcium
oxide with some calcium carbonate after supporting calcium acetate on mesoporous silica by
impregnation [24]. Moreover, CaO/Al>O3 prepared by modified single sol-gel method did not
exhibit the diffraction peak of CaO in X-ray diffraction. This is explained on the basis that the
samples absorbed water and carbon dioxide present in air [25]. In addition, the diffraction

pattern result did not present peaks related to the acetate salt. Therefore, calcium oxide precursor
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(calcium acetate) was completely converted to calcium oxide after calcinations at 718 °C for 5

hours.

3.3.1.2. Scanning electron microscopy (SEM) data analysis
SEM micrographs in Fig 3.2, 3.3 and 3.4 show morphologies of unloaded y-Al>O3, calcium
oxide and CaO/ y-Al,Os catalyst prepared by loading CaO onto y-Al,Os respectively.

AccV  Spot Magn Det WD Exp F———"—"-
200 kv 2.0 5B0OOx SE 9.7 0 Al203

Fig 3.2. SEM micrograph of unloaded y-AL,Os calcined at 600 °C

Accv  Spol Magn Det WD Expr
200 KV 2.0 1000x SE 10.1 ©

Fig 3.3. SEM micrograph of calcium oxide calcined at 600 °C
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Fig 3.4. SEM micrograph of 100.54% calcium oxide precursor loading on y-Al,Os calcined at 718 °C

The structure of y-Al>O3 (Fig 3.2) was rough and contained pores which results in high specific
surface area where active calcium oxide could be anchored. CaO was supported on alumina
with 100.54% loading of calcium precursor and calcination at 718 °C for 5 h (Fig 3.4). The
calcium oxide converted from calcium acetate filled in the pore and also dispersed on all the
surface of mesoporous alumina leading to reduction of the specific surface area. The particle
size of CaO were smaller and provided the lowest specific surface areas (Fig 3.3). This confirms

our expectation that the addition of y-AlbO3 would help in increasing the loading of the catalyst.

3.3.2. Transesterification of biodiesel using sodium hydroxide as homogeneous catalyst

In conventional processes, sodium hydroxide is commonly used to catalyze the
transesterification of oil. It has high catalytic activity, due to its high basicity and solubility in
media. The operating condition of transesterification of RBD palm oil in this research were 0.5
% NaOH with molar ratio of methanol to oil of 6:1, reaction time of 0.5 h and reaction
temperature of 60 °C.  When sodium hydroxide was employed, soap was formed due to a
reaction between free fatty acid and sodium hydroxide in the presence of water that may be
present in the feedstock. The purification of the methyl ester layer was done by washing with
warm water (~50 °C) repeatedly, until pH of washed-water was neutral. Because sodium

hydroxide is very reactive, as described above, biodiesel conversion was the highest (94.21%)
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among the catalysts studied (Table 3.3).

Table 3.3. Biodiesel and glycerol produced by transesterification of RBD palm oil using homogeneous and

variety of various heterogeneous catalyst

Catalyst Used Reaction Conditions FAME Biodiesel Glycerol Glycerol yield
(%) conversion purity (%)
(%) (%)
CaO" Catalyst 9 wt.% 96.75+0.37 90.11 + 1.34 92.73 £2.05 81.84+4.44
MeOH/Oil 12:1
Time 2 hrs.
Temp 60 °C
CaO/ALOs" Catalyst 9 wt.% 97.66 = 1.37 86.38 + 0.44 96.36 £ 0.26 79.32 +4.09
MeOH/Oil 15:1
Time 3 hrs.
Temp 60 °C
NaOH Catalyst 0.5 wt.% 97.32+0.93 94.21 £ 1.57 64.47+1.43 65.61 +1.60
MeOH/Oil  6:1
Time 0.5 hr.
Temp 60 °C
Birch bark ash Catalyst 3 wt.% 88.06 £0.72 69.70 = 0.83 78.18 £ 1.41 75.01 +£1.19
MeOH/Oil 12:1
Time 3 hrs.
Temp 60 °C
Flyash from Catalyst 9 wt.% 99.92 +0.01 87.76 + 1.14 88.23+0.24 94.23 +0.84
wood pellet MeOH/Oil 12:1
Time 3 hrs.
Temp 60 °C

Data are given in mean =+ standard error; *Under optimized reaction conditions; MeOH: Methanol

The glycerol obtained during transesterification with sodium hydroxide was semi-solid and had

alow yield and purity of 65.16% and 64.47% respectively. The formation of sodium compounds

such as sodium glycerate, sodium methylate, and sodium soaps presented in the glycerol phase

account for this. Additionally, other chemical substances such as water, a small amount of esters

and alcohol, traces of glycerides, and vegetable colors are also present [26]. The crude glycerol

obtained by using such a homogenous catalyst has to go through considerable purification

before it can be used in any way. This makes the glycerol utilization process too costly for any

practical purpose [27, 28]. Hence, the possibility of increasing revenue by utilizing the glycerol

stream becomes difficult when a homogenous catalyst is used for biodiesel production.
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3.3.3. Optimization of biodiesel synthesis using heterogeneous catalysts, CaO & CaQ/ y-
ALOs3

Triglycerides in palm oil can be converted into methyl esters by reacting with methanol in the
presence of a solid based catalyst. During the transesterification reaction, initially the hydroxyl
bond in a molecule of methanol is broken by the basic site of metal oxide catalyst to form
methoxide anion and hydrogen cation. The methoxide anion formed then acts as a nucleophile
and attacks the carbonyl carbon of triglyceride to form an unstable tetrahedral intermediate
which then breaks down into FAME and diglyceride anion [29]. Four process variables in
transesterification reaction using CaO and CaO/Al>O3 as heterogeneous catalysts were studied.
These include the amount of catalysts, methanol to oil ratio, reaction time and reaction

temperature.

3.3.4. Effect of amount of catalyst

The catalyst concentration is one of the most important parameters that affects the rate of
transesterification reaction. The effect of four different catalysts concentrations were evaluated.
In preliminary tests, CaO and CaO/Al>O; provided different rates of reaction. Free calcium
oxide reacted faster than the one with support. Significant amount of calcium oxide
transesterification occurred under conditions of 600 rpm mixing rate, 9:1 methanol to oil ratio,
1 h reaction time and 60 °C reaction temperature. The results shown in Fig 3.5 indicate that
when the amount of catalyst was not sufficient (at 3% catalyst), the biodiesel conversion was
relatively low (21.67%) and glycerol was not produced. Biodiesel yields increased from 21.67%
to 73.27% as the amount of calcium oxide increased from 3% to 9%. However, there was no
significant change at a higher level of catalyst (12 wt.%) due to mixing problems involving
reactants, products and solid catalysts. It has been reported that the presence of excess catalysts
could cause phase separation of methanol, oil and catalyst and increase viscosity which in turn
effects mixing and transesterification [1, 24]. At the same time, the glycerol yield increased as
catalyst concentration increased to 9 wt.% based on oil and remained constant at higher catalyst

levels.
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Fig 3.5. Effect of amount of calcium oxide on methanolysis (with RBD palm oil, molar ratio of methanol to oil of
9:1, reaction time of 1 h and reaction temperature of 60 °C)

When alumina supported calcium oxide was applied, the results (Fig 3.6) show that significant
transesterification reaction occurred at conditions of molar ratio of methanol to oil of 12:1, the
reaction time of 2 h and the reaction temperature of 60 °C. The FAME content and biodiesel
conversion increased with the increase in catalyst concentration (starting from 3 wt. % catalyst)
and finally remained constant at 9 wt.% catalyst. But glycerol concentration was not measurable
with 3 wt.% catalyst concentration. Glycerol concentration increased with catalyst
concentration but remained insignificantly different when 6 wt.% and 9 wt.% catalysts were
employed. At both catalyst levels, the glycerol content was high and had approximately 95%
purity. However, based on the amount of biodiesel produced and its purity, it can be concluded
that 9 wt.% of CaO/Al,O3 catalyst was optimum for the conversion of biodiesel. At the higher
concentrations of the catalyst, the biodiesel yields were almost constant because of mixing

limitation.
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Fig 3.6. Effect of amount of alumina supported calcium oxide on methanolysis (with RBD palm oil, molar ratio of
methanol to oil of 12:1, reaction time of 2 h and reaction temperature of 60 °C

3.3.5. Effect of molar ratio of methanol to oil

According to reaction stoichiometry, the transesterification of vegetable oil including palm oil
with methanol requires that the molar ratio of methanol to oil should be 3:1. Since the
transesterification process is reversible reaction, the excess of the methanol is required in order
to shift the equilibrium forward. As shown in Fig 3.7, biodiesel conversion was too low
(30.67%) at molar ratio of methanol to oil of 3:1 and the byproduct glycerol could not be
measured. An increase of methanol to oil ratio resulted in an increase of ester yield. Above 12:1
methanol to oil ratio, the ester yield increased insignificantly as the reaction may have reached
its equilibrium point. Additionally, there was a reduction in the glycerol yield at 15:1 mole ratio
of methanol to oil because of the difficulty in the separation of glycerol from the biodiesel layer

at conditions over optimum level (12%) of amount of methanol.
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Fig 3.7. Effect of molar ratio of methanol to oil on methanolysis using calcium oxide (with RBD palm oil, 9 wt. %
catalyst, the reaction time of 1 h and the reaction temperature of 60 °C)

The transesterification reaction using CaO/Al>O3, the biodiesel conversion and glycerol yield
was similar to that using CaO (Fig 3.8). However, the optimum methanol to oil molar ratio was
15:1. At levels higher than 15:1 of methanol to oil ratio, biodiesel conversion and glycerol yield
decreased due to slow separation of methyl ester and glycerol as described above. Many studies
have reported that the optimum molar ratio of methanol to oil was 15:1 using heterogeneous
catalysts with supports [30—-34]. This is similar to the results obtained in our experiment even

though they used other supports.
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Fig 3.8. Effect of molar ratio of methanol to oil on methanolysis using alumina supported calcium oxide (with
RBD palm oil, 9 wt.% catalyst, the reaction time of 2 h and the reaction temperature of 60 °C)
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3.3.6. Effect of reaction time

The effect of reaction time on biodiesel conversion and glycerol yield was studied by varying it
but keeping all the other reaction parameters constant in a series of experiments. The reaction
conditions used for transesterification of palm oil using calcium oxide was methanol/oil molar
ratio of 12:1, 9 wt.% catalyst, 600 rpm mixing speed and 60 °C reaction temperature. Similarly,
for the calcium oxide supported on alumina the reaction conditions of 15:1 methanol/oil molar
ratio, 9 wt.% catalyst, 600 rpm of stirrer speed and 60 °C reaction temperature was used. The
result shown in Fig 3.9 for calcium oxide catalyst shows biodiesel conversion increased with
time from 24.48% at 0.5 h to 89.18% at 2 h and subsequently remained nearly constant. The
purity of FAME produced after one hour of reaction time was 92.21%. Even though the
subsequent change was not significant, the required purity ( i.e. 96.65%) to meet the biodiesel
specification was obtained only after 2 hours [23]. Glycerol production yield was similar to
biodiesel conversion as per stoichiometry, but not much difference was observed after 2 hours.
Thus, it was concluded that the transesterification of RBD palm oil reached the equilibrium at

2 h using calcium oxide as heterogeneous catalyst.
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Fig 3.9. Effect of reaction time on methanolysis using calcium oxide (with RBD palm oil, 9 wt.% catalyst, the
molar ratio of methanol to oil of 12:1 and the reaction temperature of 60 °C)
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Similarly, with the CaO/Al>Os catalyst, biodiesel conversion and glycerol yield significantly
increased in the first three hours of reaction and afterwards remained nearly constant (Fig 3.10).
The optimum reaction time was found to be 3 h at which point biodiesel conversion and glycerol
yields were 86.38% and 79.32%, respectively. In addition, %FAME and %glycerol, indicating
purity of the products, were 97.66% and 96.36% respectively.
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Fig 3.10. Effect of reaction time on methanolysis using alumina supported calcium oxide (with RBD palm oil, 9
wt.% catalyst, the molar ratio of methanol to oil of 15:1 and the reaction temperature of 60 °C)

3.3.7. Effect of reaction temperature

As reaction temperature can affect biodiesel conversion and glycerol yield, experiments were
carried out at 50 °C, 60 °C and 70 °C. The transesterification reactions of RBD palm oil were
conducted under identical conditions using the optimum conditions which were obtained from
the previous experimental section (600 rpm stirrer speed, 9 wt.% calcium oxide, 12:1 molar
ratio methanol to oil, and 2 h reaction time). As can be seen from Figure 11, at 50 °C reaction
temperature, the biodiesel conversion was low (37.59%). At the same time, glycerol yield was
also low. However, percentage glycerol purity was quite high. The highest biodiesel conversion
and glycerol yield was obtained when reaction temperature was maintained 60 °C. At this
temperature, these parameters were higher than 50 °C and 70 °C. This could be due to the fact
that increasing the reaction temperature above the boiling point of methanol (64.5 °C) causes

its evaporation and reduces the extent of methanol and catalyst interaction. It has also been
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reported, that if the reaction temperature was higher than boiling point, a large number of
bubbles are formed and this inhibit the reaction on the three-phase interface of oil, methanol,

and catalyst [35].
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Fig 3.11. Effect of reaction temperature on methanolysis using calcium oxide (with RBD palm oil, 9 wt.% catalyst,
molar ratio of methanol to oil of 12:1 and reaction time of 2 h)

The transesterification reaction using CaO/Al,O3 at 60 °C was found to be similar to that using
calcium oxide (Fig 3.12). The biodiesel conversion was 14.51% at 50 °C reaction temperature
and increased up to a temperature of 60 °C and remained nearly constant beyond this
temperature. The highest biodiesel yield and glycerol conversion were 86.38% and 78.49%,
respectively. The effect of temperature above the boiling point of methanol is described in the
previous paragraphs. The optimum conditions of CaO and CaO/Al,O3 are summarized in Table

3.3 above.
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Fig 3.12. Effect of reaction temperature on methanolysis using alumina supported calcium oxide (with RBD palm
oil, 9 wt.% catalyst, molar ratio of methanol to oil of 15:1 and reaction time of 3 h)

3.3.8. Properties of biodiesel

The physical and chemical properties of biodiesel obtained from CaO and CaO supported on
AlO3 were tested according to the specification of the Department of Energy Business B.E.
2548 (2005) [23]. These properties of biodiesels obtained on transesterification of RBD palm
oil using homogeneous and heterogeneous catalysts are shown in Table 3.4. It can be seen from
the table that the properties of biodiesel produced on transesterification by using heterogeneous
catalysts, calcium oxide and alumina supported calcium oxide, are within the required limits
specified by Department of Energy Business B.E. 2548 (2005) [23, 36, 37]. They are similar to
homogeneous catalyzed transesterification reaction by conventional process using sodium

hydroxide as catalyst.
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Table 3.4. Properties of RBD palm oil biodiesel (obtained by using CaO, CaO/Al,O3; & NaOH catalyst) compared
to the specifications of Department of Energy Business B.E. 2548 (2005) [23]

Heterogeneous catalyzed Homogeneous
. catalyzed
methanolysis methanolysis
Properties Unit Limits* Method y
CaO Ca0/ALO3 NaOH
Methyl wt.% >96.5  EN 14103 96.75 97.66 97.32
Ester
Density at 3 ASTM
15°C kg/m 860-900 D 1298 885 887 880
Viscosity at ASTM
40°C cSt 3.5-5.0 D 445 4.82 4.75 4.70
Acid ASTM
Number mg KOH/g  0.50 max D 664 0.34 0.38 0.21

*Department of Energy Business B.E. 2548 (2005)

3.3.9. Wood ash as a cheaper alternative heterogeneous catalyst

Wood ash is rich in a variety of alkaline earth oxides including calcium oxides. The amount of
calcium oxide present in a wood ash depends on the type of wood. Wood ash from birch bark
contains approximately 69% of calcium oxide. Similarly, flyash from wood pellet industries has
also shown to have significant amount of calcium oxides in it [17, 18]. It has been reported that
the calcium oxide amount in wood flyash from various sources across Canada and USA ranges
between 2.2 to 36.7% with an average of 16% [38, 39]. As these two sources of wood ashes are
rich in calcium oxide, we made an initial attempt to study their potential to be used as a cheap
alternative heterogeneous catalyst for the transesterification of palm oil into biodiesel. Flyash
used in this experiment was obtained from the OPG Power plant in Atikokan, Ontario. These
substances were initially calcined at 800 °C for 4 hours in a muffle furnace and then stored in a
desiccator, after cooling it to room temperature (25 °C). Calcination at this temperature was
carried out to remove water and carbon dioxide from the ash and convert calcium carbonate
(calcite) into calcium oxide [21, 40]. Initially, for the transesterification of oil using birch bark
ash and flyash, methanol/oil ratio of 12:1, reaction time of 3 hours, temperature of 60 °C and
catalyst amount of 3 wt.% were maintained. With birch bark ash, a biodiesel conversion of

69.70% and 88.06% of %FAME content was obtained. At the same time, glycerol yield and
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purity were 75.01% and 78.18% respectively. In contrast, when flyash from the power plant
was utilized at a level of 3 wt.%, no biodiesel or glycerol production was observed. But when
the catalyst amount was increased to 9 wt.%, 87.76% of biodiesel conversion with a FAME
purity (%) of 88.06% was obtained. Additionally, the glycerol yield in this case was 75.01%
and glycerol purity was 78.18%. Both the natural catalysts, which are generally considered as a
waste, have thus been shown to possess a promising ability to catalyze the transesterification
reaction for biodiesel production. Further optimization of the process taking into account all
process parameters is being carried out to obtain biodiesel which would meet the required

specifications required for use as a fuel.

3.3.10. Importance of purity of biodiesel byproduct glycerol

The glut in glycerol available in the market has reduced its cost. However, it also can result in
environmental problems if it is not suitable utilized. At present, some of the crude glycerol
obtained from the biodiesel industry is purified to technical and pharmaceutical grade glycerol
which has a higher market value. However, the profit margins are low. The crude glycerol is
also used as an additive to animal feed. The use of glycerol as a substrate to potential value
added products through bioconversion is limited, as certain toxic components in it limit
microbial growth. Production of purer forms of byproduct glycerol, may allow its use directly

and add to the revenues of integrated biodiesel and value added chemical production plants.

Table 3.3 summarizes the production of biodiesel and glycerol using homogeneous and
heterogeneous catalysts. It can be seen from the table that when CaO/Al,O3 was used as
catalyst, lower biodiesel conversion was produced, but high quality glycerol was obtained. In
contrast , when CaO was used without support, comparatively higher biodiesel conversion (with
almost the same quality as with support) was obtained, but glycerol obtained contained higher
levels of impurities. The percentage FAME obtained with both catalysts are to levels (>96.5
wt.%) that would meet the biodiesel standards in Europe (EN 14214:2003) and Thailand (B.E.
2548 :2005) which is minimum of 96.5 wt.% [23, 41, 42]. One interesting fact observed in this
work was that biodiesel conversion decreased when catalyst support was used. This can be due
to a decrease in basic strength of catalyst due to its attachment to catalytic support. Even though

attachment of metal oxide to alumina has shown to enhance the catalytic activity of a catalyst
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in many of the cases [14, 16, 43], this is not always true. Apart from specific area and pore
volume, surface basicity is the major determinant of catalyst activity [44, 45]. Thus, attaching
of metal oxides to such support does not guarantee enhanced biodiesel conversion. Dall’Oglio
et al. (2014) [46] have reported a comparative study between variety of metal oxide with and
without support during the transesterification of sunflower oil. They found that when CaO was
used alone it gave higher biodiesel conversion (100%) but produced a large amount of soap.
When this was then attached to aluminum oxide and titanium oxide support, the amount of soap
formation decreased significantly but the biodiesel conversion also declines to 46.2% and 36.6%
respectively. They had also attributed this decreases to the lower basic strength of the supported

calcium oxide.

Thus, for a biodiesel industry, making a choice of catalyst which produces biodiesel which
meets fuel specification and at the same time a byproduct (glycerol) that can be used directly
for bioconversion would be recommended. This would allow them to develop an integrated

bioconversion process on-site and enhance profit margins.

3.4. Summary

The following conclusions and recommendations can be drawn from the results of all the
experiments carried out in this study. Firstly, the optimum conditions of methanolysis of RBD
palm oil using calcium oxide were 9 wt.% catalyst, with 12:1 molar ratio of methanol to oil,
reaction time of 2 h and reaction temperature of 60 °C. This resulted in 90.11% biodiesel
conversion and 81.84% glycerol yield. Similarly, the optimum conditions with supported
catalyst CaO/Al,O3 were 9% catalyst, with 15:1 molar ratio of methanol to oil, 3 h reaction time
and 60 °C. This produced the highest biodiesel conversion and glycerol yield at 86.38% and
79.32%, respectively. Secondly, use of wood ash from two different sources showed a potential
ability to be utilized as an alternative to prevailing chemical based heterogeneous catalysts.
Thirdly, the use of byproduct glycerol is often limited by the presence of large amounts of
inhibitors. Although the methanolysis by using calcium oxide showed higher biodiesel
conversion and glycerol yield than that using calcium oxide precursor supported on alumina,
the catalyst with support exhibited higher purity of both biodiesel and glycerol produced. The

purity of biodiesel meets the specifications required for blending with diesel directly. The
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presence of lower impurities in glycerol has its advantages as it can be used directly for
fermentation production to a number of value added products. Hence, CaO attached to alumina,
which simultaneously produces a purer form of glycerol that can be used for production of value
added compounds in the same premises (integrated system) is recommended. This will add to

overall profits of such processes.
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Chapter 4

Bioconversion of crude glycerol to microbial lipid using a robust oleaginous yeast and

effects of major impurities on lipid production by this strain

Part of this work has been published in Energy Conversion and Management (IF 5.5) *

“Uprety BK, Dalli SS, Rakshit SK (2017) Bioconversion of crude glycerol to microbial lipid
using a robust oleaginous yeast Rhodosporidium toruloides ATCC 10788 capable of growing
in the presence of impurities. Energy Convers Manag 135:117-128
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Abstract

In this work, crude glycerol, a by-product from a biodiesel industry was characterized and
converted to microbial lipid. The sample of crude glycerol was found to contain 44.56 wt.%
glycerol, 13.86 wt.% methanol, 10.74 wt.% of ash and 32.97 wt.% of soap. Rhodosporidium
toruloides ATCC 10788 was studied for the first time to determine its ability to grow on crude
glycerol as a carbon source. The use of crude glycerol doubled the biomass (21.16 g/L) and
tripled the lipid concentration (11.27 g/L) obtained using Rhodosporidium toruloides ATCC
10788, compared to pure glycerol. Methanol, as low as 0.5% (w/v), in crude glycerol severely
affected the biomass and lipid obtained from this strain. Unlike many other oleaginous
microorganisms, the ability of this yeast to consume other impurities present in crude glycerol
enhanced the growth and lipid production in such a way that the effect of methanol was masked
or became insignificant. The effect of major impurities in crude glycerol on lipid production
ability of this strain was also studied. This strain was found to be tolerant to a salt levels of 1.5%
(w/v) in the media. Soap and FAME present in crude glycerol had a positive influence on
biomass and lipid production. R. toruloides ATCC 10788 also had the unique capacity to
consume soap as a carbon source. While growing on 3.5% (w/v) of soap as the sole carbon
substrate, 12.87 g/L of biomass and 5.40 g/L of lipid were obtained at the end of 168h. This
study also helped us ascertain the reason for such a large improvement in biomass and lipid
when crude glycerol containing large quantities of soap (32.97 wt.%) was used. The lipid
obtained while growing this strain on crude glycerol contained 47.16% of oleic acid (a
monounsaturated fatty acid), making it a very good feedstock for some oleochemical industries
and the production of biodiesel. This bioconversion process which involves the production of
lipid from crude glycerol waste stream will be of great interest to the biodiesel industry as it can
be easily integrated into the existing biodiesel production plant. The unique ability of this strain
to consume soap can be exploited to treat waste effluents rich in soap such as obtained from car

wash centers, soap manufacturing and textile industries.
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4.1. Introduction

Fluctuating prices of fossil based diesel, depletion of its sources, environmental issues and
increasing energy demand make biodiesel an important alternative renewable source of energy
[1-3]. Most developed countries have encouraged its use by implementing policies which
mandate its blending (generally between 2- 20% v/v) with fossil based diesel [4, 5]. As a result,
production of biodiesel has increased substantially across the world in the last decade [6].
However, biodiesel is still costlier than its fossil based counterpart and this constraint has to be
addressed in order to make it more economically acceptable [1, 7]. Another issue related to the
use of biofuels like biodiesel is that arable land is used to grow the required oil crops. This has
been perceived as a threat to food security leading to “food vs fuel” debates [8, 9]. At present,
the majority of biodiesel industries utilize vegetable based oils such as canola, rapeseed, and
corn. These feedstocks are costly and contribute to approximately 70-85% of the overall
biodiesel production process [10, 11]. Cheaper feedstocks for biodiesel production can bring
down the overall cost of production and make it competitive to fossil based diesel. Ideally, the

alternate feedstock should not compete with food crops used at present [7, 11, 12].

Utilization of single cell oil (SCO) or microbial lipid as a non-food feedstock for biodiesel
industries has gained importance in recent times as its chemical component is similar to
vegetable based oils used for biodiesel production [13—17]. Various microorganisms (algae,
yeast and fungi) are capable of accumulating lipids to levels more than 20 wt.% of their biomass.
Such microbes are called oleaginous microorganisms and the lipids they produce are known as
single cell oils or microbial lipids [11, 18, 19]. Use of microbial lipids for biodiesel production
has many advantages over plant based oils because their production life-cycles are short, they
do not require the utilization of large land areas for their production, are unaffected by climatic
condition and require comparatively less manpower [6, 14, 20]. However, techno-economic
evaluations of such processes (i.e. biodiesel from single cell oil) show that this production route
also depends on the cost of feedstock. The use of cheap feedstocks to produce such oil is thus

very important to make the processes economically feasible [18, 19].

Numerous alternative resources including wastewater from breweries and municipality waste,

whey from diary industries, and crude glycerol from biodiesel industries have been investigated
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for microbial oil production [15, 21-25]. Crude glycerol from biodiesel industries is the focus
of considerable attention as it is easily available and cheap. The biodiesel industry generates
approximately 10% (w/w) of glycerol with every batch of biodiesel produced [26, 27]. With
increased production of biodiesel over the past decade, there has been glut of glycerol in the
market. Even though crude glycerol can be purified to different grades for its use in
pharmaceutical, food and cosmetic industries, the purification processes are always costly and
thus not suitable for small and medium sized plants [20, 26—29]. The availability of crude
glycerol has also resulted in a slump in pure glycerol prices [28]. Chemical or biological
conversion of such impure crude glycerol into various products have been reported [30].
However, such processes are inhibited by the presence of various impurities in crude glycerol,
mainly methanol, soap, free fatty acids and salt [20, 31-37]. At present, crude glycerol holds a
very low value and is even treated as a waste by biodiesel industries [38]. The proposed use of
crude glycerol for the production of microbial lipid is a highly beneficial and attractive option.
This is because utilization of crude glycerol to produce lipid and its subsequent conversion into
biodiesel can be easily integrated into existing biodiesel plants. This can save transportation and
disposal costs of this by-product as well as contribute to an increase in the profits of the industry.
However, the design of an integrated plant for the conversion of crude glycerol to biodiesel (via.
the production of microbial lipid) has to address an important issue. Due to the variation in the
feedstocks used and the methods applied to produce biodiesel in industry, the type and
concentration of impurities present in crude glycerol differ. Hence, selecting a robust strain that

can grow in high concentrations of impurities is extremely important.

In this study, crude glycerol obtained from a biodiesel producer in Ontario (Canada) has been
characterized using various techniques. The crude glycerol was found to contain very high
concentrations of impurities (mainly methanol, salt and soap). These values are higher than
many other crude glycerol samples that have been used by various researchers in similar type
of work [39—42]. Utilization of such a sample of crude glycerol in our experiments allows us to
confirm the robustness of the microbial strain used. In this study, Rhodosporidium toruloides
ATCC 10788 (also known as Rhodosporidium toruloides CBS 14) was grown on crude glycerol
(without purification) to produce microbial lipid which is suitable for biodiesel production. To

the best of our knowledge, it is the first time this strain has been grown on crude glycerol. Even
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though many researchers in the past reported the ability of this strain to grow in various carbon
substrates such as pure glycerol, glucose, xylose and hydrolysate obtained from pre-treatment
of straw, there are no reports of this strain being utilized to grow in crude glycerol from biodiesel
industry [43—47]. Its ability to grow and accumulate high concentrations of lipids in the presence
of high levels of impurities is reported in this paper. Furthermore, we have reported detailed
experiments on the effects of some of the major components present in crude glycerol on its
biomass and lipid production ability. The ability of this strain to utilize some of the impurities
in crude glycerol and significantly improve the growth and lipid production was not expected.
To the best of our knowledge, no such studies have been previously carried out on this specific
strain of R. foruloides. Similar studies have been previously carried out on different strains of
R. toruloides [20, 48]. However, MUFA content of lipids obtained from both these strains are
quite low. More importantly, the impurities levels at which R. toruloides ATCC 10788 was able
to grow and produce lipids is high making it a very good strain for potential application in

industry.

4.2. Materials and methods

4.2.1. Microorganism and chemicals

The oleaginous microorganism R. toruloides ATCC 10788 was obtained from the American
Type Culture Collection (ATCC). It was grown in YPG media (10 g/L yeast extract, 20 g/L
peptones and 20 g/L glycerol; 30 °C, 24 hours, 200 rpm) and maintained at -80 °C in the
presence of glycerol (50% v/v) before subsequent use. All the chemicals and reagents used in
these experiments were analytical grade and were obtained from Fisher Scientific, Canada.

Crude glycerol samples were provided by a biodiesel producer located in Ontario, Canada.

4.2.2. Culture conditions

The inocula for the fermentation were prepared by growing the organism in YPG media (10 g/L
yeast extract, 20 g/L peptones and 20 g/L glycerol) for 48 hours in a rotary shaker maintained
at 200 rpm, 30 °C until the viable cell count reached about 1 x 10® cells/mL.

The shake flask experiments were carried out in minimal medium prepared in distilled water

and contained (g/L): KH2PO4 1.0, NaxHPO4.12H,0 1.0, MgCl,.6H>O 1.5, pH 6.0 [49]. Pure
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glycerol was used as a carbon source at a concentration of 40 g/L, unless otherwise specified.
The media was also supplemented with 10 mL/L of trace elements. The supplemented trace
elements solution consisted of CaCl,.2H>0 4.0 g, FeSO4.7H>0 0.55 g, Citric acid. H20 0.52 g,
ZnS04.7H20 0.10 g, MnSO4.H20 0.076 g, and 18M H2SO4 100 pl (in 1L of distilled water)
[50]. Ammonium chloride (NH4Cl) was used as a nitrogen source maintaining an overall carbon
to nitrogen (C: N) molar ratio of 100. Most experiments were carried out using crude glycerol
as the carbon source instead of pure glycerol. The amount of glycerol in the media was 48.2
g/L, unless otherwise specified. The designation of the different media used in this study is

given in Table 4.1.

Table 4.1. Glycerol, methanol and soap concentration of various types of media used in this study

Glycerol percentage

Media (Designation) in the media Meth.an(‘))l in the Soap 10n the media
(/L) media (% w/v) (% wiv)
Pure glycerol (PGA) 16.1 - -
Pure glycerol (PGB) 322 - -
Pure glycerol (PGC) 48.2 - -
Pure glyceEgIGv;j[t)h methanol 40 0.25 t0 2.5 i
Diluted crude glycerol (CGA) 16.1 0.5 1.1
Diluted crude glycerol (CGB) 322 1 23
Diluted crude glycerol (CGC) 48.2 1.5 3.5
Dilute crude glycerol topped up %
with pure glycerol (CGAT) 48.2 0.5 I
Dilute crude glycerol topped up 48 2%* 1 23
with pure glycerol (CGBT) ' :
Pure glycerol with 3.5% (w/v) 482 ) 35
soap and pure glycerol (PGS) ’ ’
Pure glycerol with only ) i 35

3.5% (w/v) (PSNQG)
*16.1 g/L crude glycerol + 32.1 g/L pure glycerol; ** 32.2 g/L crude glycerol + 16.0 g/L pure glycerol

96



All other condition remained the same as that for the pure glycerol experiment. Crude glycerol,
however, contained other impurities like soap, ash, salt, fatty acid methyl esters, etc. at levels
reported in Table 4.4. Analyses were done in duplicates and percentage errors were expressed

as mean =+ standard deviation.

4.2.3. Analytical methods

4.2.3.1. Determination of physical characteristics of crude glycerol

The density of crude glycerol was determined by using pycnometer at room temperature (25 +
0.5 °C). A 2% (w/v) solution of crude glycerol was used for measuring the pH (Sartorius PB-
11 pH meter) at room temperature (23 + 0.5 °C). The viscosity of crude glycerol was measured
at 25+ 0.5 °C according to the ASTM D 4878-08 method using a Brookfield viscometer (model:
LVDVE).

4.2.3.2. Determination of chemical composition of crude glycerol

4.2.3.2.1. Soap content determination

For the determination of the soap content, 500 mg of crude glycerol sample was dissolved in
100 mL of acetone containing 2% (v/v) distilled water. In order to neutralize the free catalyst in
this solution, it was first titrated against 0.1M HCl using 1% (w/v) phenolphthalein indicator (in
isopropyl alcohol) until the red color of the solution disappeared. The volume of titrant
consumed in this step was designated as “A”. Once the solution became colorless, 1 mL of
bromophenol blue indicator (0.4% w/v in water) was added to the neutralized solution and
titration was continued using 0.1 M HCl until the second indicator color changed from blue into
yellow. The volume of titrant consumed in the second titration (designated as “B”) to change
the color of bromophenol indicator from blue to yellow was used to calculate the soap content

by using the following formula [51]:

. Volume of titrant "B" (mL) x 0.001 x 0.1 x 304.04
% Soap (as sodium oleate) = x 100
Amount of sample taken (g)
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4.2.3.2.2. Water and ash content determination

For the determination of water content in crude glycerol sample, 0.5 g of sample was taken and
volumetric Karl Fischer titration was carried out using a T70 automatic titration system (Mettler
Toledo Karl Fisher titrator, Columbus). The ash content of crude glycerol was determined by

incinerating approximately 1 g of sample in a furnace at 750 °C for 3 h.

4.2.3.2.3. Elemental analysis

The C, H, N and S content of crude glycerol were determined by using an Elementar Vario EL
Cube analyzer. Measurement of Na, Mg, Al, P, K, Ca, Mn, Fe, Co, Cu, and Zn was done using
the ICP-AES Varian located at the Lakehead University Instrumentation Lab (LUIL). For the
latter analysis, the ash from a crude glycerol sample was digested in a CEM MARSXPRESS
microwave oven in I-CHEM vials using nitric and hydrochloric acid [52]. After digestion, the

samples were diluted to 40 mL with double distilled water and analysed using an ICP-AES.

4.2.3.2.4. Quantification of glycerol and methanol

Glycerol and methanol were determined quantitatively by using an Agilent 1260 infinity HPLC
with an Aminex ion-exchange Biorad column (HPX-87H, 300 x 7.8mm) and a Refractive Index
(RI) detector. Operating conditions as described in chapter 3 (section 3.2.7.) were adopted for

the analysis of both these components.

4.2.3.2.5. Determination of FAME

Sample preparation for the determination of fatty acid methyl esters (FAME) content of crude
glycerol was carried out by adopting the method reported by Hu et al. (2012) with slight
modification [53].

FAME analysis was carried out using a Gas Chromatograph (Thermo Scientific, Trace 1300
model, polar column TG WaxMS A; 30 m x 0.25 pum x 0.25 pm) equipped with a FID detector.
Approximately 100 mg of prepared sample was taken. To this sample, 2 mL of 5 mg/mL of
methyl nonadecanoate (in hexane) was added as an internal standard. The parameters we
reported in chapter 3 were adopted for the GC analysis. Helium was used as the carrier gas at a

flow rate of 1 mL/min and a sample injection split ratio of 50:1 was adopted. The temperature
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gradient maintained in the oven was 100 °C (0.25 min), 30 °C/min, 220 °C (0 mins) and 10
°C/min, 250 °C (3 mins). Air flow of 350 mL/min, H» at 35 mL/min, and N2 at 40 mL/min were
adopted throughout the runs. Each fatty acid methyl ester component was identified using

standard mixtures including methyl nonadecanoate which served as the internal standard.

4.2.3.2.6. Determination of Free Fatty Acid (FFA) content

The FFA contents of crude glycerol were determined using a modified AOCS Official Method
Ca 5a-40 [54]. 0.5 g of crude glycerol was dissolved in 100 mL of ethyl alcohol and titrated
against 0.1 N KOH in the presence of a phenolphthalein indicator (1% w/v in ethanol) until a

pink color appears. FFA was then calculated using the formula below,

__Volume of alkali consumed (mL) x Alkali normality x 28.2

FFA x 100

weight of sample taken (g)

4.2.3.3. Determination of biomass, lipid and characterization of lipid

In order to estimate the yeast dry biomass weight, 5 mL of fermentation broth was centrifuged
for 10 minutes at 4400 rpm. The supernatant was discarded and the wet cells were washed using
deionized water, dried overnight at 80 °C and weighed. Lipid accumulated inside the biomass
was estimated by using the Bligh-Dyer method with some modifications [55, 56]. 25 mg of
dried biomass was taken in a 2 mL vial and 0.33 mL of 4M HCI was added. This was kept at
80 °C in a water bath for 1 hour. After an hour, the sample was centrifuged at 6000 rpm for ten
minutes and the supernatant was disposed of. To the biomass, 0.2 mL of methanol and 0.1 mL
of chloroform were added and vortexed for 2 minutes. After this, 0.1 mL of chloroform was
added to the above mixture and rigorously shaken for another 2 minutes. Subsequently, 0.18
mL of distilled water was added to this mixture of chloroform and methanol to make the final
chloroform: methanol: water ratio of 2:2:1.8. The solution mixture was then centrifuged at 6000
rpm for 10 minutes and the chloroform layer was withdrawn using a Pasteur pipette and
collected in a pre-weighed vial. The extraction was again repeated by adding 0.2 mL of 10%
(v/v) methanol solution (in chloroform) into the remaining layer of methanol and water. Finally,
the collected chloroform layers from both the extraction stages were combined and dried at 105

OC for 4 hours and the final weight of the vial was taken. The difference between the initial
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weight and final weight of the tube was used to obtain the lipid extracted from the sample.

Extracted lipid was trans-esterified using the method reported by Ichihara & Fukubayashi
(2010) [57]. Approximately 1 mg of the extracted lipid was dissolved in 0.20 mL of toluene. To
this solution, 0.20 mL of methyl nonadecanoate (5 mg/mL) was added as internal standard. This
was followed by the addition of 1.5 mL of methanol and 0.30 mL of 8% (w/v) HCI solution in
methanol. This mixture was then maintained at 100 °C for 1 hour. At the end of 1 hour, the
solution was allowed to cool to room temperature and was extracted using 1 mL of hexane and
1 mL of water. The hexane layer was used for fatty acid characterization using GC-FID. The
GC parameters mentioned in chapter 3 (section 3.2.7) was adopted. Biomass concentration (Cg),

Lipid concentration (Cr), and Lipid content (Cy) were defined as follows;

weight of dried biomass (g)

Biomass concentration; Cg (g/L) =
> s (g/1) volume of fermentation broth (L)

weight of lipid (g)

Lipid tration; /L) =
ipid concentration; Cy (g/L) volume of fermentation broth (L)

weight of lipid (g)

Lipid content; Cy (% wt.) = X 100%

Weight of dried cell biomass (g)

4.2.4. Production of soap and biodiesel used in this study

For the preparation of soap, 13.2 g of sodium hydroxide was dissolved in 35 ml of distilled
water in a 250 ml beaker and the solution allowed to cool down to approximately 40 °C. 100
ml of preheated canola oil (~ 40 °C) was then added into it. Mixing of oil into the basic solution
was facilitated with gentle stirring and this was continued until the mixture began to thicken.
Once the mixture turned thick (also known as trace stage), the slurry was left at room
temperature for 7 days. Biodiesel (FAME) was prepared from canola oil using sodium

hydroxide as the catalyst as per method described in our previous work [26].

4.3. Result and discussion

4.3.1. Characterization of crude glycerol
The physical and chemical composition of crude glycerol from biodiesel industries vary due to

variation in the type of feedstock, type of catalyst used, transesterification efficiency and the
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type of downstream processing used during the biodiesel production [1, 58, 59]. For example,
characterization of crude glycerol from various biodiesel industries across Australia by Hansen
et al. (2009) showed the glycerol, methanol and ash content to be in the range of 38-96 wt.%, <
0.01-13.94 wt.%, and 0-29.4 wt.% respectively [60]. In addition to methanol and ash, the crude
glycerol may also contain soap, catalysts, salts, water, free fatty acids, fatty acid methyl esters

(FAME), mono-glycerides and diglycerides [1, 53].

In this work, initial physical characterization of crude glycerol (result shown in Table 4.2)
showed that it was more viscous and had lower density than pure glycerol. The low density of
crude glycerol is due to the presence of some lighter impurities such as fatty acids methyl esters
(FAMES), fatty acids, methanol, and water [53]. The higher pH value (i.e. 10.41£ 0.09) of crude
glycerol was due to the presence of residual alkali (NaOH or KOH) used during the production

of biodiesel.

Table 4.2. Comparison of physical characteristics of crude and pure glycerol

Physical Crude glycerol Pure glycerol
properties (wt.%) (wt.%)
Color Dark brown Colorless
: 0
Density at 25 °C 106+ 0.01 1.26%
(g/em?)
pH 10.41 £ 0.09 5.71+£0.04
. . 0
Viscosity at 25°C 00 4 14,14 885+7.07

(centipoise)

*Value obtained from [61]

Elemental analysis of crude glycerol sample (Table 4.3) shows that 15.63 wt.% of carbon is
present in the samples used in this study. This value is slightly lower than that reported by Hu
et al. (2012) based on analysis of crude derived from five different biodiesel industries [53].
They reported the carbon content to be in the range of 24.3 to 54.2%. Similarly, Thompson &
He (2006) [59] reported the percentage carbon in crude glycerol (obtained by transesterification
of seven different types of oil with methanol) to be in the range of 24 to 37.7 wt.%. The low

value of carbon obtained in our study (i.e. 15.63 wt.%) compared to previous studies imply that
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the total carbon contributing factors such as glycerol, FAME, methanol, diglycerides,
monoglyceride, FFA and residual triglycerides in crude glycerol were higher in those studies.
The nitrogen value obtained in this study (i.e. 0.03 wt.%) is similar to that reported by
Thompson and He (2006), which ranged between 0.04 - 0.12 wt.% [59]. Additionally, from
Table 4.3 we can also see that the crude glycerol sample used in this study contains very high
concentration of sodium metal (i.e. 376062.00 ppm). The high residual amount of such metals
can be due to the fact that most of the biodiesel industries use basic homogeneous catalysts (like

sodium or potassium hydroxide) [1, 62—65].

Table 4.3. Elemental analysis of crude glycerol obtained from a local biodiesel industry

Minimum
Description Detection Level Measured value
(MDL)
Ca (ppm) 0.06 2592.82+266.86
Co (ppm) 0.20 < Detection limit
Cu (ppm) 0.05 4.96+0.94
Fe (ppm) 0.05 192.93+3.92
Mg (ppm) 0.20 31.29+18.29
Mn (ppm) 0.05 3.22+0.36
Na (ppm) 0.20 376062.00+ 9073.59
P (ppm) 0.00 622.96+£27.68

Zn (ppm) 0.03 25.79+1.73
C (wt. %) 0.01 15.63+1.31
N (wt. %) 0.01 0.03+0.01

HPLC analysis of crude glycerol showed that it contains 44.56 wt.% of glycerol and 13.86 wt.%
of methanol. Details of the chemical components present in the crude glycerol sample are shown
in Table 4.4. Methanol, salt and soap are considered inhibiting components in crude glycerol
for its bioconversion to value added products [28, 66]. The amount of methanol (13.86 wt.%)
and soap (32.97 wt.%) present in our sample was much higher than many of the crude glycerol
samples reported in previous studies [36, 38, 40]. The reason for higher amount of such

impurities in our sample can be due to a variety of factors including type of feedstock used, type
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of catalyst used, size of biodiesel production plant, lesser downstream processing, etc. However,
this made the crude glycerol used in these experiments a good sample to test the robustness of

the oleaginous yeast used in this study.

Table 4.4. Comparison of chemical composition of crude and pure glycerol

Composition Cru?vtvetg:z:;erol *Pu{‘i f};;c)eml
Glycerol 44.56+0.45 100.3+2.6
Methanol 13.86+0.83 BDL

Ash Content 10.74+0.34 BDL

% Free fatty Acid 0.48+0.05 BDL
Soap (as Sodium oleate) 32.97+0.06 BDL
Water 0.82+0.01 BDL
FAME 4.38+0.05 BDL
Total 107.81 100.3

*Values adapted from [67]; BDL: Below Detection level.

It should be noted that in Table 4.4 the sum of all components present in crude glycerol makes
a total of 107.81 wt.%. In the determination of soap content via titration method, the molecular
weight of sodium oleate is used to convert acid number into soap content, assuming that all the
soaps present in crude glycerol is in the form of sodium oleate. As the fatty acid composition of
soap present crude glycerol depends on type of feedstock used for biodiesel production this
assumption is not very accurate, though it is often used in order to simplify cumbersome
calculations. The use of higher molecular weight of sodium oleate for the determination of soap
calculation results in the overestimation of soap present and the total composition of crude
glycerol [67]. Another reason for this is that compounds such as sodium or potassium present
in crude glycerol are accounted for more than once, for example, during the determination of
soap and ash content [53]. This causes the sum of all the components present in crude glycerol

to be over 100 wt.%.
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4.3.2. Effect of methanol on the growth of R. toruloides ATCC 10788 in pure glycerol

After characterization of crude glycerol, a well-studied oleaginous microbial yeast strain R.
toruloides ATCC 10788 was selected to study its growth on crude glycerol. To understand the
inhibiting effect of methanol, this strain was initially grown at various concentration of
methanol (up to level of 2.5% w/v; PGM) (Fig. 4.1). Minimal media was used with 40 g/L of
pure glycerol as a carbon source and 0.697 g ammonium chloride as a nitrogen source thus
maintaining a C: N molar ratio of 100. Fermentation was carried out in shake flask culture for
192 hours at 30 °C and shaker speed of 200 rpm. As the stationary phase of biomass production
was reached after 168 h of fermentation (Fig 4.1), all the experimental results were calculated

on the basis of this amount of time.
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Fig4.1. Biomass growth curves of R. foruloides ATCC 10788 on 40 g/L pure glycerol with pure methanol (PGM)
concentrations in the range of 0.25 to 2.5% (w/v). The control media contained 40 g/L pure glycerol but no
methanol

From Fig 4.1 and 4.2, it can be seen that with the increase in methanol concentration there was
decrease in biomass and lipid production. In the absence of methanol in the media (i.e. control),
at the end of 168 h of fermentation time, R. foruloides ATCC 10788 produced 10.18 g/L, 3.73
g/L and 34.08 wt.% of biomass, lipid concentration and lipid content respectively. With the

increasing levels of methanol, the biomass produced, lipid concentrations and lipid content
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decreased by about 8—41%, 19-53%, and 7-23%, respectively (Fig 4.2).
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Fig 4.2. Final biomass concentration (g/L), lipid concentration (g/L) and lipid content (wt.%) produced by R.
toruloides ATCC 10788 on 40 g/L pure glycerol after 168 hours and methanol in the range of 0.25 to 2.5% (w/v).
The control media contained 40 g/L pure glycerol but no methanol.

Similar effects of methanol on biomass growth of other strains of this species have been reported
previously [20, 36, 68] . For instance, Xu et al. (2012) reported a decrease in overall biomass,
lipid concentrations and lipid yield (content) of Rhodosporidium toruloides AS2.1389, a type
of oleaginous yeast, by about 0-5%, 6-24%, and 6-23% respectively, when three different
concentration of methanol (4 g/L, 8 g/L and 16 g/L) were added [20]. Similarly, Pyle et al (2008)
[36] reported a decrease in biomass and docosahexaenoic acid (DHA) yield, in case of
oleaginous algae Schizochytrium limacinum SR-21, at high concentration of methanol (> 1%
w/v) in the media. Although the exact mechanism of the action of methanol on oleaginous
microbes is not well understood, it is hypothesized that methanol is absorbed into the cell and
metabolized. Metabolism of methanol produces certain products which influences biomass
production and lipid accumulation ability of microbes [20, 38]. With this background, the effect
of methanol on the biomass production and lipid accumulation ability of this organism at
different phases of its growth was further studied. Since significant amount of biomass

concentration changed only when the methanol level reached 1.5% (w/v) in the media (Fig 4.1
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and 4.2), the change in biomass concentration, lipid concentration and lipid content was
measured on a regular interval for 192 hours in media containing 1.5% (w/v) methanol (Fig
4.3). It was found that the biomass concentration increased with time and remained constant
beyond 120h. Whereas a significant amount of lipid was found to be produced (measured as

lipid concentration) after 72 hours, it increased with time and remained constant after 168 hours.
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Fig 4.3. Biomass and lipid produced by R. foruloides ATCC 10788 in minimal media containing 40 g/L pure
glycerol and 1.5% (w/v) pure methanol at various time interval.

4.3.3. Growth of R. toruloides ATCC 10788 in crude glycerol and the effect of impurities
present

After understanding the effect of methanol on the biomass and lipid accumulation by R.
toruloides ATCC 10788 (section 4.3.2) on pure glycerol, this organism was grown in minimal
salt media with crude glycerol as a carbon source. As found in section 4.3.2, the presence of
very small amounts of methanol in the media (i.e. 0.5% w/v) could reduce the biomass
production and this growth inhibition becomes significant when the methanol concentration
reaches 1.5% (w/v). Keeping this in mind, for the study involving crude glycerol, three different
types of media with increasing concentration of methanol from (0 to 1.5% w/v) were prepared

by diluting the crude glycerol (originally containing 44.56 wt.% glycerol and 13.86 wt.%
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methanol) to different extents. The crude glycerol media diluted to 0.5% (w/v), 1% (w/v), and
1.5% (w/v) methanol were designated as CGA, CGB and CGC respectively. The amount of
glycerol present in CGA, CGB and CGC media were found to be 16.1 g/L, 32.2 g/L and 48.2
g/L respectively. The control media for CGA, CGB and CGC were prepared using pure glycerol
and were designated as PGA, PGB and PGC respectively and contained pure glycerol at a
concentration of 16.1 g/L, 32.2 g/LL and 48.2 g/L respectively. No methanol was added to these
media samples. The pure glycerol control experiments without methanol would allow us to
understand the overall effect of impurities (including methanol) upon the biomass production at
three different levels of methanol concentration and other impurities. The biomass
concentration, lipid concentration and lipid content of R. foruloides ATCC 10788 grown on
crude glycerol media and their controls are shown in Fig 4.4(a) and (b). From Fig 4.4(a) and
(b), it is seen that irrespective of the type of glycerol used (i.e. pure or crude glycerol), there
was an increase in biomass production with the increasing glycerol concentration. At 168 h, the
biomass obtained with PGA (16.1 g/L of pure glycerol) was 4.21 g/L whereas it increased to
10.34 g/L when pure glycerol concentration increased to 48.2 g/L (Fig 4.4b). Similar trends
were obtained when crude glycerol was used instead of its purer form (Fig 4.4a). At 168 h, with
CGA media, biomass obtained was 9.25 g/L which increased to 21.16 g/L when CGC was used.
More interestingly, however, was the huge improvement in biomass observed at equal levels of
glycerol concentration in crude glycerol compared to pure glycerol. For instance, when one
compares PGC to CGC media, biomass produced nearly doubled from 10.34 g/L to 21.16 g/L.
Lipid content of the obtained biomass also increased by 56.9% when CGC media was used
instead of PGC. Lipid content of biomass obtained with CGC and PGC media were found to be
53.28 wt.% and 33.95 wt.% respectively. Similar increments were observed in CGA and CGB
media compared to PGA and PGB respectively. Thus, instead of inhibiting growth, the
impurities present in the crude glycerol media the microorganism seem to enhance the amount

of biomass and lipids produced.
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Fig 4.4. Biomass produced by R. toruloides ATCC 10788 on minimal media containing crude glycerol diluted to
different levels and pure glycerol. Figure 4 (a), growth on crude glycerol CGA, CGB, and CGC in which crude
glycerol was diluted to bring the methanol level to 0.5%, 1% and 1.5% (w/v) respectively and the resultant glycerol
content was 16.1 g/L, 32.2 g/L and 48.2 g/L respectively. Figure 4 (b), growth in pure glycerol media (control)
PGA, PGB and PGC containing 16.1 g/L, 32.2 g/L and 48.2 g/L of pure glycerol respectively and containing no
methanol.

This is further confirmed when one compares the biomass concentration obtained with CGC to
that in pure glycerol with 1.5% (w/v) methanol (Fig 4.2). Biomass concentration in the former
was much higher than the pure glycerol media with similar methanol level (i.e. 1.5% w/v). In
section 4.3.2 (Fig 4.2), we found that addition of 1.5% (w/v) of methanol into the pure glycerol
media decreased the biomass from 10.18 g/L (i.e. in control experiment with no methanol) to
8.06 g/L. However, in case of CGC, the biomass obtained was 21.16 g/L, approximately 105%
more than that obtained with pure glycerol media (i.e. PGC control media). From this we can
infer that that presence of various impurities in crude glycerol supported the growth in such a
way that the effect of methanol was either masked or became insignificant. This allows the
microorganism to grow even at higher concentration of methanol (i.e. 1.5% w/v). Thus, it is
apparent that in the presence of various impurities present in crude glycerol, R. toruloides

ATCC10788 can grow well even in the presence of 1.5% (w/v) methanol.
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In order to understand this better, another experiment was carried out. In this experiment, two
of the crude glycerol media, CGA and CGB, were topped up with pure glycerol to bring the
glycerol levels equal to that present in CGC (i.e. 48.2 g/L glycerol). The topped up CGA and
CGB media were designated as CGAT and CGBT and contained 48.2 g/L of glycerol. CGAT
and CGBT thus had similar glycerol concentration but differing amounts of methanol (0.5%
and 1% w/v) and other impurities. Growth of R. foruloides in CGAT and CGBT were found to
be less than that obtained with CGC media (Fig 4.5). At the end of 168 h, the biomass obtained
with CGC (crude glycerol media) was 21.16 g/L whereas that obtained with CGAT and CGBT
were found to be 10.59 g/L and 12.75 g/L respectively. From this, we can infer that other than
glycerol and nitrogen, the other impurities (e.g. soap, ash, FAME, salt, etc.) found in crude

glycerol served as a carbon and nitrogen sources and enhanced the growth of this

microorganism.
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Fig 4.5. Biomass production of R. toruloides ATCC 10788 in crude glycerol diluted to various concentrations of
methanol. CGC contained 48.2 g/L of glycerol and 1.5% (w/v) of methanol. CGAT and CGBT contained 0.5%
(w/v) and 1% (w/v) methanol respectively. Both CGAT and CGBT contained total glycerol to a level of 48.2 g/LL
consisting of diluted crude glycerol and topped up with pure form

Finally, the biomass and lipid production by this strain in crude glycerol at various time interval
was also determined (Fig 4.6). It was found that both the biomass and lipid production increased

with time and remained constant after 16&8h.
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Fig 4.6. Biomass concentration (g/L), lipid concentration (g/L) and lipid content (wt. %) produced by R. toruloides
ATCC 10788 in crude glycerol CGC media with 48.2% (w/v) of glycerol and 1.5% (w/v) of methanol at various
time intervals.

The biomass (i.e. 21.16 g/L) and lipid content (53.28 wt. %) obtained by using this strain at the
end of 168 hours was also compared with other oleaginous species used in previous works
(Table 4.5). The biomass and lipid content obtained in this study were found to be higher than
most previously studied microorganisms under similar shake flask experimental conditions. The
ability of this strain to produce more biomass and lipid in crude glycerol than pure glycerol

overcomes a major constraint of inhibition caused by impurities present in the crude glycerol.
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Table 4.5. Comparison of biomass and lipid content (wt.%) by various oleaginous yeasts in glycerol based media

Feedstock composition

Culture Type of Fermentati  Biomass Lipid Lipid
Microorganism used d feedstock . . on time Conc. Conc. Content  References
mode used Glycg/rol Other 1m‘E/)ur1t1es (h) (g/L) (g/L) (Wt.%)
(Wt. 0) (Wt. o)
Rhodosporidium Shake Crude o o
toruloides AS2.1389 Flask glycerol 32.97% Methanol 14.89% 160 19.2 8.6 47.7 [20]
ggj;ﬁirfé%sw Batch g@rcue‘izl 32.97% Methanol 14.89% 198 26.7 13.4 69.5 [20]
o Synthetic Methanol 4%
i’i 7:;‘; ‘;r?f‘”m BF;iil crude 65% Water 27% 120 23.1 9.4 40.9 [41]
! glycerol Salt 4%

Rhodosporidium Shake Syntl:ietic 60% Methanol 6% 120 203 3.6 425 [40]
toruloides Y4 Flask cruce ° Salt 6% ' ' '

glycerol
Rhodosporidium
toruloides NRRLY - Shake Crude Salt 2-4%
27012 Flask lvcerol 91-93% Water 2-4% 195 30.1 - 40.0 [39]

gy FFA 1%

Methanol 22.7%

i’ggtg%@cg‘g curvatus BFaet‘;] f";e‘:zl 48.7% Soap 3% 288 32.9 ; 52.9 38]

gy Water  25.6%
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Yarrowia lipolytica
Qu2l

Candida sp. LEB-M3

Kodamaea ohmeri
BY4-523

Trichosporandoides
spathulata JU4-57

Rhodosporidium
toruloides ATCC
10788

Rhodosporidium
toruloides ATCC
10788

Rhodosporidium
toruloides ATCC
10788

Shake
flask

Shake
flask

Shake
flask

Shake
flask

Shake
Flask

Shake
Flask

Shake
Flask

Crude
glycerol

Crude
glycerol

Crude
glycerol

Crude
glycerol

Pure
glycerol

Pure
glycerol*

Crude
glycerol

82.73%

42.4%

40%

40%

44.56%

Methanol 0.008%
NaCl  5.15%

Methanol 1-3%
Salts 4-5%
Water  36-45%

Methanol 1-3%
Salts 4-5%
Water  36-45%

Methanol 13.86%
Ash 10.74%
FFA 0.48%
Soap 32.97%

96

192

120

168

168

3.85

19.7

10.3

17.1

7.8

10.34

21.16

0.85

9.9

5.5

7.4

2.9

3.51

11.27

22.1

50.2

533

434

37.7

33.95

53.28

[69]

[42]

[43]

This study

This study
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4.3.4. Effect of other common impurities in crude glycerol on growth and lipid
production of R. toruloides ATCC 10788

4.3.4.1. Effect of sodium chloride on growth and lipid production

Salts of sodium or potassium are commonly present in crude glycerol from biodiesel industries.
This is mainly because basic catalysts such as sodium and potassium hydroxide are generally
used during the transesterification of oil into biodiesel [71]. In order to understand the effect of
salt on Rhodosporidium toruloides ATCC 10788, this strain was grown on minimal salt media

with different levels of sodium chloride i.e. 0.5% to 4% (w/v) (Fig. 4.7).
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Fig 4.7. Biomass concentration of R. foruloides ATCC 10788 obtained at the end of 168 h growth in minimal salt
media containing different concentration of sodium chloride (NaCl) and 40 g/L of pure glycerol

From Fig 4.7 it is seen that presence of salt up to 1.5% (w/v) in the media did not reduce the
biomass concentration of R. toruloides ATCC 10788. Beyond this level of salt, the biomass
however reduced gradually. At 4% (w/v), the biomass concentration of this strain reduced by
44.95%. Different strains of Rhodosporidium toruloides vary in their ability to withstand salt.
Gao et al. (2016) reported an increase in biomass concentration, lipid concentration and lipid
content of R. toruloides 32489 by 35%, 64% and 21% respectively when 16 g/L (i.e. 1.6 % w/v)

of sodium chloride was added to the pure glycerol containing media. At similar levels of sodium
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chloride, Xu et al. (2012) reported increase in biomass concentration, lipid concentration and
content of R. toruloides by 40%, 48% and 20% respectively. Lipid concentration and lipid
content of R. toruloides ATCC 10788 were also estimated while growing at similar levels of
salt in the media (i.e. 1.5% w/v). Unlike previously reported strains, no significant improvement

in biomass or lipid concentration were obtained with the use of this strain (Table 4.6).

Table 4.6. Comparison of biomass, lipid concentration and lipid content obtained from R. foruloides ATCC
10788 at the end of 168 h when grown on minimal salt media containing some of the major impurities generally
present in crude glycerol from biodiesel industry. FAME- Fatty acid methyl ester

Media used Media composition Biomass Conc. Lipid Conc. Lipid Content

(g/L) (g/L) (wt.%)
MM Mi“im:(l) S;Lt glfegli;‘;e‘;‘;}aim“g 10.18+0.23 3.54+0.19 34.80+1.12
MMN MM + 1.5% sodium chloride 8.21+0.07 3.49+0.20 42.55+1.36
MMF MMF + 4% (w/v) FAME 12.99+0.12 5.96+0.17 45.91+1.37
MMS MM + 4% (W/v) soap 19.70+1.86 9.59+0.17 48.89+3.75

However, most of the microbes commonly used for bioconversion of crude glycerol, do not
tolerate even the small amount of salts in the media [72, 73]. Furthermore, it should be noted
that crude glycerol contains glycerol in the range of 38-96 wt.% and salt in the range of 5-7
wt.% [1]. This means no more than 1% of salt would be present in the final crude glycerol based
minimal media after we dilute the crude glycerol to have a final media glycerol content of 40-
60 g/L used in fermentations. Thus, we can conclude that R. toruloides ATCC 10788 can grow
in most of the crude glycerol obtained from different biodiesel industries without removing

salts.
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4.3.4.2. Effect of Fatty acid methyl ester (FAME) on the growth and lipid production

Maximum recovery of biodiesel, chemically known as FAME, from its mixture with glycerol
is desirable during its production. However, its presence in small quantities in crude glycerol is
unavoidable. Depending on the type of downstream processing adopted in a biodiesel industry,
the FAME present in crude glycerol varies [20]. Previously, methyl oleate was used as a
representative fatty acid methyl ester to understand the effect of FAME on other strains of
Rhodosporidium toruloides [20, 48]. However, in reality, biodiesel present in crude glycerol
consist of methyl esters of varieties of fatty acids rather than one single type. The type of fatty
acid present in media have been shown to have an influence on the biomass and fatty acid
composition of obtained lipids from oleaginous microbes under study [74, 75]. Thus, in this
study, biodiesel prepared from canola oil was used at various concentration (i.e. 0.1, 0.5, 1, 2
and 4 % w/v) to understand its effect on Rhodosporidium toruloides ATCC 10788. These levels
of biodiesel are higher than previously reported [20, 48]. With increasing levels of FAME in
the minimal salt media, the biomass concentration gradually increased and remained constant

after 2% (w/v) (Fig. 4.8).
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Fig. 4.8. Biomass concentration obtained at the end of 168 h growth of R. toruloides ATCC 10788 in grown in
minimal salt media with various levels of Fatty Acid Methyl Esters (FAME) with 40 g/L of pure glycerol
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The addition of FAME in the range of 0.1% to 4% (w/v) lead to improvement of biomass in the
range of approximately 9-28%. The amount of lipid obtained using minimal media with 4%
(w/v) FAME was also determined. At this level of FAME, the biomass concentration, lipid
concentration and lipid content obtained from this yeast were found to be 12.99 g/L, 6.09 g/L
and 46.89 wt.% respectively. These values were approximately 28%, 72% and 35% higher

respectively compared to the control experiment with pure glycerol (Table 4.6).

Certain yeast strains have a specialized metabolic pathways to utilize hydrophobic substrates
such as alkanes, fatty acids and oils [20, 76, 77]. Hydrophobic compounds also have the
capacity to alter the membrane fluidity and enhance the intake of carbon source from the media
[78]. It can be assumed that a similar mechanism is employed by R. toruloides ATCC 10788 to
use FAME as a carbon source or the presence of FAME enhances its ability to take up carbon

sources at better rates.

From the above discussion, we can conclude that the strain of Rhodosporidium toruloides
ATCC 10788 is quite resistant to high levels of FAME. The presence of FAME has been shown
to improve the biomass and lipid production of this strain. However, a complete understanding
of improvement in biomass production of oleaginous yeast upon the addition of FAME still
needs to be understood. Detailed studies to understand its ability to consume FAME as a carbon

source is ongoing in our lab and will be reported in future.

4.3.4.3. Effect of Soap on growth and lipid production

In order to understand the effect of soap on R. toruloides ATCC 10788, the organism was grown
on minimal media containing varying levels of soap ranging from 0.1% to 4% (w/v). With
increasing levels of soap in the media, the biomass and lipid concentrations obtained
significantly increased. At the end of 168 h, use of soap in the range of 0.1- 4% (w/v) increased
the biomass and lipid concentration and lipid content of R. foruloides ATCC 10788 by about
23-94%, 43-171% and 16-40% respectively (Fig. 4.9).
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Fig 4.9. Biomass concentration, lipid concentration and lipid content obtained at the end of 168 h growth of R.
toruloides ATCC 10788 in minimal salt media containing different levels of soap (0.1% to 4% w/v) and 40 g/L of
pure glycerol

Soap is one of the major impurities present in crude glycerol from biodiesel industries [36] .
The crude glycerol used in our study contained 32.97 wt.% of soap. The presence of soap in the
media have generally been shown to inhibit the growth of microbes used for bioconversion of
crude glycerol [33, 48]. Pyle et al. (2008) reported the inhibition of biomass and lipid production
by Schizochytrium limacinum, a type of oleaginous microbes. However, soap up to 0.2% (w/v)
in the media had shown to improve the biomass and lipid of the previously reported strains of
Rhodosporidium toruloides 32489 [48]. However, beyond this concentration, both the biomass
and lipid concentrations obtained from these strains of Rhodosporidium began to decrease. The
increase of biomass and lipids in the presence of soap was attributed to the facts that soap
present in the media increased the membrane permeability of the microbial cells which in turned
helped the yeast cells to absorb more carbon source and other nutrients in the media. Similar
explanation was provided by Xu et al. (2012) in a report involving Rhodosporidium toruloides
AS2.1389. However, in the current study, very high levels of soap were tested on the R.
toruloides ATCC 10788. The explanation provided by previous authors could not completely
justify the production of high amount of biomass and lipids obtained in this study. R. toruloides

ATCC 10788 was able to grow well and produce lipids at even at 4% (w/v) of soap (Table 4.6).
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This became apparent when this organism was grown on pure and crude glycerol media with
similar levels of glycerol (i.e. 48.2 g/L). In the crude glycerol media, lower amount of glycerol
was consumed, at the end of 168 h, but higher amount of biomass and lipids were produced
(Table 4.7). This made us realize for the first time that besides glycerol, R. toruloides ATCC

10788 was actually consuming the soap present in the crude glycerol used.

Table 4.7. Biomass concentration, lipid concentration, lipid content, obtained from R. toruloides ATCC 10788
at the end of 168 h while growing on varieties of carbon sources at an initial pH of 6.0, agitation 200 rpm and
incubation temperature 30 °C for 7 days

Biomass Lipid Lipid Initial Glycerol Ov.elzall
Carbon Glycerol Consumed Lipid
Conc. Conc. Content .
source (/L) (/L) (WE.%) Conc. (g/L) Yield
g g : (g/L) (wt.%)
Pure glycerol 10.34+0.11  3.51+0.09  33.95+0.87 48.2 36.12 9.70
Crude glycerol ~ 21.16+£0.17 11.27+0.14  53.28+0.64 48.2 25.66 43.90
Pure glycerol 10.18£0.23  3.54+0.19  34.80+1.12 40.0 37.08 9.50
Pure glycerol
with 1.5% w/v 8.06+0.25 2.56+0.1 31.79+0.22 40.0 35.16 7.30
of methanol
Pure glycerol
with 3.5% 19.76+0.88  10.78+0.29  54.57+1.49 48.2 27.05 37.52
soap
0,
Soap 3.5% 12874147  540£0.15  41.99+1.15 i i i
(w/v)

In order to confirm this, R. toruloides ATCC 10788 was grown in two types of minimal media.
The first contained 3.5% soap and 48.2 g/L of glycerol was designated as PGS and the second
contained 3.5% of soap as the sole carbon source (PSNG media). The soap content used in PGS
and PSNG media were similar to that present in crude glycerol media (CGC). When PGS media
was used, 19.76 g/L, 10.78 g/L and 54.57 wt.% of biomass concentration, lipid concentration

and lipid yield were obtained respectively at the end of 168 h. Furthermore, the amount of
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glycerol consumed in such PGS and CGC media were found to be similar. Similarly, when
PSNG media containing 3.5% (w/v) soap was used as a sole carbon source, 12.87 g/L, 5.40 g/L
and 41.99 wt.% of biomass, lipid concentration and lipid content respectively were obtained at
the end of incubation period. In addition to the explanation provided by previous authors [20,
48], another reason for large improvement of lipids produced with the use of soap might be
formation of free fatty acids from soap when the pH of the media was adjusted to 6 to make it
suitable for the growth of R. toruloides ATCC 10788. Certain microbes have shown to consume
the high levels of free fatty acids present in the media by ex-novo pathway and produce lipids
[79, 80]. A similar pathway was adopted by R. toruloides ATCC 10788 to consume the free
fatty acid formed during media preparation due to break down of soap. However, further studies
have to be carried out to confirm any one or both of possible routes discussed above for high

lipid production from soap by this strain.

Based on above discussion we can conclude that unlike previously reported oleaginous yeasts,
R. toruloides ATCC 10788 is a robust strain capable of growing at high levels of FAME and
soap. Its unique ability to grow on media with only soap as the carbon source makes it an
interesting organism to conduct further research. In addition to biodiesel industry, this strain
can also be exploited for the treatment of waste effluents from car wash centers, soap

manufacturing and textile industries.

4.3.5. Characterization of lipids produced

Fatty acids composition of the lipids obtained in these experiments were determined using GC-
FID. Previous studies show that lipids from various other strains of Rhodosporidium toruloides
mainly consists of C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid) and C18:2
(linoleic acid) [20, 68, 76, 81]. Fatty acid composition of lipids from some of the strains of R.
toruloides is tabulated in Table 4.8. Rhodosporidium toruloides ATCC 10788 was also found

to have the same major fatty acid components.
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Table 4.8. Comparison of fatty acid composition of lipid obtained from R. toruloides ATCC 10788 in glycerol media to lipid obtained from various other
sources. (C16:0 Palmitic acid; C18:0 Stearic acid; C18:1 Oleic acid; C18:2 Linoleic acid; SFA Saturated fatty acid; UFA Unsaturated fatty acid)

Lipid source % C16:0 % C16:1 % C18:0 % C18:1 % C18:2 % C18:3 % Others % SFA % UFA  Reference

Palm 42.70 - 2.13 39.37 10.62 0.21 4.97 ~49 ~51 [82]

Canola 3.75 0.21 1.87 62.41 20.12 8.37 3.27 ~7 ~93 [82]

Corn 10.34 - 2.04 25.54 59.27 1.07 1.74 ~13 ~87 [82]

R. toruloides Y4* 18.0 1.2 8.1 66.6 4.4 0.4 1.3 ~27 ~73 [41]

R. toruloides Y4 20.1 - 12.7 55.3 11.9 - - ~33 ~67 [41]

R. toruloides 32489 22.4 2.7 5.9 20.8 39.5 6.9 1.8 ~30 ~70 [48]

R. toruloides AS2.1389 T 29.2 - 13.9 414 10.4 2.9 2.2 ~44 ~56 [20]

R. toruloides NRRL Y-27012F 354 - 12.2 44 2.4 - 6 ~50 ~50 [39]
R. toruloides ATCC 10788*  18.55+0.17 - 11.48+0.02  59.7+0.16  10.25+0.01 - - ~30 ~70 This study
R. toruloides ATCC 10788 T 24.39+0.26 - 16.38+0.13  47.16+0.12  12.05+0.01 - - ~40 ~ 60 This study

* Pure glycerol media T Crude glycerol media
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When pure glycerol was used as a carbon substrate, oleic acid (a monounsaturated fatty acid)
content of lipid produced by R. toruloides ATCC 10788 was approximately 60%. Similarly,
C16:0 (palmitic acid), C18:0 (stearic acid), and C18:2 (linoleic acid) accounted for about 19%,
11% and 10% of total fatty acid respectively. On the other hand, when crude glycerol substrate
was utilized, a decrease in oleic (~ 47%) acid but increase in other fatty acids (i.e. 24% stearic,
16% palmitic and 12% linoleic acid) of the lipid was observed. However, this value of oleic
acid (i.e. ~ 47%) was still higher than some of the other strains of R. toruloides reported in the
past (Table 4.8). The decrease in oleic acid while growing this strain in crude glycerol as
compared to that in pure glycerol can be attributed to the various impurities present in crude
glycerol. Some oleaginous organisms have been reported to take up fatty acids present in the
media and incorporate them into their stored lipid [80, 83]. The fatty acid profiles of the lipids
obtained from such organisms are thus influenced by the type of fatty acids present in the media
[74, 77, 83—85]. In our study, even though the amount of free fatty acids (FFA) present in the
media was quite low (crude glycerol contained only 0.48 wt. % of FFA), it certainly had some
influence upon the lipid production profile of R. foruloides ATCC 10788. Additionally, other
impurities such as fatty acid methyl esters, soap, di-glycerides, mono-glycerides and residual

triglycerides can also influence the change in fatty acid compositions [20, 28, 36, 48].

Biodiesel produced from feedstock containing higher amounts of saturated fatty acid (SFA) are
expected to have excellent oxidative stability, but fuel properties would be poor at low
temperatures. This can lead to problem at lower winter temperatures. On the other hand, if
biodiesel is made from a feedstock high in polyunsaturated fatty acid (PUFA), the fuel would
be suitable for use even at lower temperature (i.e. suitable for winters) but would have poor
oxidative stability and also emit high amounts of nitrogen oxide (a type of greenhouse gas).
Thus, biodiesel feedstock (i.e. triglycerides) rich in monounsaturated fatty acid (MUFA) are the
most suitable feedstock for biodiesel production [86]. As discussed in the previous paragraphs,
the lipid obtained from R. toruloides ATCC 10788 is composed of higher percentage of oleic
acid, a type of monounsaturated fatty acid. Additionally, the type of fatty acids it contains and
oleic acid percentage is also similar to that present in some of the oils which are presently used
as a feedstock for biodiesel production (Table 4.8). The ability of R. toruloides ATCC 10788 to

grow well in the presence of 1.5% (w/v) methanol and take up other components present in
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crude glycerol to produce higher amount of biomass and lipid rich in MUFA makes microbial

lipid from R. toruloides ATCC 10788 a suitable renewable feedstock for the biodiesel industry.

4.3.6. Effect of individual impurities on fatty acid composition
Analysis of lipid obtained from R. toruloides ATCC10788 grown in the presence of various
impurities were also carried out. This study helped us to understand the effect of such impurities

on fatty acid profiles of this strain (Table 4.9).

Table 4.9. Comparison of fatty acid profiles of lipids obtained on growth of R. foruloides ATCC 10788 on pure
and crude glycerol and some of its major impurities. (C16:0 Palmitic acid; C18:0 Stearic acid; C18:1 Oleic acid,
C18:2 Linoleic acid; SFA Saturated fatty acid; UFA Unsaturated fatty acid)

Carbon source %C16:0 %C18:0 %C18:1 %C18:2 %SFA %UFA
Pure glycerol 18.55+0.17 11.48+0.02 59.7+0.16 10.25+0.01 30.03 69.97
Crude glycerol 24.39+0.26 16.38+0.13 47.16+0.12 12.05+0.01 40.77 59.23
Pure glycerol with
1.5% (w/v) 18.11+0.51 11.54+0.46 61.35+1.13 9 +0.16 29.65 70.35
methanol

Pure glycerol with

4% (w/v) NaCl 16.91£1.95 12.98+1.03 64.95+£3.04 5.16£2.13 29.89 70.11

Pure glycerol with

4% (w/v) FAME 13.71+0.83 11.13+£1.03 64.75+£3.15 10.42+5.37 24.84 75.16

Pure glycerol with

24.60+1.65 16.51+0.10 56.60+0.88 2.28+0.87 41.11 58.89
4% (W/v) soap

It was found that methanol and sodium chloride had an insignificant amount of effect on the
fatty acid composition of R. toruloides ATCC 10788. However, presence of fatty acid methyl
esters (FAME) in the growth media showed only slight change in the saturation level of the
lipid obtained. Addition of 4% (w/v) of FAME in the media showed approximately 8% increase
of oleic acid content of the lipid and about 7% increase in overall unsaturation level of thus
obtained lipid. A major influence on the fatty acid profile was observed when soap was added
into the media. At 4% (w/v) of soap in the media, the saturated and unsaturated fatty acids in

the lipid obtained from R. toruloides ATCC 10788 were found to be ~41% and ~59%
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respectively. This was similar to the fatty acid profile of the lipid obtained by growing this
strain in crude glycerol (Table 4.9). Thus, it can be inferred that the soap present in crude
glycerol was one of the major contributors in the alteration of fatty acid of the lipid obtained

from R. toruloides ATCC 10788.

4.4. Summary

Characterization of crude glycerol from biodiesel industry showed 44.56 wt. % glycerol and
many other impurities including 13.86 wt. % methanol and 32.97 wt. % soap. The oleaginous
yeast Rhodosporidium toruloides ATCC 10788 converted crude glycerol into microbial lipid
and was found to have many advantages over other organisms and strains reported in the
literature. Biomass concentration of 21.16 g/L, lipid concentration of 11.27 g/L and lipid content
of 53.28 wt. % was obtained by the end of 168 h. When biomass production by this strain on
crude glycerol was compared to that on pure glycerol, it was observed that the impurities present
in crude glycerol enhanced the biomass growth and the overall lipid production. This proves the
robustness of this yeast strain for microbial lipid production on the crude glycerol by-product.
The impurities present in crude glycerol helped in enhancing the growth and lipid producing
ability of this organism. The growth of this organism on individual impurities of this crude
glycerol was also carried out. Methanol and salt (>1.5% w/v) inhibited the growth, whereas
FAME and soap improved the biomass and lipid obtained. This strain was also capable of
growing with soap as the sole carbon source. This was also the reason for improved biomass
and lipid production with crude glycerol compared to pure glycerol. The unique ability of this
strain to consume soap makes it a suitable strain for its use in the treatment of effluents laden
with soap. Characterization of the lipid using GC-FID indicated that oleic acid (47.16%) is a
major fatty acid component. The presence of higher amounts of oleic acid in this lipid make it
suitable for its utilization as a biodiesel feedstock. The microbial lipid produced by R. toruloides
ATCC 10788 can also be used to produce other value added products like bioplastics. However,
its use as a substrate for biofuel production is suggested as the converted crude glycerol obtained
from the biodiesel industry can easily be fed back as a biodiesel substrate. The integrated
process can add to the profits of the biodiesel industry by reducing costs of by-product glycerol

transportation and disposal.
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Use of essential oils from various plants to change the fatty acids profiles of lipids

obtained from oleaginous yeasts
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Abstract

We studied the ability of seven types of essential oils to alter the fatty acid composition of lipids
obtained from an oleaginous yeast Rhodosporidium toruloides. Except thyme red essential oil,
all other essential oils significantly increased the stearic acid levels of the obtained lipids from
this strain. Besides, at specific levels of these essential oils in the media, the obtained lipids
were different and unique in their fatty acid composition. Subsequently, we tried to understand
the effect of the major monoterpenes present in these essential oils. When R. foruloides was
grown on limonene, a major monoterpene in orange essential oil, the composition of lipid
obtained was found to be quite similar to orange essential oil, proving it has a major role in the
change in fatty acid profile of the lipids. Effect of orange essential oil on oleaginous yeast, C.
curvatus was also carried out. Though the effect of the essential oils and the fatty acid
composition were similar, it was found that the reduction of the activity of some enzymes in the
metabolic pathways were different. From these results, it can also be concluded that effect of

essential oil differs from species to species.
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5.1. Introduction

Biodiesel is a renewable alternative to fossil based diesel and is commonly produced from
vegetable oils by a chemical process called transesterification. During biodiesel production
processes, large quantities of glycerol are produced as a by-product. For every 100 kg of
biodiesel produced, about 10 kg of glycerol is obtained [ 1]. The glycerol obtained from biodiesel
industries contains a number of impurities and is commonly known as crude glycerol. Recent
increase in biodiesel production has caused a glut of glycerol in the market. This in turn has
reduced the price of all types of glycerol (pure or crude), making the purification of crude
glycerol to its pure form quite uneconomical [2]. Additionally, managing crude glycerol in an
environmental friendly way is also a concern for biodiesel producers [2]. Thus, various
approaches have been explored to utilize the crude glycerol from biodiesel industries to
commercially useful products. One such possible route is its bioconversion to microbial lipids.
Microbial lipids obtained from crude glycerol are chemically similar to vegetable oils and have

numerous commercial applications [3-5].

Certain microorganisms can accumulate lipids to levels higher than 20% of their dried biomass.
Such microorganisms are known as oleaginous microbes and the obtained lipids are known as
microbial lipids [6]. Like vegetable oils, microbial lipids contain a mixture of fatty acids
attached to a glycerol backbone. Depending on the type of fatty acids present, these lipids have
different properties and can be used for a number of applications. For instance, lipid rich in
monounsaturated fatty acids (MUFA) is suitable for biodiesel production [7]. Similarly, lipids
with specific amount of palmitic (24-26%), stearic (33-38%) and oleic acid (33-37%) can be
used as an alternative to cocoa-butter in food industries [8]. Most of the researchers working
towards the production of microbial lipids from crude glycerol have discussed its potential use
in biodiesel industries [2, 4, 9, 10]. However, tailoring these microbial lipids to possess a
specific type of fatty acids would expand its applications to other industries. Addition of certain
type of chemical compounds or plant extracts into the growth media of the microorganisms has

been reported to alter the fatty acids composition of the lipids obtained [11-16].

Essential oils are volatile, hydrophobic compounds obtained from plant sources. They are

mainly made up of terpenic hydrocarbons and oxygenated derivatives. Since essential oils
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inhibit the growth of several microorganisms, they are commonly used as a food preservative.
Additionally, most essential oils possess analgesic, anti-spasmodic and sedative effects. Hence,
essential oils are also used in healthcare industries. Studies to understand the effects of essential
oils on different microorganisms have been previously carried out. The ability of these essential
oils to change the carbon flux inside the organism towards certain specific type of fatty acids
has also been discussed [11-14, 17, 18]. However, quite a number of studies have focused their
efforts on the use of essential oils to alter the fatty acid composition of lipids from oleaginous

microbes in which lipid contents are considerably high.

Essential oils from various plant sources have been studied for their ability to change the fatty
acid composition of oleaginous yeasts Rhodosporidium toruloides ATCC 10788 in this paper.
In order to understand the roles of active compounds present in essential oils, we also studied
the effect of limonene, one of the major monoterpenes present in orange essential oil, on the
fatty acid profiles of the lipid obtained from this strain. Understanding the effect of the same
essential oil on different oleaginous yeasts is quite important to draw suitable conclusions about
its role on the fatty acid production mechanisms within such microorganisms. Thus, the effect
of orange essential oil on the fatty acid profile of Cryptococcus curvatus was studied. Both these
yeasts have shown to grow on varieties of carbon substrates [ 19—27] and accumulate lipids more
than 70 wt.% of their dried biomass weight. The ability of both these oleaginous yeasts to
produce lipid by growing on pure and crude glycerol has also been studied [2, 28, 29]. However,
to the best of our knowledge, studies involving the use of essential oils to alter the fatty acid
profile of R. toruloides have not been reported previously. Such studies on this oleaginous strain
will help us understand the possibility of using essential oils to alter the chemical composition
of the lipids obtained from this robust yeast strain. The tailored lipids obtained from such
process can be used for numerous applications. This will expand the application of microbial
lipids to other industries and make its production from a cheap carbon substrate like biodiesel

crude glycerol, a sustainable and economically beneficial route.
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5.2. Materials and methods

5.2.1. Microorganism and chemicals

The oleaginous microorganisms R. toruloides ATCC 10788 and Cryptococcus curvatus ATCC
20509 were obtained from American Type Culture Collection (ATCC). For the preparation of
seed inocula, they were grown on YPG media (10 g/L yeast extract, 20 g/L peptones and 20 g/L
glycerol) for 24 hours in an Innova incubator shaker which was set at a temperature of 30 °C
and a speed of 200 rpm. The seed cultures obtained were stored at -80 °C in the presence of pure

glycerol (50% v/v). All the essential oils used were purchased from Saffire Blue Inc., Canada.

The major components present in these essential oils are shown in Table 5.1.

Table 5.1. Major components of essential oils used in this study as per the supplier’s reports

Sl. No. Essential oils used

Major components of used essential oil

1 Clove bud essential oil

Hyssop essential oil

2

3 Thyme red essential Oil

4 Origanum Essential oil
Cinnamon Bark Organic

5 Essential Oil

6 Pine essential oil

7 Orange essential oil

Eugenol 84.55%

B-pinene 27%, Isopinocamphon 23.28%,
Pinocamphone 13.93%

Thymol 47.7%, Y'-terpinene 10.1%, p-
cymene 26.3%, Linalool 3.9%

Carvacrol 69%, Thymol 5%

Cinnamaldehyde 64.84%, Cinnamile
Acetate 2.05%, Eugenol 4.09%

a-pinene 41.51%, Camphene 3.70%, -

pinene 23.20%, B-Myrcene 5.60%,
Limonene 9.41%, B-phellandrene 2.43%

Limonene 93%, Aldehydes 2.68%

Glycerol (>99%), Limonene (97% pure) and all other chemicals and reagents used in this work

were of analytical grade and obtained from Fisher Scientific and Sigma Aldrich (Canada)

respectively.
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5.2.2. Culture conditions

In order to prepare the inocula for shake flask experiments, the yeasts under study were grown
in a YPG media (10 g/L yeast extract, 20 g/L peptones and 20 g/L glycerol) at 30 °C in a rotary
shaker. The speed of the shaker was maintained at 200 rpm and the cells were grown for 48
hours or until the viable cell count reached about 1 x 10® cells/ml. All the shake flask
experiments were carried out in 125 ml Erlenmeyer flasks with 50 ml of minimal media. For
the experiments using R. foruloides ATCC 10788, the minimal medium was prepared by
adopting the method previously described in chapter 4. The minimum media contained (g/1):
Glycerol 40.0, KH>PO4 1.0, Na,HPO4.12H,0 1.0, MgCl2.6H,O 1.5, pH 6.0. Ammonium
chloride (NH4Cl) was used as a nitrogen source and 0.7 gm of it was added into the media to
obtain an overall C: N molar ratio of 100. The media reported by Meesters et al. (1996) in his
experiments was adopted for carrying out the shake flask experiments with Cryptococcus
curvatus ATCC 20509 [29]. The prepared media contained (g/l): Glycerol 40.0, KH2PO4 2.7,
Na;HPO4.12H,0 0.95, MgCL.6H>0 0.2, Yeast Extract 0.1, EDTA 0.1, NH4Cl 0.796, pH 5.5.
Both these media were also supplemented with 10 ml/L of trace elements. The supplemented
trace elements mixture was prepared by dissolving following chemicals in 1L: CaCl2.2H>0 4.0
g, FeS04.7H20 0.55 g, Citric acid monohydrate 0.52 g, ZnSO4.7H20 0.10 g, MnSO4.H20 0.076
g, and 18M H2SO4 100 pl. Sample analyses of the experiments performed in duplicates were

carried out and percentage errors were expressed as mean + standard deviation.

5.2.3. Analytical methods

For the determination of biomass concentration, 5 ml of fermentation broth was centrifuged for
10 minutes at 4400 rpm, the supernatant was discarded and wet cells were washed using
deionized water and dried overnight at 80 °C. The Bligh-Dyer method was used [30] to estimate
the lipid content of these dried biomass. The lipid was further transesterified using the method
reported by Ichihara et al (2010) with some modifications [31]. Details of the method has been
discussed in chapter 4. The transesterified lipids were then analyzed using a Gas chromatograph
(Thermo Scientific, Trace 1300 model, polar column TG WaxMS A; 30 m x 0.25 pm x 0.25
um) equipped with an FID detector. Parameters reported in chapter 3 were adopted in order to
carry out GC analysis. This involved using helium at a flow rate of 1 ml/min as a carrier gas.

1ul of transesterified lipid samples were injected into the GC-FID at an injection split ratio of
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50:1. The temperature gradient maintained inside the oven was 100 °C (0.25 min); 30 °C/min,
220 °C (0 mins) and 10 °C/min, 250 °C (3 mins). Air flow of 350 ml/min, Hz at 35 ml/min, and
N> at 40 ml/min were adopted throughout the runs. The methyl esters of individual fatty acids
were identified by known peaks of known fatty acid standards mixture including methyl

nonadecanoate as the internal standard.

5.3. Results and discussion

5.3.1. Growth of R. toruloides ATCC 10788 in presence of various concentration of
essential oils

In order to understand the effects of essential oils, Rhodosporidium toruloides ATCC 10788
was grown on various concentration of essential oils in the medium. Each of these essential oils
were initially tested in the range of 0.5 to 3 g/L in the media. In the cases where there was no
biomass production due to inhibition, usually at essential oils concentration above 1 g/L, the
test was further carried out in the range of 0.03 g/L to 1 g/L essential oil. With increasing levels
of each of these essential oils in the media, the growth and lipid accumulation ability of this

yeast decreased (Table 5.2).

However, the degree of inhibition caused by each of these essential oils varied significantly.
Presence of 0.5 g/L of clove, origanum or thyme red essential oils in the growth media reduced
the biomass and lipid concentration by more than 90% when compared to the control experiment
in which no essential oil was added. More than 45% decrease in biomass and 70% decrease in
lipids production were obtained when similar levels of cinnamon and hyssop oil were added
into the media. Amongst all the essential oils used, this strain was more tolerant to essential oils
from pine and orange. No reduction in biomass and lipid concentration was found at 0.5 g/L of
these essential oils in the media. A significant reduction in biomass and the lipids began only
when pine essential oil or orange essential oil concentration in the media reached 1 g/L or 2 g/LL
respectively. It is worth mentioning that even though cinnamon essential oil was had
considerable inhibiting effect at higher levels (i.e. beyond 0.2 g/L), up to 0.08 g/L it actually
improved the lipid obtained. At 0.08 g/L, approximately 22% increase in lipid concentration

was found with the use of cinnamon essential oil (Table 5.2).

Reduction in biomass concentration of microbes upon the addition of different essential oils
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have been previously reported by various researchers [ 14, 32—34]. Its effect on the biomass and
lipid profile of oleaginous microbes have also been reported by some authors. In this regard,
Papanikolaou et al. (2008) reported reduction of biomass and increase in saturated fatty acids
(SFA) levels of the obtained lipid, when orange essential oil from Citrus sinensis was added
into the growth media of Y. lipolytica ACA-DC 50109. However, use of essential oil from same
source on the growth of Cunninghamella echinulata ATHUM 4411 showed enhanced biomass
production and the obtained lipids were rich in unsaturated fatty acids [12]. Thus, it can be

concluded that essential oil from same source can act differently on different species.
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Table 5.2. Changes in biomass concentration, lipid concentration and lipid content of R. foruloides at the end of
168 h fermentation due to addition of essential oils at different concentrations

Essential oil

C . Biomass Conc. Lipid Conc. Lipid Content
Essential oil type fgo/ILC) (/L) (/L) (WE.%)

Control 0.00 9.82+0.11 3.29+0.18 33.54+1.86
0.03 8.27+0.22 2.56+0.19 30.9342.33
) 0.05 6.45+0.71 2.01£0.10 31.22+1.49
Clove oil 0.08 5.70+0.14 1.88+0.15 33.07+2.66
0.50 0.48+0.01 0.03+0.01 5.93+2.49
0.03 7.76+2.01 2.65+0.15 34.12+1.99
Or _ 0.05 6.49+0.11 2.19+0.21 33.84+3.28
riganum oil 0.08 4.00+0.81 0.78+0.20 19.43+4.95
0.50 0.37+0.03 0.03+0.01 9.16+3.20
0.03 6.30+0.23 1.84+0.09 29.28+1.48
Thyme red of 0.05 6.72:£0.43 2.09:0.04 31.04+0.59
0.08 5.70+0.17 0.98+0.19 17.2243 35
0.50 0.34+0.03 0.02+0.01 4.95+2.12
0.03 10.30+0.21 3.98+0.19 38.63+1.82
0.05 10.05+0.03 3.69+0.13 36.72+1.34
_ ) 0.08 10.40+1.06 4.00+0.01 38.44+0.07
Cinnamon oil 0.20 8.58+0.95 2.4140.23 28.06+2.74
0.40 7.16+0.66 1.58+0.27 22.1243.73
0.50 5.34+0.04 0.98+0.06 18.31+1.21
0.10 7.32+0.09 2.55+0.09 34.83+1.25
Hyssop ofl 0.30 6.18+0.04 1.54+0.06 24.98+1.00
0.50 5.28+0.10 0.89:£0.09 16.93+1.76
1.00 2.7540.16 0.43+0.04 15.77+1.58
0.50 9.33+2.11 3.21+0.10 34.40+1.10
o 1.00 5.69+1.60 1.68+0.07 29.51+1.14
Pine oil 3.00 4.4240.01 0.74+0.06 16.81+1.26
5.00 0.74+0.08 0.06+0.01 7.63+1.20
0.50 10.47+0.53 3.56+0.41 33.94+0.85
. 1.00 8.54+0.21 2.38+0.19 27.89+2.87

Orange oil
2.00 3.10+1.52 0.81£0.03 26.05+1.98
3.00 1.3120.11 0.170.04 13.131.93
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5.3.2. Effects of essential oils on the fatty acid profile of R. foruloides ATCC 10788

The fatty acid composition of the obtained lipids in this study were determined using a GC-FID.
The lipid samples obtained from R. toruloides ATCC 10788, growing in pure glycerol media
(control experiment without essential oil), contained approximately 16.08% of palmitic acid
(C16:0), 10.25% of stearic acid (C18:0), 59.39% of oleic acid (C18:1) and 14.28% of linoleic
acid (C18:2). This makes the total saturated (SFA) and unsaturated fatty acids (UFA) in the
lipid to be 26.33% and 73.67% respectively. Since the lipid obtained was predominantly rich in
oleic acid , a type of mono-unsaturated fatty acid (MUFA), it is considered quite suitable for
biodiesel production [2]. Similar fatty acid composition has been reported previously for
different strains of Rhodosporidium toruloides [2, 4, 35]. However, addition of seven different
essential oils in the media changed the fatty acid profile of the obtained lipids. Except in the
case of clove and orange essential oil, the overall saturation of the lipid obtained from R.
toruloides did not change significantly. However, significant change in individual fatty acid

composition of obtained lipids were reported in all the cases (Table 5.3).

From Table 5.3 it is seen that, use of different concentrations of each of these essential oils in
the media changed the individual fatty acid composition of the obtained lipid quite significantly.
Additionally, the obtained lipids using these essential oils were unique in their fatty acid
profiles. For instance, use of 0.08 g/L of clove essential oil improved the stearic (C18:0) content
of the lipids by 178.15%, but reduced the oleic acid (C18:1) by 12.03%. However, increase in
both of these fatty acids were obtained at similar level with origanum essential oil in the
medium. An increase in stearic acid (C18:0) and oleic acid (C18:1) content by 19.22% and
17.90% respectively were obtained when this essential oil was used. On the other hand, use of
similar concentration (i.e. 0.08 g/L) of thyme essential oil did not change the C18:0 content but

improved the C18:1 levels by 11.06% (Table 5.3).
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Table 5.3. Shift in fatty acids composition of R. toruloides upon addition of different concentrations of essential oils from various plant sources. C16:0 Palmitic
acid; C18:0 Stearic acid; C18:1 Oleic acid; C18:2 Linoleic acid; SFA Saturated fatty acid; UFA Unsaturated fatty acid; XC18/2C16 Elongase activity;
C18:1/C18:0 A9 desaturase activity; C18:2/C18:1 A12 desaturase activity

Essential oil Conc. of

e ot C16:0 C18:0 C18:1 C18:2 %SFA  %UFA XCI8/£C16 C18:1/C18:0 C18:2/C18:1
name essential oil
(/L)

Control - 16.08£0.78 10.25£0.68 59.39+0.10 14.28+1.55  26.33 73.67 522 5.80 0.24
al il 0.03 16.99£0.10  9.21+0.01 54774026 19.03+0.17  26.20 73.80 4.89 5.95 0.35
ove sislse“ 1a 0.05 14124025 24.69+441 55.1941.69 6.0142.97 3881 61.19 6.08 2.24 0.11
0.08 14.88+0.02 28.51£0.04 52.24+0.09 437+0.08  43.39 56.61 572 1.83 0.08
ont 0.03 1533+0.03 11.46:0.11 61.37£029 11.84+037  26.79 73.21 5.52 536 0.19
essr;ﬁ?i‘;’zl 0.05 12.2340.42 11.76:£0.80 70.94£0.64 5.06£0.59  23.99 76.01 7.18 6.03 0.07
0.08 12.64£0.05 12.22+0.08 70.02+1.03 5.1320.90  24.86 75.14 6.91 5.73 0.07
- ‘ 0.03 15.53£0.05 8.7540.12  65.00£0.69 10.71+0.75  24.28 75.72 5.44 742 0.16
essgr?tli:fm 0.05 16.78+0.87 9.88£1.92  65.26+0.90 8.09+1.89  26.65 73.35 4.96 6.61 0.12
0.08 15.94£0.91 10.50£2.10 65.96£1.00 7.59+2.19  26.45 73.55 527 6.28 0.12
0.03 15.83029 9.93£0.44 65.25+038 9.00+1.12  25.76 74.24 532 6.57 0.14
o 0.05 14524035 10.45£0.03 68.31+0.19 6.72£0.13  24.97 75.03 5.89 6.54 0.10
esslgﬁggi‘zﬂl 0.08 1427+1.64 1030£035 68.08£0.73 7.34+0.55  24.58 75.42 6.01 6.61 0.11
0.20 14.50£0.02 15.57+4.66 66.29+345 3.65t1.19  30.07 69.93 5.90 426 0.06
0.40 15.1042.07 15.03£1.12 64.96+0.11 4.91+0.84  30.13 69.87 5.62 432 0.08
0.10 15.1240.19  9.08£0.20  65.41£0.51 10.39+0.90  24.20 75.80 5.61 7.20 0.16
Hyssop 0.30 14224002  7.1240.55 67494038 11.17+0.19  21.34 78.66 6.03 9.48 0.17
essential oil 0.50 17.53£0.98 12.39+0.11 65.54+1.89 4.55:0.80  29.92 70.08 4.70 529 0.07
1.00 19.06£3.00 12.60£1.85 60.93£1.69 7.41+3.16  31.66 68.34 425 4.84 0.12
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Pine essential
oil

Orange
essential oil

0.50
1.00
3.00

0.5

N W N =

16.40+2.54
16.57+2.46
12.22+0.15

18.12+0.10
19.27+0.47
24.9943.34
41.94+0.52
41.73+£0.51

12.05+1.36
12.11+1.58
13.84+1.05

11.50+0.14
12.80+1.74
16.01+£0.48
30.83+1.33
36.62+0.28

59.48+1.34
59.95+2.11
67.91+0.73

60.09+0.35
61.11+0.72
49.41+£2.57
18.62+0.90
13.98+1.59

12.07+0.16
11.37+1.23
6.03+0.48

10.30+0.11
6.82+1.49
9.58+1.25
8.61+0.09
5.58+1.13

28.45
28.68
26.06

29.61
32.07
41.01
72.77
78.35

71.55
71.32
73.94

70.39
67.93
58.99
27.23
19.57

5.10
5.03
6.41

4.52
4.19
3.00
1.38
1.35

4.93
4.95
5.67

5.23
4.77
3.09
0.60
0.38

0.20
0.19
0.17

0.17
0.11
0.19
0.46
0.40
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Except thyme essential oils, all the essential oils used in this study increased the stearic acid
(C18:0) content of the obtained lipids (Table 5.3). Lipids rich in stearic acids are quite suitable
for the manufacture of candles, cosmetics, soaps, lubricants, softeners, release agents and
pharmaceutical drugs [36]. It is also used in food industries as a defoamer or lubricant [36].
Long chain saturated fatty acids (SFAs) such as palmitic (C16:0), myristic (C14:0) and lauric
acid (C12:0) are considered to increase blood cholesterol levels. This in turn will increase the
risk for cardiovascular diseases. However, unlike other long chain SFAs, stearic acid shows
neutral effect on the blood total and low density lipoprotein (LDL) cholesterol levels. This
means its use in food industries are safer when compared to other types of SFAs [37, 38]. Thus,
the obtained altered lipids from R. toruloides can be a good source of stearic acid for its use in
varieties of applications. Furthermore, the tailored lipids can also be used as a substitute of some
of the prevailing oils and fats in the market. For instance, at 2 g/L concentrations of orange
essential oil in the media, the fatty acid composition of lipid obtained from this strain was quite
similar to mowrah fat (Mahuwa butter). Palmitic acid, stearic acid, oleic acid and linoleic acid
content of lipid obtained from R. foruloides at this concentration of orange essential oil were
found to be 24.99%, 16.01%, 49.41% and 9.58% respectively. This makes the total saturated
and unsaturated fatty acids to be 41.01% and 58.99% respectively (Table 5.3). Mowrah fat (also
known as Mahua butter) which is obtained from the seed of Bassia latifolia, plant typical to
Indian sub-continent. Chemically, mowrah fat contains 24.1% of palmitic acid, 19.3% of stearic
acid, 43.4% of oleic acid and 13.2% of linoleic acid (i.e. approximately 43% of SFA and 57%
of UFA). Mowrah fat has number of applications in the food and healthcare sectors (Ramadan
et al 2006). Besides using it as a cooking media and a lamp oil, it can also be used as a varnish
and a feedstock to produce soap and candles [39-42]. It is also used in the manufacture of
creams, lotions, balms, and make-up foundations [43]. Its use for the treatment of skin diseases,
cephalalgia and chronic rheumatism has been reported by Panda (2002). Thus, the similarity of
produced lipid in this study to mowrah fat, makes it a potential substitute for the latter.
Similarly, use of origanum (0.3 g/L) or pine essential oil (3 g/L) into the media improved the
oleic acid content of the lipid by 17.90% and 14.35% respectively. As mentioned previously,
lipid rich in oleic acid are considered suitable for biodiesel production. Thus, the altered lipid
obtained by using origanum or thyme essential oils can be used as a potential feedstock for

biodiesel industries.
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5.3.3. Effect of essential oils on the enzyme activities of fatty acid biosynthesis metabolic
pathway of R. toruloides

Studies to understand the effect of essential oils on the activities of enzyme activities involved
in fatty acid biosynthesis were also carried out in this study. Conversion of C16:0 to C18:0,
C18:0to C18:1 and C18:1 to C18:2 are facilitated by the enzymes elongase, A9 desaturase, and

A12 desaturase respectively as shown in Fig 5.1.
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Fig 5.1. Production of palmitic, stearic, oleic and linoleic acids in oleaginous yeast (Adapted from Ratledge 2004)

Values calculated for XC18/ZC16, C18:1/C18:0 and C18:2/C18:1 were used as a parameter to
determine the activities of elongase, A9 desaturase and A12 desaturase enzyme respectively
(Table 5.3). ZC18 and 2C16 are the sum of total C18 and C16 fatty acids in their saturated and
unsaturated forms respectively. These conversions are necessary for the products to be formed
as per the metabolic pathways involved (Fig 5.1). Moustogianni et al. (2014) had used the
similar approach to determine the activities of elongase, A9 desaturase and Al12 desaturase
enzymes involved in fatty acid biosynthesis pathway of oleaginous fungus [12]. Even though
these ratios cannot be considered as a true activity of involved enzymes, they can certainly be

used as an indicative tool that helps to draw some useful conclusions.

From Table 5.3 it is seen that in the presence of clove, thyme, cinnamon and hyssop, there was

no change in the values of XC18/ZC16. Addition of origanum essential oil (>0.03 g/L) or pine
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essential oil (3 g/L) into the media improved the ratio of XC18/ZC16. However, with the use of
orange essential oil, the value of ZC18/ZC16 reduced. At 5 g/LL of orange essential oil in the
media, value of XC18/2C16 reduced by 74.14%. Since the values of XC18/2C16 can be related
to the activity of elongase. It can be inferred that origanum and pine essential oil activated the

activity of elongase whereas orange essential oil reduced its activity.

Increasing levels of essential oil obtained from clove, cinnamon and orange significantly
reduced the value of C18:1/C18:0. For instance, at 0.08 g/L of clove essential oil in the media,
68.45% reduction in the ratio of C18:1 to C18:0 was observed compared to the control
experiment. Similarly, with 5 g/L of orange essential oil, 93.45% reduction of this ratio was
reported (Table 5.3). Since, C18:1/C18:0 values can also be related to the activity of A9
desaturase enzyme, we can conclude that these three essential oils have a negative influence
upon the activity of this enzyme. Furthermore, at 0.03 g/L of thyme red essential oil, about 28%
increase of C18:1/C18:0 value was observed. However, beyond this concentration, the obtained
values were similar to control experiment. Thus, it is difficult to draw any conclusions on the
effect of this essential oil upon the activity of A9 desaturase enzyme. Similarly, no significant
change in C18:1/C18:0 can be seen in Table 5.3, when origanum or pine essential oils were
used. Thus, it can be said that these two essential oils did not influence the activity of A9

desaturase enzyme.

It can be seen from Table 5.3 that other than clove and orange essential oils, all essential oils
used in this work negatively influenced on the ratio of C18:2/C18:1. With the increasing levels
of these essential oils in the media, the value of C18:2/C18:1 reduced significantly. The ratio of
C18:2 to C18:1 can be used as a parameter to determine the activity of A12 desaturase enzyme.
Thus, it can be concluded that higher levels of these essential oils in the media lowered the
activity of A12 desaturase enzyme. Use of 0.03 g/L of clove essential oil increased the value of
C18:2/C18:1. Beyond this concentration the value reduced significantly. At 0.08 g/L, 66.67%
reduction of this ratio is obtained when compared to control experiments. Similarly, use of
orange essential oil up to 2 g/L, reduced the ratio of C18:2 to C18:1. This ratio however
increases at higher concentration (i.e. > 2 g/L). At 5 g/L, the value of C18:2/C18:1 increased by

66.67% when compared to control. Due to the ambiguous nature of the results obtained with
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the use of these two essential oils, no suitable conclusion can be drawn with respect to their
effect on the activity of A12 desaturase enzyme. From this we can also infer that at certain
specific concentration of essential oil in the media, the carbon flux of the fatty acids is directed
towards the production of specific type of fatty acids. Effects of essential oils used in this study
on the activities of different enzymes involved in fatty acid biosynthesis of R. toruloides ATCC
10788 have been tabulated in Table 5.4. In the table, a comparison of results obtained in this

study with previously reported work has also been made.
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Table 5.4. Change in fatty acid composition of various microorganisms upon the addition of different types of essential oils and chemical compound; MUFA:
Monounsaturated fatty acid; SFA: Saturated fatty acid; UFA: Unsaturated fatty acid; NC: Not Communicated

Es.sentlal oils/ Microbes Carbon Remarks Inferences References
Chemicals compound source
Citrus sinensis cv New . . . .
Hall —citrus aurantium Y. lipolytica Enhanced saturated fatty acid Elongase activator
hvbri . N ACA-DC 50109 Glucose Reduced activity of enzyme elongase and A9 A9 desaturase inhibitor [13]
ybrid plant oil -65%
li desaturase
imonene
Orange essential oil Enhanced oleic acid production, a type of MUFA
(Citrus sinensis) Cunninghamella I d activit pr9 but d’ (}i]pA 12 A9 desaturase activator
(optimum at 2 g/1)- 95% echinulata Crude glycerol dncrease activity o ut reduce A12 desaturase inhibitor [12]
limonene ATHUM 4411 esaturase activity.
Thamnidium Thymus essential oil gave same biomass as
Thymus essential oil elegans CCF Crude glycerol without essential oil NC [12]
1465 Enhanced oleic acid production (type of MUFA)
Hyssopus officinalis ASpe.rgzllus Glucose 2.5-f91d increase in phospholipids ' NC [17]
extract fumigatus 20% increase in degree of unsaturation
. Reduced activity of A5 desaturase due to
. Mortierella . .. L
Sesame seed oil alping presence of sesamin and lignin compounds in oil A5 desaturase inhibitor
(sesamin and lignin 1S 4p ( Af(U Glucose A 6, A9 and A 12 desaturases activities remained [15]
compounds) 3998) unaffected
Canflzda sp. 107, Reduced activity of A9 desaturase thus enhancing
Trichosporon e
Cyclopropene fatty the amount of saturated fatty acid in oil
LT . cutaneum and . L C
acids (i.e. sterculic and . Glucose Increased production of stearic acid (a type of A9 desaturase inhibitor [16]
. . Rhodosporidium
malvalic fatty acid) toruloides SFA)
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Clove essential oil

Origanum essential oil

Thyme red essential oil

Cinnamon essential oil

Hyssop essential oil

Rhodospordium
toruloides
ATCC 10788

Rhodospordium
toruloides
ATCC 10788

Rhodospordium
toruloides
ATCC 10788

Rhodospordium
toruloides
ATCC 10788

Rhodospordium
toruloides
ATCC 10788

Pure glycerol

Pure glycerol

Pure glycerol

Pure glycerol

Pure glycerol

2C18/ZC16- No significant change

C18:1/C18:0- Decreased with increasing levels of
essential oil in the media

C18:2/C18:1- Increased by 45.53% at 0.03 g/L
and reduced thereafter

YC18/ZC16- Increased with increasing level of
essential oil in the media

C18:1/C18:0- No significant change
C18:2/C18:1- Decreased with increasing level of
essential oil in the media

2C18/ZC16- No significant change

C18:1/C18:0- Increased by 27.93% at 0.03 g/L of
essential oil in the media and thereafter values
remained similar to the control experiment
C18:2/C18:1- Decreased with increasing level of
essential oil in the media

2C18/ZC16- No significant change
C18:1/C18:0- No significant change up to 0.08
g/L but reduced gradually beyond this
concentration of essential oil in the media
C18:2/C18:1- Decreased with increasing level of
essential oil in the media

YC18/ZC16- No significant change
C18:1/C18:0- Increased up to 0.30 g/L of
essential oil in the media and thereafter values
remained similar to the control experiment
C18:2/C18:1- Decreased with increasing level of
essential oil in the media

A9 desaturase inhibitor

Elongase activator
A12 desaturase inhibitor

A12 desaturase inhibitor

A9 desaturase inhibitor
A12 desaturase inhibitor

A12 desaturase inhibitor

This study

This study

This study

This study

This study
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Rhodospordium
Pine essential oil toruloides
ATCC 10788

Pure glycerol

Rhodospordium
Orange essential oil toruloides
ATCC 10788

Pure glycerol

Rhodospordium
toruloides Pure glycerol

Limonene essential oil ATCC 10788

Cryptococcus
curvatus ATCC  Pure glycerol
20509

Orange essential oil

>C18/ZC16- No significant change up to 1 g/L
but increased by 22.8% at 3 g/L of essential oil in
the media

C18:1/C18:0- No significant change
C18:2/C18:1- Decreased gradually with
increasing level of essential oil in the media

YC18/ZC16- Decreased with increasing levels of
essential oil in the media

C18:1/C18:0- Decreased with increasing levels of
essential oil in the media

C18:2/C18:1- Decreased up to 2 g/L of essential
oil in the media but increased significantly
beyond that

YC18/2C16- Decreased with increasing levels of
essential oil in the media

C18:1/C18:0- Decreased with increasing levels of
essential oil in the media

C18:2/C18:1- Decreased up to 2 g/L of essential
oil in the media but increased significantly
beyond that

YC18/ZC16- Decreased with increasing levels of
essential oil in the media

C18:1/C18:0- Decreased with increasing levels of
essential oil in the media

C18:2/C18:1- Increased with increasing levels of
essential oil in the media

Elongase activator

A12 desaturase inhibitor This study
Elongase inhibitor
A9 desaturase inhibitor This study
Elongase inhibitor
A9 desaturase inhibitor This study
Elongase inhibitor
A9 desaturase inhibitor This study

A12 desaturase activator
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Essential oils from various plant sources have shown to alter the activities of elongase and
desaturase enzymes of fatty acid metabolism pathway. The change in activities of such enzymes
involved in fatty acid metabolism would in turn change the fatty acid composition of lipids
obtained from oleaginous microorganisms [12—-14, 17, 18, 34]. Furthermore, the effect of
essential oil is species specific and thus acts differently on different microorganisms (Table 5.3).
For instance, from Table 5.3 it is seen that use of orange essential oil (obtained from Citrus
sinensis) increased the saturated fatty acid (SFA) levels of the lipid obtained from Y. lipolytica
ACA-DC 50109. This was attributed to the fact that the used essential oil reduced the activity
of A9 desaturase enzyme present inside this yeast [13]. However, use of essential oil from the
same source into the growth media of Cunninghamella echinulata ATHUM 4411 enhanced the
activity of A9 desaturase enzyme subsequently making the obtained lipid quite rich in
monounsaturated fatty acid (MUFA) [12]. Hence, it can be concluded that the effect of essential
oil is specific to species types. In order to support these facts further, we then decided to see the
influence of the major component of orange essential oil on Rhodosporidium toruloides ATCC
10788. We subsequently also carried out an experiment to understand the effect of one of the
essential oil used here (i.e. orange essential oil) on another oleaginous yeast, Cryptococcus

curvatus ATCC 20509.

5.3.4. Effect of limonene on the growth and lipid profile of R. foruloides ATCC 10788

Amongst all the essential oils used in this study, orange essential oil was one whose chemical
composition mainly consisted of one specific type of monoterpenes. Limonene was the major
monoterpenes present and makes up 93% of the total constituents of the orange essential oil
used in this study (Table 5.1). It was felt that understanding the effect of pure limonene on R.
toruloides ATCC 10788 would help us draw suitable conclusion on the role of monoterpenes

present in such essential oils on the fatty acid profiles of this strain.

In order to carry out this study, R. toruloides ATCC 10788 was grown in minimal media with
increasing levels of limonene (i.e. 1 to 5 g/L). With increased levels of limonene in the media
(1 to 5 g/L), biomass and lipid concentration, and lipid content reduced within the range of

15.67%- 82.26%, 33.78%- 97.60% and 21.75%- 86.37% respectively (Fig 5.2).
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Fig 5.2. Biomass and lipid concentration (g/L) and lipid content (wt.%) of R. toruloides ATCC 10788 at the end
of 168 h in the presence of various concentration of limonene

Results obtained at the end of fermentation were quite similar to that of orange essential oil.
However, better biomass and lipid concentration were obtained with limonene compared to
orange essential oil. For example, use of 2 g/L of limonene in the media reduced the biomass
and lipid concentration by 37.13% and 55.92% respectively when compared to control
experiment. In contrast, use of similar levels of orange essential oil reduced the biomass and
lipid concentration by 68.43% and 75.38% respectively. The higher inhibition of biomass and
lipid can be attributed to the fact that besides limonene, various other active components (such
as myrcene, pinene, sabinene, etc.) are also present in orange essential oil [13, 46]. Such

components present in orange essential oil also inhibited the growth of this yeast.

Fatty acid profiles of microbial lipids obtained from R. foruloides ATCC 10788 by using
limonene were also determined. Like orange essential oil, the amount of oleic acid (C18:1) and
linoleic acid (C18:2) decreased with the increasing levels of limonene in the media whereas
palmitic (C16:0) and stearic acid (C18:0) increased gradually. Increase of C16:0 and C18:0 fatty
acids contributed towards the increase in overall saturated fatty acid content of the obtained

lipids (Table 5.5).
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Table 5.5. Change in fatty acid compositions of lipid obtained from Rhodosporidium toruloides ATCC 10788 at the end of 168 h upon the addition of various
concentration of limonene; SFA: Saturated fatty acid; UFA: Unsaturated fatty acid

LH(I;(;E:M % C16:0 %C18:0 %C18:1 %C18:2 %SFA  %UFA XC18/ZC16 C18:1/C18:0 C18:2/C18:1
0 16.08+0.78 10.25+0.68 59.39+0.10 14.28+1.55  26.33 73.67 5.22 5.80 0.24
1 18.53+0.28 13.72+1.09 59.94+1.13  7.81%0.25 32.25 67.75 4.40 4.37 0.13
2 21.59+0.58 15.03+0.25 54.48+0.60 8.91+0.23 36.61 63.39 3.63 3.63 0.16
3 28.94+0.64 17.75£3.65 19.73+3.49 33.59+0.80  46.68 53.32 2.46 1.11 1.70
5 27.37£0.65 15.43+1.85 19.67+0.12 37.53£2.62  42.80 57.20 2.65 1.27 1.91
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From Table 5.5 it is seen that with increasing levels of limonene in the media, the values of
2C18/ZC16 and C18:1/C18:0 gradually reduced. Since, ZC18/2C16 and C18:1/C18:0 can be
considered as parameters to determine the activities of elongase and A9 desaturase enzyme, it
can be said that limonene inhibited the activities of these two enzymes. As discussed in section
5.3.3., similar effect on the activity of these enzymes were observed when orange essential oil
was used. From Table 5.3 and 5.5 it is seen that the values of ZC18/ZC16 and C18:1/C18:0
were lower when orange essential oil was used when compared to limonene. This was due to
the fact that besides limonene, other components present in orange essential oil also had
negative influence on the activities of elongase and A9 desaturase enzyme. This was also the
reason for higher increase in total saturated fatty acids of obtained lipids when orange essential
oil was used as compared to limonene at similar level. For instance, at 5 g/L of limonene total
saturated fatty acid increased by 62.55% while use of similar level of orange essential oil
increased the total saturation by 197.56% (Table 5.3 and 5.5). Furthermore, up to a certain level
of limonene (1 g/L), the values of C18:2/C18:1 reduced but thereafter it gradually increased
(Table 5.5). Similar trend was obtained when orange essential oil was used (Table 5.3). Thus,
it can be concluded that limonene present in orange essential oil was the major component to
alter the activities of enzyme involved in fatty acid biosynthesis of R. toruloides ATCC 10788
and subsequently change the fatty acid profiles of the obtained lipids.

Use of active compounds present in various plant extracts to understand its effect on the fatty
acid profile of oleaginous microbes has been previously studied by some researchers [15, 16].
Moreton (1985) studied the effects of methyl sterculate, a major component present in the seed
oils of Malvaceae and Sterculiaceae families, on the lipid profile of Candida sp. 107. The author
found out that the addition of this chemical into the growth media of this yeast would reduce
the activity of A9 desaturase enzyme subsequently increasing the saturated fatty acid (SFA)
content of the obtained lipids [16]. Similarly, Shimizu et al. (1991) added the active components
found in sesame oil (i.e. sesamin and related lignin compounds) in the growth media of
Mortierella alpine. Presence of such components in the media, reduced the activity of AS
desaturase enzyme which is involved in polyunsaturated fatty acid biosynthesis pathway. Due
to this, lower levels of y-linolenic acid (C18:3) but increased arachidonic acid (20:4) content

were found in the altered lipid [15]. These studies show that essential oils and their components
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need to be chosen appropriately, depending on the change in fatty acid required.

5.3.5. Effect of orange essential oil on the growth and lipid profile of C. curvatus ATCC
20509

In order to understand the effect of orange essential oil on another oleaginous species,
Cryptococcus curvatus ATCC 20509 was grown for 72 hours in a pure glycerol containing
media with varying concentrations of this extract (0.5 g/L -5 g/L). Like R. toruloides, not much
change in biomass and lipid production ability occurred on the addition of 0.5 g/L of essential
oil. However, increasing levels of essential oil from 1 to 5 g/L lowered the biomass and lipid
concentration and lipid content of this strain in the range of 2.70% - 95.26%, 25.92% - 99.59%
and 23.96% - 91.60% respectively (Fig 5.3).
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Fig 5.3. Biomass and lipid concentration (g/L) and lipid content (wt.%) of C. curvatus ATCC 20509 at the end of
72 h in presence of various concentration of orange essential oil

Fatty acid analysis of lipid obtained from Cryptococcus curvatus ATCC 20509 while growing
in pure glycerol control media resulted on 43.84% of SFA and 56.16% of UFA. It contained
26.34% of C16:0, 17.50% of C18:0, 46.20% of C18:1 and 9.96% of C18:2. Changes in fatty
acid profile of the lipids due to orange essential oil were also quite similar to R. toruloides.

Increasing levels of essential oils in the media increased the overall saturation of the obtained
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lipids (Table 5.6).

From Table 5.6 it is seen that when essential oil concentration in the media increased from 1 to
5 g/L, oleic acid (C18:1) content of the lipid gradually decreased. However, significant
improvement in palmitic acid (C16:0) and stearic acid (C18:0) content of the lipids were
obtained. As it can be seen in Table 5.3, that similar trends were obtained with R. foruloides
ATCC 10788 but the obtained values in that case were quite high. For instance, use of 5 g/L of
orange essential oil into the media of C. curvatus improved the palmitic acid (C16:0), stearic
acid (C18:0) and saturated fatty acid (SFA) content of the lipid by 42.06%, 47.71% and 44.32%
respectively (Table 5.6). When similar level of essential oil was used with R. foruloides, there
was approximately 160% increase in palmitic acid (C16:0), 258% increase in stearic acid
(C18:0) and 197.56% increase in total saturated fatty acid content of the obtained lipid (Table
5.3). Furthermore, the linoleic acid (C18:2) content of the obtained lipids from R. toruloides
gradually lowered with increasing levels of essential oil in the media. However, with C.
curvatus no significant change of linoleic acid was observed up to 2 g/L of essential oil in the
medium. However, beyond 2 g/L of essential oil in the media, the C18:2 levels of the obtained
lipids started to increase gradually (Table 5.3 and 5.6). Thus, it is obvious from the above
discussion that the use of essential oil even from the same source can affect the fatty acids

profiles differently depending on organisms used.

Additionally, from Table 5.6 we can also see that, with increasing levels of essential oil in the
medium, XC18/ZC16 and C18:1/C18:0 values of lipid from C. curvatus decreased. At 5 g/L of
essential oil, the values of XC18/ZC16 and C18:1/C18:0 obtained with C. curvatus reduced by
40.36% and 67.42% respectively but the value of C18:2/C18:1 increased by 195.45% as
compared to the control experiment. From this we can say that the used essential oil reduced
the activity of elongase and A9 desaturase enzyme but enhanced the A12 desaturase activity of
this strain. Similar effects on the activities of elongase and A9 desaturase was obtained with R.
toruloides on the use of this essential oil. However, an ambiguous result was obtained for this
strain with respect to the effect of orange essential oil on the activity of A12 desaturase enzyme.
Furthermore, compared to C. curvatus, lower values of XC18/ZC16 and C18:1/C18:0 were
obtained in case of R. toruloides at similar levels of orange essential oil. From this we can

conclude that orange essential oil had higher inhibition effect on the activity of elongase and A9

156



desaturase enzyme present in the fatty acid biosynthesis pathway of R. toruloides. This was also
the reason for higher palmitic acid (C16:0) and stearic acid (C18:0) contents in the altered lipids
from this strain when compared to C. curvatus. From above discussion, we can conclude that

the effect of essential oil is specific to the type of species under study.
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Table 5.6. Change in fatty acid compositions of lipid obtained on growing Cryptococcus curvatus ATCC 20509 for 72 h with different concentrations of orange
essential oil. SFA: Saturated fatty acid; UFA: Unsaturated fatty acid

Orange
Essential o, . o, . o, . o, . () o, . . . .
oil %C16:0 %C18:0 %C18:1 %C18:2 YoSFA %UFA  XC18/ZC16 C18:1/C18:0 C18:2/C18:1
(g/L)
0 26.34+0.29 17.50+0.40 46.20+0.88  9.96+0.20 43.84 56.16 2.80 2.64 0.22
0.5 30.91£1.65 11.29+1.03 46.55+0.86 11.25+0.24  42.20 57.80 2.24 4.12 0.24
1 33.28+0.67 12.55+0.10 43.46+0.42 10.71+0.15 45.84 54.16 2.00 3.46 0.25
2 39.94+0.89 27.23+0.36 23.14+0.37  9.69+0.89 67.17 32.83 1.50 0.85 0.42
3 34.73£2.31 26.19+0.77 26.81+1.32 12.27+1.76  60.92 39.08 1.88 1.02 0.46
5 37.42+1.11 25.85+0.34 22.22+0.06 14.51£0.71  63.27 36.73 1.67 0.86 0.65
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5.4. Conclusion

Effect of essential oils from seven different plant sources were studied on the fatty acid profile
of the lipids from Rhodospordium toruloides ATCC 10788. All essential oils used inhibited the
biomass production but to different degrees. Most of the essential oils enhanced the stearic acid
content of the lipids, which has a number of applications in food, pharmaceuticals and cosmetic
industries. At specific levels of these essential oils in the media, the obtained lipids were quite
unique in their fatty acids composition. Thus, such strains can be tailored in a desirable way by
varying the concentration of essential oil in the media to induce them to produce the desired
products. The effect of limonene, a major monoterpene present in orange essential oil, on this
yeast was also carried out. The obtained results were quite similar to orange essential oil proving
that monoterpenes play important components in altering the fatty acid profile of this strain.
The other minor components present in essential oils also played similar roles. The effect of
orange essential oil on another oleaginous yeast, Cryptococcus curvatus ATCC 20509, showed
effects similar to R. toruloides. However, the degree of reduction in activities of elongase and
A9 desaturase enzyme involved in the metabolic biosynthesis pathways, were quite different in
the two yeasts. Thus, it can be concluded that effect of essential oil is species specific and can

be used to produce desirable marketable products.
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Utilization of microbial oil obtained from crude glycerol for the production of polyol and

its subsequent conversion to polyurethane foams
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Abstract

We have demonstrated possible use of microbial oil in biopolymer industries. Microbial oil was
produced from biodiesel based crude glycerol and subsequently converted into polyol.
Fermentation of crude glycerol in a batch bioreactor using Rhodosporidium toruloides ATCC
10788 produced 18.69 g/L of lipid at the end of 7 days. The microbial oil was then chemically
converted to polyol and characterized using FT-IR and '"H-NMR. For comparison, canola oil
and palm oil were also converted into their respective polyols. The hydroxyl numbers of polyols
from canola, palm and microbial oil were found to be 266.86, 222.32 and 230.30 (mg KOH/g
of sample) respectively. All the polyols were further converted into rigid and semi-rigid
polyurethanes (maintaining the molar -NCO/-OH ratio of 1.1) to examine their suitability in
polymer applications. Conversion of microbial lipid to polyurethane foam also provides a new

route for the production of polymers using biodiesel based crude glycerol.
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6.1. Introduction

Fossil resources are used for various applications including energy generation, running
transportations, polymer and plastic synthesis. Dependency on such resources and its
derivatives have led to various socio-economic and environmental problems. This includes
global warming, deforestation, accumulation of non-biodegradable substances, contamination
of natural resources and disputes among the countries [1, 2]. In order to overcome these issues,
there is considerable focus on the use of alternative renewable energy sources. Biodiesel is one
such renewable fuel obtained via transesterification of vegetable oils. It can be blended in
various concentrations with fossil based diesel and be used with conventional diesel engine,
without any modification. In the past decade, production of biodiesel has increased throughout

the world [3].

However, with an increase in biodiesel production, there is also a rise in the accumulation of
the by-product glycerol. During the transesterification of vegetable oils into biodiesel,
approximately 10% wt. of glycerol is also produced. The glycerol obtained during the biodiesel
production process, also known as crude glycerol, contains many impurities. Crude glycerol
from biodiesel plant requires numerous purification steps before it can become suitable for
direct commercial applications. Due to the buildup of crude glycerol in the past decade, there
has been slump in the prices of pure glycerol [1]. Thus, carrying out an expensive downstream
processing of crude glycerol to obtain its purer form has become uneconomical, mainly for the
small and medium scale biodiesel producers. However, the glycerol needs to be diverted to
value added products instead of causing environmental problems. Researchers have thus
focussed on producing various value added components from crude glycerol in order to add
revenues for the biodiesel industries [4, 5]. Among many such production processes that are
being evaluated, bioconversion of crude glycerol to microbial oils or single cell oils (SCO) has
gained considerable attention [4]. The term “single cell oils” were initially coined to include the
lipids (rich in triacylglycerol) obtained from heterotrophs such as yeast and fungus [6]. Ratledge
and Wynn (2002) reported the maximum theoretical lipid yield from glycerol to be 30% (w/w)
[7]. Use of various types of yeasts and fungi to convert glycerol into lipids or microbial oil was
previously reported by various authors [8—10]. Since the fatty acid characteristics of obtained

microbial oils were similar to vegetable oils, all the reported works had stressed its use for the
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production of biodiesel. However, exploring other applications of obtained microbial oils from
such sources will make the overall conversion process more economically feasible and

sustainable.

At present, production of varieties of polyols and polymers is mainly dependent on fossil
resources [11-13]. Presently, only 1% of plastic produced are obtained from biological
resources mainly vegetable oils. However, the global market of bioplastic is increasing every
year and is expected to grow from 4.2 million tonnes in 2016 to 6.1 million tonnes by 2021 [14].
Even though only a very small portion of current plastic market is occupied by bio-based
counterpart, the use of renewable sources for polymer production over fossil resources has
certainly contributed in reducing the negative effects that fossil based chemicals would cause
on environment. Polyurethanes are an important class of thermoplastic and thermoset polymers
as it can be used in various fields [15]. Its production from vegetable oils have been reported by
various authors [16-20]. Even though polymers (including polyurethanes) from vegetable oils
are environmentally friendly, it has some major drawbacks. Firstly, using vegetable oils for
polymers production is dependent on many factors including availability of huge arable lands
for its cultivation, labor cost, climatic condition of the region and increase in prices of cooking
oils and consequently on food security. Secondly, it has longer production lifecycle and higher
costs than fossil resources [21]. Thus, an alternative cheaper renewable feedstock addressing
these would be of great interest to the present scientific communities and oleo-chemical

industries.

In this study, a novel route to produce polyols from crude glycerol has been reported by using
a combination of biological and chemical processes. Firstly, crude glycerol was converted into
microbial oil by using an oleaginous yeast Rhodosporidium toruloides ATCC 10788. The
obtained microbial oil was further converted into its polyol via a chemical reaction. Suitability
of obtained polyol for polyurethane (PU) production was also examined by producing two
different polyurethane foams (i.e. rigid and semi-rigid). For comparison, polyurethane foams
production from canola and palm oil were also carried out under similar reaction conditions.
Utilization of such a potential environmental waste (i.e. crude glycerol) to produce polyurethane

will help fix the carbon present in crude glycerol. This in turn reduces the release of greenhouse
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gases to the atmosphere, thus making the whole process a green pathway. To the best of our
knowledge, production of polyols from oil obtained from heterotrophic organisms (i.e. yeast or
fungal) is not reported so far. Additionally, the uniqueness of our work lies in the fact that a
complete conversion of crude glycerol into polyol via the production of microbial oil is

demonstrated here.

6.2. Materials and methods

6.2.1. Microorganism and chemicals

The oleaginous yeast R. foruloides ATCC 10788 used in this work to produce microbial oil
was obtained from American Type Culture Collection (ATCC). It was grown in YPG media (10
g/L yeast extract, 20 g/L peptones and 20 g/L glycerol) at 30 °C for 24 hours maintaining a
shaker speed of 200 rpm. For long term use, the culture was mixed with pure glycerol (1:1 ratio)
and stored at -80 °C. Refined, bleached and deodorized (RBD) palm oil was obtained from
Saffire Blue Inc. (Canada). Refined pure canola oil was bought at local store located in Thunder
Bay, Canada. Crude glycerol containing 44.56 %wt. glycerol, 13.86 %wt. methanol, 32.97 %wt.
of soap (as sodium oleate), 0.82 %wt. of water and 4.38 %wt. of fatty acid methyl esters
(FAME) was obtained from a biodiesel producer in Ontario (Canada). Tegostab B 8404 was a
kind gift from Evonik Canada Inc. All other chemicals and reagents used in the experiments

were analytically pure and obtained from Fisher Scientific, Canada.

6.2.2. Production of microbial oil from crude glycerol

Microbial oil from crude glycerol was produced using an oleaginous yeast, R. foruloides ATCC
10788. Fermentation conditions as described earlier in chapter 4 was adopted in this study. For
the preparation of the inoculum, the yeast was grown in a YPG media (10 g/L yeast extract, 20
g/L peptones and 20 g/L glycerol) inside a rotary shaker maintained at 200 rpm, 30 °C for 48
hours until viable cell count reached ~ 1 x 108 cells/ml. The minimal media was prepared by
using distilled water and maintained a pH of 6.0. It contained 1.0 g/ KH2PO4, 1.0 g/L
Na;HPO4.12H20, 1.5 g/L MgCl2.6H20 and 10 ml/L of trace elements. The trace elements
mixture was prepared by mixing 4.0 g CaCl,.2H>0, 0.55 g FeS04.7H>0, 0.52 g Citric acid.
H>0, 0.10 g ZnSO4.7H20, 0.076 g MnSO4.H20, and 100 pul 18M H2SO41n 1 L of distilled water.

Crude glycerol and ammonium chloride (NH4Cl) were added in the media to obtain the overall
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C: N molar ratio of 100.

Shake flask experiments were carried out in 125 ml Erlenmeyer flask with a working volume
of 50 ml. Similarly, larger scale production of microbial oil was carried out in 1L bioreactor
(Sartorius, Biostat A) using 750 ml of minimal media, containing crude glycerol as a carbon
source. Fermentation was carried out at 30 °C, 300 rpm stirrer speed and 1.2 vvm aeration. The
pH of the media was maintained at 6 by automatic addition of 1 M NaOH or 1 M HCI. Sample
analyses were performed in duplicates and percentage errors were expressed as mean = standard

deviation.

6.2.3. Analytical methods

Quantitative determination of methanol and glycerol in crude glycerol were done by using an
Agilent 1260 infinity HPLC equipped with Aminex ion-exchange Biorad column (HPX-87H,
300 x 7.8mm) and a Refractive Index (RI) detector. SmM Sulfuric Acid was used as a mobile
phase and ran through the column at a flow rate of 0.60 ml/min. Column and detector

temperatures were maintained at 50 °C throughout the analysis [1].

In order to estimate the dry weight of biomass produced, 5 ml of fermentation broth was
centrifuged for 10 minutes at 4400 rpm. The supernatant was then discarded and wet cells were
washed using deionized water and dried overnight at 80 °C. Lipid accumulated inside the
biomass was estimated by using a modified Bligh-Dyer method [22]. Extracted lipid was trans-
esterified using the method reported by Ichihara and Fukubayashi (2010). The transesterified
solution lipid samples were then analyzed using GC-FID using methyl nonadecanoate as an
internal standard. 1 pl of sample mixture was injected into Gas chromatography (Thermo
Scientific, Trace 1300 model, polar column TG WaxMS A; 30 m x 0.25 pum x 0.25 pm)
equipped with FID detector. Helium at 1 ml/min (as a carrier gas), air at 350 ml/min, H> at 35
ml/min, and N> at 40 ml/min were used throughout the run. Sample injection split ratio of 50:1
was kept during the injection. The temperature gradient maintained in the oven were 100 °C
(0.25 min), 30 °C/min, 220 °C (0 mins) and 10 °C/min, 250 °C (3 mins). Quantitative
determination of each types of fatty acids in the lipid samples were done by comparing its peaks

with the peaks of known fatty acid standards mixture including methyl nonadecanoate which
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was used as an internal standard.

6.2.4. Production and characterization of polyols

Production of polyols from vegetable oils (Canola oil and Palm oil) and microbial oil were
carried out by adopting the slightly modified method used by Saifuddin et al. (2010) for palm
oil based polyol production. The overall conversion involved two separate reaction steps,
including (i) Epoxidation of oils and (ii) Conversion of epoxidized oils into polyols via oxirane

ring opening.

6.2.4.1. Epoxidation of oils

Epoxidation of oils were carried out chemically as follows. 10 grams of oils were weighed and
transferred into a 250 ml Erlenmeyer flask. To this, 11 grams of ethyl acetate was added
followed by 0.9 grams of formic acid. 11 ml of hydrogen peroxide was then added dropwise (to
control reaction temperature) to this solution by using a burette. The solution mixture was then
heated on a heating plate at 60 °C for 6 hours with constant stirring speed of 900 rpm. Percentage
oxirane values were measured after each hour using the method described by Paquot (1979)
involving titration of fat in benzene solution by hydrogen bromide acetic solution. At the end
of reaction time, the aqueous layer was removed and oil layer was washed with distilled water
in the ratio of 1:1. The residual solvents and water in the resulting oil layer was removed by

drying at 140 °C for about 3 hours.

6.2.4.2. Production and characterization of polyol from epoxidized oils

Polyols were produced by taking 10 g of epoxidized oils and heating it on a hot plate until the
temperature of the oils reached 85 °C. To this warm solution, 1 g of phosphoric acid was added
and was stirred at 300 rpm for 1 hour. At the end of reaction time, the acid values and hydroxyl
values of the obtained polyols were determined using the method described by Paquot (1979).
FT-IR analysis of obtained polyols were also carried out using Bruker Tensor 37 FTIR
spectrophotometer, fitted with Pike Miracle ATR accessory containing ZnSe crystal. The
background was recorded prior to placing the sample. The spectra were obtained by placing
samples on the crystal and applying a light pressure using the Miracle micrometre clamp. For

further confirmation of ring opening, proton NMR analysis of microbial oil (MO), epoxidized
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microbial oil (EMO) and its polyol (MOP) were also carried out. Approximately 5 mg of
samples were dissolved in 1 ml of deuterated chloroform and transferred into Smm NMR tubes

and analyzed using INOVA-500 Varian-NMR instrument.

6.2.4.3. Preparation and characterization of polyurethane

The rigid and semi rigid polyurethane were prepared from the polyols produced by adopting the
method of Narine et al (2007) and Guo et al (2000) with slight modifications. The polyurethane
foams were prepared by mixing the formulated polyols with toluene di-isocyanate (TDI)
keeping a -CNO/-OH molar ratio of 1.1 [16, 25]. Formulated polyols were prepared by mixing
the polyols with other additives (i.e. catalysts, co-catalyst and surfactant) as described in Table

6.1.

Table 6.1. The polyol formulation used to mix with toluene di-isocyanate (TDI) to maintain an isocyanate index
of 1.1 to produce polyurethanes

SI. No. Chemical Role of chemical Mass of chemicals (g)
| Polyol Monomer 100
2 DBTDL Main catalyst 1
3 Tegostab B-8404 Surfactant 2
4 DMEA Co-catalyst 1
5 Water* Blowing agent 2

*Water is excluded during the preparation of rigid polyurethane

In order to produce polyurethanes, the formulated polyol was mixed with di-isocyanate (TDI)
maintaining the isocyanate (-NCO) index of 1.1. For the preparation of semi-rigid polyurethane
foams, 2 grams of water per 100 grams of polyols was added as a blowing agent. However, for
the preparation of rigid foams, water was excluded. The amount of TDI to be reacted with 100

gm of polyols during the formulation of polyurethanes was calculated by using the formula [26];

OH value
561

NCO index

Amount of TDI needed (g) = ( + %) x AE x

Where, “OH value” represents hydroxyl value of the polyol used (mg KOH/g), “m” is the mass
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(g) of water, NCO index is the ratio of -NCO/ -OH (i.e. 1.1 in this study), “AE” is the amine
equivalent of toluene di-isocyanate (TDI) and “p” is the percentage purity of TDI used (95%).

The obtained polyurethanes were also analyzed using a Scanning Electron Microscope (SEM)
to study the morphology and microstructures at cellular level. The prepared polyurethanes were
placed on a stub and were carbon coated before being observed by SEM (Hitachi Su-70 Schottky
Field Emission; Resolution is 1.0nm @15 kv/ 1.5 nm at 1 kv).

6.3. Results and discussion

6.3.1. Bioconversion of crude glycerol into microbial oil

Oleaginous yeast Rhodosporidium toruloides ATCC 10788 was utilized to produce microbial
oil from crude glycerol. Methanol is one of the major impurities present in the crude glycerol
by-product obtained from the biodiesel industries [3]. Preliminary work carried out in our lab
showed that the growth of this strain is inhibited by the presence of methanol in a media [3].
Our studies also showed that reduction in significant amount of biomass and lipid concentration
was observed when methanol concentration in the media was above 15 g/L. However, no such
inhibition was observed when this strain was grown in a media containing crude glycerol diluted
to get similar concentration of methanol (i.e. 15 g/L). Comparison of biomass and lipid
production by R. toruloides in media containing pure glycerol (PG media), crude glycerol (CG
media) and pure glycerol with methanol (GM media) is shown in Table 6.2. CG media was
prepared by diluting the crude glycerol in such a way that total methanol concentration in the
media was 15 g/L. The amount of glycerol in this media was 48.2 g/L. PG and GM media were
used as controls for the CG media. PG contained 48.2 g/L of pure glycerol whereas GM media
contained 15 g/L of methanol in addition to 48.2 g/L of pure glycerol.

From Table 6.2, it is seen that presence of methanol in the media inhibited the growth of the
organism, whereas the use of crude glycerol improved both the growth and lipid production
ability of this strain. Almost double the biomass concentration and triple the lipid concentration
were obtained with crude glycerol (CG) media compared to PG media. When crude glycerol
media was used, biomass concentration, lipid concentration and lipid content reached 23.63 g/L,

13.86 g/L and 58.66 % wt. respectively at the end of incubation period (i.e. 7 days). The higher
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production of biomass and lipid in crude glycerol media (CG) even in presence of methanol was
mainly due to other components in crude glycerol. Some of the other components in crude
glycerol, such as soap, salt, FAME and free fatty acid, supported the growth of this strain in
such a way that the effect of methanol on this organism was either nullified or overshadowed.
Details on robustness of this strain and its ability to consume various impurities in crude
glycerol has been discussed elsewhere [3]. Similar results were reported by authors while
growing different strains of R. foruloides in crude glycerol media containing various
concentration of impurities [10, 27, 28]. In order to obtain higher quantities of microbial lipids
required for polyol production, batch fermentation was carried out for 7 days in a 1L bioreactor.
Total biomass concentration, lipid concentration and lipid content at the end of incubation were
found to be 27.48 g/L, 18.69 g/L. and 68.03 %wt. respectively. This increase in biomass and
lipid concentration when compared to flask experiments was due to better control over pH of
the media, improved oxygen supply and better access to different growth factors present in the

media.

Table 6.2. Biomass concentration, lipid concentration and lipid content obtained by growing R. toruloides ATCC
10788 for 7 days in different media containing 48.2 g/L of glycerol

Fermentation Fermentation Biomass Conc. Lipid Conc.  Lipid content
conditions type (g/L) (g/L) (% wt.)

In pure glycerol

(PG media) Flask 11.86+1.85 4.62+0.69 39.01+£5.86
In pure glycerol
with 15 g/L of Flask 9.78+1.76 3.36+0.38 34.38+3.93
methanol
(GM media)
In crude glycerol Flask 23.63+2.92 13.86+1.48 58.66+6.26
(CG media)
In crude glycerol Batch 2748093 18.69+1.46 68.0345.30

(CG media)
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The lipid obtained was further characterized using GC-FID using the parameters of Uprety et
al. (2016). Palmitic, stearic, oleic, linoleic and linolenic acids were the major fatty acids in the
obtained lipid. Comparison of fatty acid profile of the obtained microbial lipid to other
commonly used vegetable oils showed it to be similar to palm oil with regards to its total

saturated and unsaturated fatty acid content (Table 6.3).

From Table 6.3 it is seen that, even though, palmitic (C16:0) and stearic acid (C18:0) contents
of obtained lipid are not similar to palm oil, the oleic (C18:1) and linoleic acid (C18:2) contents
of both the oils are quite similar. Carbon-carbon double bonds present in the vegetable oils (e.g.
C18:1 and C18:2) are the starting point for the production of polyols by epoxidation and oxirane
ring opening [31]. Thus, double bonds or the degree of unsaturation of the oils are the major
factors deciding its suitability for polyol production. Since, the degree of unsaturation of the
obtained microbial oil was similar to palm oil, we decided to treat it in a similar manner as the

latter to produce polyol and subsequently convert it to polyurethane foams.
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Table 6.3. Fatty acid profile of varieties of oils used in this study. SFA: Saturated fatty acid; UFA: Unsaturated fatty acid

Oil source C16:0 C18:0 C18:1 C18:2 C18:3 Others SFA UFA References
(%) (%) (%) (%) (%) (%) (%) (%)
Palm 42.70 2.13 39.37 10.62 0.21 4.97 ~49 ~51 [29]
[29]
Canola 3.75 1.87 62.41 20.12 8.37 3.48 ~7 ~93
[29]
Corn 10.34 2.04 25.54 59.27 1.07 1.74 ~13 ~87
Sunflower 6.20 2.80 28.0 62.2 0.16 0.64 ~9 ~91 [30]
Rapeseed 4.60 1.70 63.3 19.6 1.20 9.60 ~6 ~94 [30]
R. toruloides 14 56 16384013 47.16£0.12  12.0540.01 - - ~ 40 ~ 60 This stud
ATCC 10788 . . . . . . R . is study
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6.3.2. Conversion of oils into polyols and its characterization

Polyol production was carried out using a method described by Saifuddin et al. (2010) that was
slightly modified and using canola oil, palm oil and microbial oil as starting material. The
overall conversion process was carried out in two separate reaction steps (i) Epoxidation of oils
and (i1) Polyols formation via oxirane ring opening of epoxidized oils as described in materials
and methods. Epoxidation of oils is a process where an epoxy group is added to the double bond
present in the fatty acid chains of vegetable oils [32]. Generally, vegetable based oils do not
contain hydroxyl groups required for polymer synthesis. Thus, for their conversion into polyols,
they are chemically modified to introduce hydroxyl groups into their structures, mainly at the
carbon-carbon double bonds and ester linkages. Addition of hydroxyl groups to the fatty acid
chains of vegetable oils can be done by using various methods including ozonolysis, thiol-ene
coupling, transesterification and amidation, epoxidation followed by oxirane ring opening and
hydroformylation followed by hydrogenation [31]. However, production of polyols by
epoxidation and its subsequent ring opening is the most common method reported [31-36].
During the epoxidation of oils, the double bonds present in fatty acid chains of triglycerides are
converted into epoxy group or oxirane rings. Epoxidation can be carried out in various ways,
including chemical epoxidation, epoxidation using acid ion exchange resin (AIER), epoxidation
using enzymes and epoxidation using metal catalyst [32]. Similarly, various ring opening agents
such as alcohols, acids and hydrogen can be used to obtain polyols from epoxidized oils.
Characteristics of polyols varies with the type of ring opening agents used [31]. In our study,
epoxidation was carried out by reacting oils with peroxyacid (generated in situ via reaction
between hydrogen peroxide and formic acid) under conventional heating of 85 °C. The
epoxidized oils were then converted into their respective polyols by using phosphoric acid as a

ring opening agent.

The percentage oxirane is a measure of formation of epoxy group in the fatty acid chain of
triglycerides (oil). Thus, for each of these oils, percentage oxirane values were measured as a
function of time until constant values were obtained. The change in oxirane values of different
oils with increase in epoxidation time are shown in Fig 6.1. It can be seen that the oxirane values
of all the three types of oils used in this work increased with time and remained almost constant

at the end of 6 hour. This was mainly because of the process conversion of epoxy groups from

177



the double bonds present in the fatty acid chains of the oils. The oxirane values of canola oil,
palm oil and microbial oil at the end of 6 hours were 1.17%, 0.91% and 0.75% respectively (Fig
6.1).

1.4 -
—&— Palm oil —a— Microbial oil

—@— Canola oil

% Oxirane value

0 1 2 3 4 5 6 7
Hours (h)

Fig 6.1. Change in percentage oxirane values of various types of oils during the epoxidation process

The higher % oxirane value for canola oil when compared to oil from palm and yeast was
because of the higher degree of unsaturation of canola oil compared to the other two oils. Oils
with large degree of unsaturation have larger potential to undergo epoxidation reaction as this
reaction involves conversion of double bonds in oils into epoxy groups [32]. Since the degree
of unsaturation of microbial oil was similar to palm oil, the percentage oxirane value for these

two oils were also similar.

Hydroxyl number is the measure of content of free hydroxyl groups present in any chemical
substance. The hydroxyl number of the obtained polyols were determined before it was
converted into polyurethane foams. The hydroxyl number of polyols obtained from canola oil,
palm oil and microbial oil were found to be 266.86, 222.32 and 230.30 (mg KOH/g of sample)
respectively. The obtained hydroxyl numbers are similar to the previously reported values of
polyols obtained from various vegetable oils [16, 37]. Table 6.4 shows hydroxyl numbers of
vegetable oil based polyols reported by different authors recently.

178



Table 6.4. Comparison of hydroxyl value of microbial oil with other vegetable oils obtained via epoxidation and
oxirane ring opening

Hydroxyl
Oil type Ring OpEI:(;g Agent (mg ;/(a(l)lg /g of References
sample)
Canola Methanol 173.6 [35]
Palm oil Hexamethylene 110 [17]
glycol
Palm oil Phthalic acid 70-80 [38]
Soybean oil HCI 197 [36]
Soybean oil 1,2-propanediol 289.31 [37]
Soybean oil HBr 182 [36]
Linseed oil Methanol 247.8 [35]
Sunflower oil Methanol 177.8 [35]
Rapeseed oil Diethylene glycol 114-196 [39]
Canola oil Phosphoric acid 266.86 This study
Palm oil Phosphoric acid 222.32 This study
Microbial oil Phosphoric acid 230.30 This study

From the table, it is seen that the hydroxyl value of canola oil and palm oil based polyols
obtained using a similar method as in our study were in the ranges of 150-275 and 70-110 (mg
KOH/g of sample) respectively. The obtained hydroxyl value of canola based polyol (266.86
mg KOH/g of sample) in our study lies in the range of previously reported values. However,
the obtained hydroxyl value of palm oil based polyol (222.32 mg KOH/g of sample) is little
higher than previously reported values for palm oil based polyols. This is attributed to the fact
that different ring opening agents and reaction conditions used in those studies [17, 38].
Additionally, the hydroxyl value of produced microbial oil based polyol in this study (i.e. 230.30
mg KOH/g of sample) is similar to that of palm oil based polyol (i.e. 222.32 mg KOH/g of
sample). Thus, it can be concluded that the microbial oil can be successfully converted into

polyol and the latter is similar in quality to that obtained from palm oil.

The conversion of oils into their respective polyols were confirmed by carrying out FT-IR
analysis of the oils and the obtained polyols. Various authors have reported IR band typical to
epoxy group in the range of 823-915 cm™ [37, 40, 41]. Presence of such bands in IR
chromatogram of epoxidized canola, palm and microbial oils at 827, 844 and 850 cm

respectively, confirmed the formation of the epoxy ring. The hydroxyl group attached to the
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polyol gives the band in the range of 3200-3600 cm™ [42, 43]. Presence of such bands at
approximately 3400 cm™! in case of all the produced polyols confirmed the attachment of
hydroxyl group to the polyols. Unsaturated bonds in fatty acids chains of oils show
characteristic bands in the range of 3010-3100, 675-1000 and 1620-1680 cm™ attributed to =C-
H stretch, =C-H bend, and C=C stretch respectively. Its presence in IR spectra of oils but not in

polyols showed the complete conversion of oils into its respective polyols (Fig 6.2a, 6.2b, 6.2¢).
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Fig 6.2. Comparison of FT-IR analysis of (a) canola oil (CO), epoxidized canola oil (ECO) and its polyol (COP)

(b) palm oil (PO), epoxidized palm oil (EPO) and its polyol (POP) (c) microbial oil (MO), epoxidized (EMO) and
its polyol (MOP)

Additionally, the efficiency of the conversion process was also determined by carrying out 'H-
NMR of microbial oil and its polyol. In the spectra of microbial oil, presence of an alkene proton
signals of -CH=CH- at around 5.30 ppm indicated the presence of alkene group in the produced
oil. Upon epoxidation of oil, small peaks appeared at 2.9 ppm which is attributed to the epoxy
group formed. The typical peaks for epoxy group is generally found in the range of 2.8-3.2 ppm
[37, 41]. Similarly, after the ring opening of epoxidized oil, the peaks at around 5.30 ppm and
2.9 ppm disappeared and a singlet appeared at around 3.1 due to proton attached to hydroxyl

group. This confirmed the complete conversion of microbial oil into polyol (Fig 6.3).
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Fig 6.3. "H-NMR of microbial oil (MO), epoxidized microbial oil (EMO) and microbial oil polyol (MOP)

6.3.3. Production of polyurethanes from polyols and its characterization

Different methods to produce polyurethanes from vegetable oil based polyols have been
reported [16, 44]. Production of polyurethane foams are based on the principle of reacting the
polyol with isocyanate. The polymerization reaction between polyol (-OH group) and
isocyanate (-NCO group) give rise to the formation of polyurethanes [45]. Theoretically, equal
amounts of monomers (i.e. polyols and isocyanate) are required for the complete polymerization
reaction. However, in practice an isocyanate is always used in excess to compensate the amount
of moisture generally present in polyols [45]. Similarly, in any given formulation, the ratio
between NCO and OH group is called as NCO- index. For the production of polyurethanes,
NCO index in between 1-1.1 is mostly recommended [46]. In order to confirm the suitability of
obtained polyols for polymer formation, rigid and semi-rigid polyurethanes were prepared using
previously reported methods [19, 43] with some modifications (Fig 6.4). In this study, NCO

index of 1.1 was used to obtained the polyurethanes.
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Canola oil based R-PU Palm oil based R-PU

Canola oil based SR-PU Palm oil based SR-PU Microbial oil based SR-PU

Fig 6.4. Various types of polyurethanes obtained from canola, palm and microbial oil. R-PU: Rigid Polyurethane;
SR-PU: Semi-rigid Polyurethane

SEM analysis of the polyurethanes prepared were also carried out in order to study the cellular
and morphological differences between these two types of PU foams. All the prepared rigid
polyurethane foams surfaces were smooth with hardly any holes on them. However, many non-
uniforms holes were present on the surfaces of prepared semi-rigid polyurethanes as expected.
The formation of holes was due to the escaping carbon-dioxide formed during the reaction

between water and di-isocyanate used to prepare polyurethanes (Fig 6.5).
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Fig 6.5. SEM analysis of various types of rigid and semi-rigid polyurethanes obtained from oils. Canola oil (a, b);
palm oil (¢, d); microbial oil (e, f)
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6.4. Summary

Biomass concentration of 27.48 g/L and lipid concentration of 18.69 g/L were obtained by batch
fermentation of crude glycerol using R. foruloides. The obtained microbial lipid was converted
into polyol and characterized. For comparison, polyols produced from canola and palm oil were
also converted under the similar reaction conditions. The hydroxyl numbers of polyols from
canola, palm and microbial oil were found to be 266.86, 222.32 and 230.30 (mg KOH/g of
sample) respectively. Rigid and semi-rigid types of polyurethanes were produced using the
obtained polyols. This confirms the possibility of using microbial oil as a feedstock in the

polymer industries.
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7.1. Summary

In this this thesis, we explored ways to economize the overall biodiesel production process by
studying cheaper more effective catalysts and the use of the crude glycerol by-product for the
production of microbial lipids. We also discussed and demonstrated the possible use of the

microbial lipids produced as a biodiesel feedstock and the production of polyurethane foams.

At the end of experiments directed towards specific objective 1, we found that as compared to
unanchored heterogeneous catalysts, attaching calcium oxide (a type of heterogeneous catalyst,
CaO) to aluminum oxide (used as an inert support, Al,O3) improves the purity of both the
biodiesel and glycerol obtained on transesterification of oils. When methanolysis of Refined,
Bleached and Deodorized (RBD) palm oil were carried out using calcium oxide 90.11%
biodiesel conversion and 81.84% glycerol yield was obtained. In contrast, with the use of the
supported catalyst, CaO/Al203, the amount biodiesel conversion and glycerol yields were found
to be 86.38% and 79.32% respectively. Although the methanolysis by using calcium oxide
showed higher biodiesel and glycerol conversion, the FAME and glycerol purity (97.66% and
96.36% respectively) obtained using CaO/Al,O3 were higher as compared to using un-anchored
Ca0 (96.75% and 92.73% respectively). Thus, CaO attached to alumina, which simultaneously
produces a purer form of by-product glycerol, can be used for production of value added
compounds. Similarly, use of wood ash from two different sources (i.e. birch bark and fly ash
from wood pellet) as basic catalysts produced biodiesel and glycerol with a purity in the range
of 88.06% - 99.92% and 78.18% -88.23% respectively. This showed that wood ash from
different sources can potentially be used as a cheap renewable heterogeneous catalyst for

biodiesel production.

In order to address specific objective 2 of this thesis, crude glycerol obtained from biodiesel
industry was initially characterized and then used to test the robustness of an oleaginous yeast
Rhodosporidium toruloides ATCC 10788. The crude glycerol contained 44.56 wt.% glycerol
and other impurities. Methanol (13.86 wt.%) and soap (32.97 wt.%) were the predominant
impurities in the glycerol used. Use of such glycerol samples to grow Rhodosporidium

toruloides ATCC 10788 enhanced the biomass and lipids obtained from this strain. Biomass
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concentration of 21.16 g/L, lipid concentration of 11.27 g/L and lipid content of 53.28 wt. %
were obtained at the end of 168 h fermentation. The biomass and lipids obtained were
approximately double and triple the amounts compared to control experiments where similar
level of pure glycerol was used as the carbon source. We then tested the effects of some of the
individual major impurities present in crude glycerol used. Methanol and sodium chloride
(>1.5%) present in crude glycerol inhibited the growth of this strain whereas FAME and soap
present improved the biomass and lipid obtained. Since crude glycerol had comparatively lower
FAME content (4.38 wt.%) as compared to soap, we realized that the latter was the major
contributor for enhanced overall lipid production by this strain. The strain used was capable of
growing on soap as a sole carbon source. 5.40 g/L of lipids was obtained when 3.5% (w/v) of
soap was used as substrate. Lipids obtained from R. foruloides ATCC 10788 are high in oleic
acid content. The presence of higher amounts of oleic acid, a type of mono-unsaturated fatty
acids (MUFA), make it suitable for its use as a feedstock for the production of biodiesel. Use
of robust strains like R. foruloides ATCC 10788 to produce microbial lipids from crude glycerol
can brings profits to the biodiesel industry as such processes can easily be integrated into

existing plants.

We subsequently studied the use of essential oils from seven plant sources on the metabolism
of lipids produced (objective 3). All the essential oils inhibited R. toruloides ATCC 10788
biomass production to different degrees. The fatty acid profiles of the obtained lipids from this
strains were also affected differently. Most of the essential oils enhanced the stearic acid content
of the lipids. Stearic acid has numerous applications in food, pharmaceuticals and cosmetic
industries. At specific levels of these essential oils in the media, the obtained lipids were quite
unique in their fatty acids composition. For example, use of 2 g/L of orange essential oil in the
growth medium produced lipids with fatty acid composition similar to mahua butter which has
lots of commercial applications. Similarly, addition of origanum (0.3 g/L) or pine essential oil
(3 g/L) into the media improved the oleic acid content of the lipid by 17.90% and 14.35%
respectively. Such lipids are considered suitable for biodiesel production. Most of the essential
oils used were found to inhibit A9 and Al12 desaturase enzymes present in the fatty acids

biosynthesis pathways of this strain. This was the reason for increased amount of stearic acids
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in most of the lipids obtained. Mono-terpenoids in essential oils were the major components
responsible for bringing about such changes in the fatty acids composition of the lipids. One of
the essential oils, orange essential oil, used in the study of R. toruloides ATCC 10788 was also
tested on another oleaginous yeast, Cryptococcus curvatus ATCC 20509. Orange essential oil
reduced the activities of elongase and A9 desaturase enzyme involved in lipid metabolism in
both the yeast strains but to different degrees. Hence, it was concluded that effect of essential
oil is specific to the species used and the addition of such essential oils into the growth media

can help produce desirable marketable products.

Batch fermentation of crude glycerol using Rhodosporidium toruloides ATCC 10788 in a
bioreactor produced a biomass concentration of 27.48 g/L and lipid concentration of 18.69 g/L
at the end of 168 h. The microbial lipid obtained was used for conversion into polyol, a precursor
to polyurethane production (objective 4). Epoxidation and oxirane ring opening reactions were
used for these purposes. The polyols were further characterized using FT-IR and 'H-NMR.
Polyols from canola and palm oil were also produced under the similar reaction conditions to
compare with microbial lipid based polyol. The hydroxyl numbers of polyols from canola, palm
and microbial oil were found to be 266.86, 222.32 and 230.30 (mg KOH/g of sample)
respectively. These values were similar to previously reported polyols obtained from vegetable
oils using similar conversion methods. Rigid and semi-rigid types of polyurethanes were then
synthesized using the obtained polyols from these oils. The produced polyurethanes can

potentially be used for various commercial applications.

7.2. Future recommendations

Based on the results obtained from this thesis study the following recommendations for future

study are suggested:

1.  Biodiesel and glycerol conversion obtained using birch ash reported in this thesis were
88.06% and 75.01% respectively. These values can be improved by further optimization
of the process. We have also found that ash from different sources show different degrees
of catalytic activity. Hence ash from different plant sources can be can be tested for higher

catalytic activities. Besides being using as a catalyst, ash has been used as a support to to
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catalyze various chemical reactions [1-3]. Some experiments are already being designed
in our lab to explore the possibility of attaching a heterogeneous catalyst calcium oxide
onto ash. Use of such supports can reduce the issue of leaching commonly associated with
heterogeneous catalysts and lead to higher catalytic activity compared to presently used

support inert compounds such as aluminum oxides.

A detailed study on ability of Rhodosporidium toruloides ATCC 10788 to consume soap
should be carried out. The potential application of this strain to treat effluents rich in soap
from car wash centers, soap manufacturing and textile industries can also be studied.
Besides lipids, red yeasts such as Rhodosporidium toruloides ATCC 10788 are known to
simultaneously produce carotenoids, a low volume-high value product. Some initial
experiments with this strain to produce such compounds on crude glycerol are being

carried out in our laboratory.

The A9 desaturase gene is responsible for coding A9 desaturase enzyme which convert
stearic acid (C18:0) to oleic acid (C18:1) in the fatty acid biosynthesis metabolism of
Rhodosporidium toruloides. Similarly, A12 desaturase gene is responsible for coding A12
desaturase enzyme which convert oleic acid (C18:1) to linoleic acid (C18:2). Future
studies on metabolic engineering using molecular techniques to simultaneously
overexpress A9 desaturase gene and knockout A12 desaturase gene present inside this
yeast can be done. This will certainly enhance oleic acid content of the lipids making it

suitable for biodiesel production and other such applications.

Future studies could also involve the optimization and scale up of developed methods for
the conversion of crude glycerol to polyurethane via the formation of microbial lipids.
Physical and spectroscopic characterization of polyurethane (PU) foams should also be
carried out. PU foams resistant to fire can be produced by introducing certain halogen
groups (e.g. bromide or chloride) to the polyols. This can potentially lead to the use of

crude glycerol for a value-added product and fixing the carbon content of this by-product.
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